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ABSTRACT

EvoLuTION OF MOLECULAR FUNCTION IN MAMMALIAN NEURONS

Chantal Francis
Junhyong Kim, Ph.D., Jim Eberwine, Ph.D.

A common question in neuroscience is what forms the neurological basis
of the variety of behaviors in mammals. While many studies have compared
mammalian anatomy and evolution, few have investigated the physiologic
functions of individual neurons in a comparative manner. Neurons’ ability to
modify their features in response to stimuli, known as synaptic plasticity, is
fundamental for learning and memory. A key feature of synaptic plasticity
involves delivering mRNA to distinct domains where they are locally translated.
Regulatory coordination of these events is critical for synaptogenesis and
synaptic plasticity as defects in these processes can lead to neurological
diseases. In this work, we combine computational and experimental biology to
investigate subcellular localization of mMRNAs in dendrites of mouse and rat
neurons. Differential subcellular localization of specific gene products may
highlight differential synaptic function and allow the uncovering of evolutionary
conserved as well as divergent molecular functions in neurons.

First, we performed a comparative analysis of the dendritic transcriptome
in mouse and rat via microarrays. We found that their dendritic transcriptome are
significantly more divergent than other homologous tissues and that these

evolutionarily changes could be associated with transposon activity. Second, we
vii



comprehensively determined subcellular expression patterns for neuronal genes
in mice and rats via a systematic in situ survey on a curated list of dendritic
MRNA from our previous microarray study. This survey highlighted that dendritic
localization of specific transcripts occurs in a species-specific fashion. We
uncovered species-specific cis and trans-elements with possible implications in
transcript localization and gene expression regulation in neurons. The
interactions between these elements might play a major role in the proper
development and evolution of complex nervous systems. Our data will be

publically available in a database (http://kim.bio.upenn.edu/insitu/public/), which

could guide future investigations. Finally, we investigated single cell variability by
combining microarrays, RNAseq and in situ experiments. Our preliminary results
underlined the extent of this variability and its contributions in establishing cell’s
unique identity.

In conclusion, our study suggests the existence of species-specific mMRNA
localization mechanisms and supports the idea that evolution of phenotypes

might be linked to the evolution of subcellular localization of transcripts.
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Chapter 1

INTRODUCTION

1.1 INTRODUCTION TO BRAINS, NEURONS AND EVOLUTION

Mammalian behavior is extremely heterogeneous: spanning from complex
language, social interactions and behaviors to very simple stimulus responses.
What is the neurological basis for such a variety of behavioral traits in mammals?
A classical answer would relate the complexity of an organism’s behavior to the
complexity of its nervous system. Comparative neuroanatomy studies have led to
an understanding of brain differences and evolution between species [1, 2]. As
we move from invertebrates to vertebrates, brain evolution is illustrated by a
dramatic increase in its size and complexity [3]. Particularly, the increased
structural complexity of the cerebral cortex is one of the hallmarks of the brain’s
evolution. Increased number of convolutions in the brain is a characteristic of
species with more advanced brains and more complex behavior. In early
vertebrates’ brains, the neocortices were composed of only a few cortical areas,
and with more evolved lineages, such as primates, the neocortex expanded
dramatically [3]. Large numbers of studies have compared mammalian brain
anatomy, architecture, and evolution, but few have investigated the physiological

functions of individual neurons in a comparative manner.



Neurons, the basic building blocks of the nervous system, are highly polarized
cells comprised by three main parts: the dendrites, the cell body and the axon [4].
The dendrites and axon are designed to receive and transmit information

respectively (See Figure 1.1).

Figure 1.1: Flow of information in a neuron

A remarkable characteristic seen in all nerve cells is the similarity in
signaling properties. In general, neuron-to-neuron communication is based upon
electric signals that travel through the axon of the presynaptic cell leading to
neurotransmitter release, which interacts with the postsynaptic dendrites.
Intracellular and extracellular stimuli induce a series of highly coordinated cellular

and molecular interactions within neurons that allow them to adjust their



response accordingly [5, 6]. Neurons are interconnected by synapses, which are
the major mediators of communication in nervous systems. Their abundance, up
to a thousand per single-cell, allows wide connections between neurons that
enable the formation of a large information-processing network. Far from being a
simple track passively transmitting signals from a presynaptic neuron to a
postsynaptic neuron, a synapse constantly changes its transmission efficiency
based on its recent history. This remarkable ability, called synaptic plasticity,
most likely generates the cellular basis of learning and memory [7, 8].

A key feature of synaptic plasticity involves gene expression and the
delivery of mRNAs to distinct subcellular domains where their localized
translation is thought to play a role in affecting synaptic efficacy [9]. In the past
two decades, research on neuronal gene expression has provided strong
evidence on the importance of mRNAs localization, post-transcriptional
modifications, and translation in dendrites.

Our main objective is to elucidate how the molecular programs controlling
and regulating gene expression are manifested in rodent neurons, particularly in
the dendrites, and to test the hypothesis that organism-specific events regulate
synaptic plasticity mechanisms and gene expression and localization in dendrites.
Before focusing on our goal, it is worth reviewing the main characteristics of
dendrite structure and evolution, as well as the key findings on the relevance of

MRNA localization in cells and particularly in neurons.



1.2 DENDRITE STRUCTURE

Dendrites were first described by Santiago Ramon y Cajal (1852-1934),
the founder of modern neuroscience, as the receptive surfaces of neurons.
Dendrites receive synaptic inputs from other presynaptic neurons’ axons, and
then process and conduct this activity to their own corresponding axon. The
received inputs occur either directly on the shaft of the dendrites or on the spines,
which are specialized protrusions (~2um) ending in a bulbous head (See Figure

1.2)
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Figure 1.2: Dendritic Spines' distribution on a neuronal cell

Dendrites exhibit a wide variety of forms. They are characterized by
extensive branching, known as arborizations, which spread into specific domains.
Unlike axons, dendritic connections are relatively local extending between 15 pm
to 2000 um. Their shape and composition are continuously influenced by the
environment [10]. Several studies, mainly based on electron microscopy, have
highlighted their broad variety and revealed their inclusion of main organelles
such as the Golgi apparatus, mitochondria, the rough and smooth endoplasmic
reticulum, ribosomes and polyribosomes. Moreover, based on their branching
patterns, neurons have been classified as unipolar, bipolar, multipolar, conical or
pyramidal, to name a few.

During his extensive study on the nervous system, Ramon y Cajal noticed
that the complexity of dendrites reflects the complexity and number of
connections its neuron has. The wide diversity seen in the structure, composition
and plasticity of dendrites suggests broad functional contributions of these
structures to brain health. Indeed, dendritic morphology has proven important in
the context of normal brain function. A tight correlation was shown to exist
between several neurological diseases and dendrite pathology. Reductions in
dendritic arborization have been reported in several pathological conditions, such
as mental retardation, Alzheimer’s disease or even aging. Appearance of
dendritic varicosities like protein aggregations or vacuolar dystrophy, have been
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reported in Parkinson’s and Creutzfeldt-Jakob disease respectively. Moreover,
changes in the dendritic spines density, either by increasing or decreasing, have
been reported in several pathologies such as ADHD, autism, mental retardation,
and fragile X syndrome.

Understanding the evolution of dendrites and the relationship between
dendrites morphology and function is essential for understanding their

contribution to brain function.

1.3 EVOLUTION OF DENDRITES

Dendrites from various neurons share similar basic features but they also
exhibit a large divergence in their shape, molecular composition and ability to
process and conduct action potentials. The large diversity reported in dendrites
both within and between species implies their evolutionary adaptation to a wide
range of functionalities. Most of the evolutionary changes in dendrites that have
been reported are mainly based on comparative studies in anatomy, biophysics

and biochemistry.

1.3.1 Comparative anatomy: scaling of dendritic arbors with brain size

More than a hundred years ago, Santiago Ramon y Cajal stated the
fundamental observation that neurons increase in complexity as the animal size
and brain size increase. Throughout the years, more comparative studies refined

6



Cajal’s original observations and highlighted great structural complexity in
neurons from different brain sizes.

In general, cell types that have continuous ability to divide have roughly
the same size across species but their number in a given organ increase as the
organs scale with the body size [4, 11]. Many cellular functions in these “invariant”
cell types are expected to scale up with the cell number; for instance, doubling
the red blood cells numbers would double the amount of oxygen carried. As for
non-dividing cells, like neurons, they tend to become more complex and larger as
the overall brain size or body size increases (except Cerebellar granule cells). It
is known now that the information-processing capacities of the brain depend not
only on the number of neurons but on the neuronal interconnected network and
its size.

Even if their general branching patterns is preserved, variation of dendritic
complexity in different neuronal types across species has been reported by
several investigations. Figure 1.3 illustrates some of the species diversity in the
architecture of dendrites. The divergence seen in dendrites branching patterns
among neuron classes suggests that these different cell types have evolved

either to perform different computations or under different sets of constraints.
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Figure 1.3: Comparison of vertebrate dendrites across phylogeny

1.3.2 Comparative electrophysiology

Dendrites vary not only in their shape but also in their diameter along their
length. As they become larger and more branched, voltage signals travel a
longer distance before reaching the cell body. The greater the distance the more
filtering properties of the dendritic membrane are involved. A tight relationship
exists between the diameter and the signaling properties of the dendrites. For
instance, in wider dendrites, the passive and active signals propagations are
faster [12, 13]. Across species, some types of neurons keep a constant diameter
of their dendrites, such as the reticula of the substancia nigra [14], while other
neurons, such as the CA1 pyramidal neurons, have a dendritic diameter and
thickness that scales with the size of the cell [15]. In general, independently of
the size or pattern of the dendrites, the relative efficacies of the synapses on

different locations are preserved.

1.3.3 Comparative molecular physiology

The processing of input signals in dendrites is based on the composition
and spatial distribution of the passive and active ions channels and depends on
many neurotransmitters, neuromodulators, postsynaptic receptors and signal
transduction molecules. These main molecular building blocks are conserved

across the vertebrates; however, their level of expression could vary extensively
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which might have a great effect on the firing properties of neurons and potentially
could impact synaptic plasticity [16].

Most of the recent systematic approaches to study neuron evolution are
based on comparative proteomics and genomics together with molecular
phylogenetic approaches. These comparative studies, done in majority in the
Aplysia genus, have reinforced the understanding of the relationships between
species and the mechanisms of molecular evolution. In 1997, Gilly and
colleagues [17] showed that gating parameters may have adapted between
several Mollusks species as animals with a faster rate of movement have also a
faster gating of sodium channels in neurons. More recently, a comparative
transcriptomic analysis on neurons from two Aplysia species highlighted that
genes involved in signal transduction have a higher rate of evolution of their
proteins than the housekeeping genes. This study also provided a list of new
candidate genes that might be involved in synaptic plasticity, learning and
memory [18].

Even with all the advances in the “omics”, multi-species investigations on
the evolution of neuronal functions are still very sparse. Very few studies have
investigated the molecular functions of individual neurons in a comparative

manner across species.

1.4 IMPLICATION OF DENDRITES IN SYNAPTIC PLASTICITY
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A major function of dendrites is their involvement in synaptic plasticity.
Based on recent activity, a synapse modifies its efficiency to either transmit a
strong long lasting in signal, in a process known as Long Term Potentiation (LTP),
or a reduced one via Long Term Depression (LTD). These two opposing
mechanisms are widely believed to be the molecular basis of learning and
memory. A key feature in both LTP and LTD involves delivery of mRNAS to
distinct sub-cellular domains where their localized translation is thought to play a
role in affecting synaptic efficacy [19]. In fact mRNASs localization has been
shown to be a critical event in gene expression in a wide variety of organism [20].
| will first give a brief review of the main findings on the relevance of transcripts’
sub-cellular localization in various systems then | will narrow down to

investigations done more specifically on transcripts in neurons.

1.5 IMPORTANCE OF MRNA LOCALIZATION IN CELLS

Cells are organized into compartments, membranes, and organelles that
perform specialized biological and regulatory functions. All cells are more or less
polarized and this polarity is essential for their viability.

Until two decades ago, protein specific localization was thought to occur only
after translation. Nowadays, many studies have shown that local protein
synthesis can also be regulated at the mRNA level and that post-transcriptional
processing such as splicing, editing and translation are critical steps in gene

expression regulation [21-23].
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The phenomenon of mMRNA subcellular localization has been conserved
throughout evolution and used by organisms to control protein synthesis to
specific regions of the cell. RNA localization has been described in a large variety
of species ranging from yeast to mammals. It occurs in both dividing cells such
as fibroblasts as well as post-mitotic cells such as neurons [21]. Recent studies,
particularly in Drosophila embryos, showed that the majority of mMRNAs were
asymmetrically localized highlighting the fact mRNA localization is very
widespread [24].

Indeed, several potential advantages support RNA localization compared
to protein localization. First, it is very cost-effective for the cell to perform
several rounds of protein synthesis from a localized mRNA instead of moving
each protein molecule individually [25]. That is, the movement of a small
number of RNA molecules and local translation can have the same effect as the
movement of very large number of protein molecules. Second, localized
translation allows a fast and efficient spatio-temporal control of cellular
response to external stimuli, which is particularly relevant for neurons [26, 27].
Third, mRNA localization allows the restriction of translation to specialized
organelles or cellular domains [28-32]. Particularly, this process helps prevent
protein presence in ectopic areas that might have a harmful outcome on the cell.
For example, the mislocalization of Oskar mRNA, which is normally localized to
the posterior half of the Drosophila oocyte, leads to the formation of a second
abdomen [33, 34]. In general, targeted mMRNAs were shown to be involved in

various biological functions such as oocyte differentiation with the establishment
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of morphogenesis gradients [33, 35, 36], early stage development of embryos

[37-43], or even the establishment of synaptic plasticity [44].

1.6 IMPORTANCE OF MRNA LOCALIZATION IN DENDRITES

MRNA localization is particularly important in highly polarized cells such
as neurons where the final destination of a protein could be spatially very far from
its original site of transcription. Indeed, given its structure, the neuron must
overcome several molecular challenges when executing even basic cellular
functions like protein synthesis. Long physical distances exist between the soma,
the distal axonal, and dendritic compartments, which makes it difficult for neurons
to generate fast responses to environmental changes or synaptic input. Moreover,
during development, complex regulatory mechanisms are needed to confer a
spatial patterning to neurons [45, 46]. Therefore, it is favorable for the cell to rely
on localized pools of RNAs that can be rapidly translated when needed instead of
being solely dependent upon protein synthesis in the cell body and their
trafficking toward the dendritic region of interest.

The idea of mMRNA transport and local protein synthesis in neurons was
first proposed when ribosomes were revealed via electron microscopy in
dendrites almost fifty years ago [47]. It has since been demonstrated that a large
population of transcripts are confined in dendrites [48-50] and that these

transcripts not only are locally translated [9, 51-56] but also locally edited [57].
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This localized control of gene expression in dendrites allows much faster and
accurate spatio-temporal control of cellular response to environmental changes
or synaptic input. Having a population of incompletely processed RNA present
and available at a synapse would allow a deeper level of response to external
stimuli and a potentially large diversity of protein to be synthesized from the
same original gene.

The well characterized dendritic transcripts fall into a wide variety of
categories from structural proteins (MAP2), enzymes (CamK?2a), growth factors
(BDNF), ligand or voltage gated ions channels (Glutamate and GABA receptor
subunits; Calcium channels) and even transcription factors (CREB) to name a

few [55, 58-61].

1.7 MECHANISMS OF RNA TRANSPORT TO DENDRITES

How are certain populations of transcripts selected for transport into
dendrites and how does this targeting mechanism occur? Many evidences have
ruled out the hypothesis of simple passive diffusion as only a subpopulation of
MRNAs is found in dendrites. The most robust explanation relies on mRNA
association with specific proteins facilitating their transport. These transport
granules, referred as messenger ribonucleoproteins (MRNPS), are
macromolecular structures (200-600um of diameter) made by a combination of
RNAs, ribosomes and/or proteins. These structures are not thought to be

transcriptionally competent but rather a storage place that would release mRNAs
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upon receiving specific signals [62, 63]. A variety of mMRNAs have been identified
within the mRNPs such as the calcium/calmodulin-dependent protein kinase 2-
alpha (Camk2a), the activity-regulated cytoskeletal-associated (Arc), beta-actin,
and the noncoding BC1. Numerous biochemical and proteomic studies suggest a
heterogeneous composition of the mRNPs. These could contain a combination of
several different RNA binding proteins (RBPs) such as Staufen, Zipcode-binding
proteinl (ZBP1), heteronuclear RNP-A2 (hnRNP-A2), Pur-alpha and the fragile X
mental retardation protein (FMRP) as well as multiple cytoskeletal motors such
as the kinesin (Kif5) and dynein which could facilitate the transport along
dendrites’ microtubules [64-68].

The RBPs are highly involved in selectively targeting certain mRNAS to
dendrites by recognizing specific sequences (i.e. Cytoplasmic Polyadenylation
Element, CPE, in the 3'UTR) or secondary structures within the mRNAs [69-71].
The identification of these targeting elements has been very challenging.

Tablel.1 lists examples of the ones that have been reported in neurons.
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Table 1.1: List of mMRNAs whose localization elements have been
characterized in neurons.

Subcellular Targeting Binding
Transcript Organism Location region Minimum length protein Ref.
Arc Rat Dendrites 3'UTR 350nt, 370nt [72]
Dendritic
Bactin Rat filopodia 3'UTR ACACCC within 54nt ZBP-1 [73]
Dendritic [62,
BC1 Rat filopodia 5'UTR 62 nt stem loop ZBP-1 [74]
BNDF Mouse, Rat | Dendrites 3'UTR Unknown [75]
CPE (UUUUUUAUU X2
CamK2a Rat Dendrites 3'UTR separated by 82nt) CPEB [76]
CamK2a Rat Dendrites 3'UTR 1200nt, 30nt CPEB [77]
Dendrin Rat Dendrites 3'UTR 1000nt [78]
IP3RI Mouse Dendrites 3'UTR Unknown Hfz [79]
MBP Rat Myelin sheath 3'UTR GCCAAGGAGUC hnRNP-A2 [80]
Oligodendrocyte | A2RE
MBP Rat processes (11nt) GCCAAGGAGCC hnRNP-A2 [81]
MAP2 Rat Dendrites 3'UTR 640nt MARTA1/2 | [82]70]
Nanos Drosophila | Dendrites 3'UTR Unknown [83]
Neurogranin | Rat Dendrites 3'UTR 30nt [76]
60-70KDa
NMDA_NR1 | Rat Dendrites 5'UTR 24nt proteins [84]
PKMz Rat Dendrites 3'UTR 84nt [85]
RhoA Rat Axons 3'UTR Unknown [85, 86]
Shank1 Rat Dendrites 3'UTR 200nt [87]
Syntaxin Aplysia Axon hillock 3'UTR CPE CPEB [88]
Tau Rat Axons 3'UTR 240nt HuD [89]
Tau Rat Axons 3'UTR 91nt 11f3; NF90 [90] 79]
Vasopressin | Rat Dendrites ORF+3'UTR | Unknown [91]81]

BDNF = brain-derived nerve factor mMRNA
CamK2a = calcium/calmodulin-dependent protein kinase Il alpha mRNA
hnRNP-A2 = heteronuclear ribonucleoprotein-A2

IP3RI = typel inositol 1,4,5-trisphosphate receptor mRNA
MAP2 = microtubule associated protein 2 mRNA
MARTAL1/2 = MAP2 RNA trans-acting protein 1 and 2

CPE = Cytoplasmic polyadenylation element binding protein

PABP = poly(A) binding protein

CPEB = CPE binding protein
UTR = Untranslated regions
ORF = Open Reading Frame

NMDA = N-Methyl-D-aspartate
ZBP-1 = zipcode-binding protein 1

nt = nucleotides

Additionally, recent investigations have shown that, in response to

extracellular stimuli, the 3'UTR region of a large number of mRNAs is not only

involved in coordinating their targeting but also in regulating their expression at
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specific locations [75, 92-96]
Non-coding regions have also gained increased attention as introns’ retention in
some transcripts was shown to be critical for their subcellular localization and for
dendritic neuro-physiology [97]. Particularly, in a novel study, rodent ID elements,
members of the interspersed nuclear elements (SINEs) family, were shown to
positively correlate with genes expressed in the brain [98, 99] and their presence
within cytoplasmic intron sequence-retaining transcripts (CIRTs) was shown to
mediate dendritic localization of several transcripts [100].

Even though the number of known localized transcripts has grown in the
past few decades [21-23, 67], and that recent findings allowed a better
understanding of the process of MRNAs targeting, many aspects of these events

are still unclear like their prevalence, variety or evolutionary conservation.

1.8  SPECIFIC AIMS

In order to get a better understanding of localized neuronal regulatory
mechanisms, and to assess whether dendritic molecular physiology is
conserved, | investigated subcellular localization of mMRNAs in dendrites of both
model organisms mouse and rat. The differences in subcellular localization of
specific transcripts in these two rodents may highlight differential synaptic
function and allow uncovering of evolutionary conserved as well as divergent
molecular functions in neurons. In this thesis work, | combined both

computational and different experimental techniques and technologies to
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address this question and characterize systematically rat and mouse dendritic
transcriptome.

First, | focused my investigation on amplifying dendritic mRNAs from
single neurons to best assess this population and to overcome the issue of
cellular heterogeneity in brain tissue. Using microarrays, | performed a
comparative analysis of the dendritic transcriptome in mouse and rat that
resulted in a comprehensive characterization of their dendritic transcripts
(Chapter 2). Second, | defined the dendritic transcriptome and its spatial patterns
through a large-scale in situ hybridization (Chapter 3). This novel systematic in
situ survey is expected to be a new standard for mRNAs subcellular localization
in rodent neurons. Third, in addition to comparative functional genomics work in
dendrites of neurons, | also collaborated on a research to delineate the single-
cell RNA variability of rat and mouse neurons. In order to establish a reference
for single cell analysis and the usage of antisense RNA (aRNA) amplification
procedure, | carried out series dilution experiment through a combination of
microarrays and RNAseq experiments (Chapter 4). Finally, | performed in situ
hybridizations on candidate transcripts with different 3'UTR isoforms in the effort
of investigating their potential role in single cell variability (Chapter 4). The flow

chart in Figure 1.4 displays my experimental outline.
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Figure 1.4: Experimental Outline
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Chapter 2

DENDRITIC TRANSCRIPTOMES OF RATS AND MICE
EXHIBIT ELEVATED LEVEL OF DIVERGENCE

2.1  ABSTRACT

Using mechanically isolated dendrites from primary cultures of
hippocampal neurons of two mouse strains (C57BL/6 and Balb/c) and one rat

strain (Sprague-Dawley), we assayed the evolutionary differences in subcellular
32



dendritic localization of mMRNAs. We found significantly greater evolutionary
diversification of RNA localization in the dendritic transcriptomes (81% difference
among highly expressed genes) compared to the transcriptomes of 11 different
CNS and non-CNS tissues (average of 44%). Differentially localized genes
include many genes involved in CNS function. These results suggest the
existence of species-specific RNA localization mechanisms, which is consistent
with our recent finding demonstrating a rapidly evolving retroviral element
functions in rat-specific RNA localization. We speculate that the differences in the
localized RNA may mediate activity-dependent functional differences in neurons
leading to rapid diversification of brain function through modulation of individual

cell function.
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2.2 INTRODUCTION

Brain evolution is characterized by changes in size, structural complexity
and connectivity of the central nervous system (CNS), commonly referred to as
mosaic evolution [1-3]. Recently, with the affluence of genomic studies, gene
expression was shown to be tightly connected to the evolution of phenotypes [4-
6]. Particularly, changes in gene expression in the human lineage, have been
identified in brain evolution [7, 8]. In fact any transcriptional dis-regulation would
affect both development and physiology of the CNS [9, 10]. Neurons are highly
polarized cells interconnected by key functional units known as synapses
therefore, in addition to changes in neuro-anatomy, brain evolution should also
involve modulation of the synaptic compartments [11]. In this context, studies of
the last past two decades revealed the importance of subcellular mMRNA
localization and local translation in mediating synaptic function [12, 13].
Perturbation of these events can have serious effects at the cellular and
organismal level, leading to neurological diseases such as Fragile X Syndrome
and Spinal Muscular Atrophy [14]. Subcellular localization of mMRNA is mediated
by posttranscriptional regulatory factors, and is generally important for all cell
function, but little is known about evolution of subcellular localization.

In a recent study from our lab, Buckley et al. [15] identified a novel
mechanism for dendritic localization of mMRNA mediated by a family of SINE

retrotransposons called ID elements, contained within cytoplasmic intron
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sequence-retaining transcripts (CIRTS). ID elements are hypothesized to be
derived from the BC1 RNA gene [16] and expanded in the rodent genome. The
BC1 RNA gene contains a 5’ stem-loop structure that has been identified as
containing localization signals [17]. Many of the dendritic genes with ID elements
within CIRTSs preserve the spatial localization signals of the BC1 gene and
functional studies showed that these ID elements play a role in dendritic
localization of rat neurons [15].

The genomic copy numbers of ID elements are highly variable in the
rodent lineage, with estimates ranging from ~300 copies in guinea pigs to over
150,000 copies in rats [18]. As these copy-numbers were mainly based on gel
electrophoresis studies, their exactitude may not be very reliable but the general
order of magnitude in ID elements difference between rodents is undeniable.

We re-annoted ID element numbers in both mouse and rat genome based on
computational sequence analysis detailed in the Materials and Methods section.
And found that mice seem to carry at least 50% less ID elements than the ones
estimated in rats. It is estimated that the mouse-rat evolutionary split originated
~8-10 million years ago [19], suggesting a relatively rapid evolution of ID element
insertions in these two species. Given the role of the ID elements in dendritic
localization in rats [15] and the much lower number of these elements in mouse
compared to rat, we hypothesized that the mouse dendritic transcriptome may be
more divergent from the rat dendritic transcriptome than previously thought.

Here, we characterize the dendritic transcriptome of mice and rats’

hippocampal neurons to assess whether a significant difference in subcellular
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localization in the neurons of these two closely related species exists. We chose
neurons from the hippocampus, as this brain region is known to be involved in
learning and memory. Using microarrays on a collection of mechanically isolated
dendrites from mouse and rat neurons, we find a high degree of evolutionary
divergence in the dendritic transcriptome of these two species (81% difference
among highly expressed genes), significantly greater than the divergence seen in
other organs or whole brain tissues (average of 44%). Also, a functional category
analysis revealed that many genes, previously described to have functional roles
in synaptic plasticity and neurodegenerative threat showed significantly different
level of expression in the dendrites of rats and mice.

We propose that the neuronal architectures of even closely related
mammalian species might show substantial evolutionary diversification at the
subcellular level. This suggests that learning abilities and behavioral differences
between species may involve not only neuro-anatomical differences, but also
subcellular differences in synaptic compartments and molecular functions of

individual neurons.

36



2.3 RESULTS

23.1 Microarray analysis reveals a high degree of divergence between
mouse and rat dendritic transcriptomes.

To assess neuronal expression divergence between mice and rats, we used
the Affymetrix array platform to assay the transcriptomes of mechanically
dissected individual dendrites of hippocampal neurons in dispersed primary cell
cultures from Sprague-Dawley rat (9 biological replicates), C57/BL6 mouse (14
biological replicates), and Balb/c mouse (5 biological replicates). The detailed
procedure of samples preparation is provided in the material and methods
section and the different steps in the collection of dendrites are illustrated in

Figure 2.1

Figure 2.1: Mechanical severing of dendrites from neurons.

Rat hippocampal neuron with its soma (red arrow) and dendrites (red circle)
before (A) and after aspiration by a glass micropipette of the soma (B) and
dendrites (C).

All replicate samples from the two mouse strains and the rat strain show

good concordance with average pair-wise Pearson’s correlation of 0.80. In
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addition, we also validated our RNA amplification protocol with a series of
synthetic dilution and replicate amplification experiments and obtained an
average correlation of 0.74 across all of our amplification controls (see Materials
and Methods).

To compare expressed genes between rat and mouse, we constructed a
stringent BLAST reciprocal-best-hit homology map (see Materials and Methods),
yielding 10,833 conservatively mapped mouse-rat orthologs (Table 2.S1 in the
appendices, provided as a separate document due to its large size). Using a t-
test on normalized array expression values with a stringent FDR of 0.1%, we
found 4713 out of 10,833 genes with significantly different dendritic localization
between rat and the C57BL/6 mouse. In contrast, a within-species comparison
between the C57BL/6 and Balb/c mouse strains yielded only 54 significantly
different genes (FDR 0.1%). At the soma level, none of the genes exhibited
significant difference in its expression neither between rat and mouse nor within
the two mouse strains (FDR 0.1%). We should note that for the soma samples,
the lack of statistically significant difference is due to large single cell variability
within each species rather than a lack of difference between the two species. In
Chapter 4, | discuss our control experiments for single cell variation that suggests
the observed biological variability is inherent to individual cells. Therefore, in the
results below we do not compare the expressed levels of RNA for the soma units,
as the single cell variability precludes consistent estimates of between species

divergence.
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In order to compare the two dendritic transcriptomes more conservatively
using highly expressed genes, we computed the median rank of the expression
levels across the biological replicates of the ortholog-mappable genes for each
species, and then assessed the overlap in gene identity of the top 5% of the
highly expressed set. At this broad level, a surprisingly small fraction, ~19% (105)
genes, are shared between the top 5% expressed genes in mouse and rat. The
same comparison between C57BL/6 and Balb/c mice yields an overlap of 58%
(312 genes), showing that the expression divergence is a function of evolutionary

distance of the strains and species.

2.3.2 In situ experiments show inter-species differences in dendritic
localization

We selected three sets of genes that show differing dendritic localization
in rats and mice and carried out in situ assays of the spatial expression patterns
on cultured rat and C57BL/6 mouse neurons, as shown in Figure 2.2. Each set of
genes included three genes, which brings for each species, a total of 9 different
in situ hybridizations. The identity of the genes investigated and their
corresponding probe’s sequence are detailed in the materials and methods
section. The images and their in situ signals quantification via manual tracing
using custom imaging software (Figure 2.3) verified subcellular localization
differences in these three sets (See Materials and Methods). For example,

SFRS16 showed high signal in the cell soma of both the mouse and the rat

39



neurons, but high dendritic signal only in the mouse neuron (Figures 2.2A and
2.3A). In contrast, ZFP410 showed high dendritic signal in rat but not mouse
(Figures 2.2B and 2.3B), and OLFM1 showed consistently high dendritic signal in

both mouse and rat (Figures 2.2C and 2.3C).
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Figure 2.3: Quantified In situ hybridization signal shows species-specific
localization in dendrites.

Graphs represent the ratio of in situ signal in dendrites versus soma (D/S)
against the distance (from soma toward the dendrites).

(A), The probe against SFRS16 transcript shows higher dendritic localization in
mouse neurons than in rat neurons.

(B), The probe against ZFP410 transcript shows higher dendritic localization in
rat neurons than in mouse neurons.

(C), The Probe against OLFM1 transcript shows similar level of dendritic
localization in both rat and mouse neurons.
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233 Dendritic transcriptomes are more divergent than other tissues.

To place the above dendritic transcriptome comparisons in context, we
analyzed the expression data for 11 different organs/tissues of the Sprague-
Dawley rat and C57BL/6 mouse available from the Genomics Institute of the
Novartis Research Foundation (GNF) [20]. We computed the overlap percentage
of the top 5% expressed genes for each of the 11 different tissue arrays between
the two species (the total number of ortholog-mappable genes here is 3839 due
to array version difference). Figure 2.4 shows a heatmap of the overlap
percentages within each species across the tissues (Figs. 2.4A and 2.4B) as well
as between species across the tissues (Fig. 2.4C). The last row and column of
each of the heatmap shows the overlap percentage of the dendritic transcriptome.
The diagonal elements in Figure 2.4C show the overlap percentages of
homologous tissues across the two species and the off-diagonal elements show

the overlap percentages of the non-homologous tissues.
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Figure 2.4: Heatmap of overlap percentages for the top 5% expressed
genes.

The diagonal elements show the overlap percentages of homologous tissues and the
off-diagonal elements show the overlap percentages of the non-homologous tissues.

The last row and column of each of the heatmap shows the overlap percentage of the
dendritic transcriptome with each tissue and transcriptome.

A) Overlap between tissues for rat.

B) Overlap between tissues for mouse.

C) Overlap between tissues across species.
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As expected, tissues from brain anatomical regions show more similar
gene expression compared to tissues from other organs both within and across
the species. However, the dendritic transcriptome shows greater divergence in
both rat and mouse than any other tissue -- even greater than non-homologous
tissue comparisons. The fraction of overlap between the top 5% expressed
ortholog-mappable genes of the mouse and rat dendritic transcriptomes was
significantly different from the fraction of overlap of the homologous tissues
(arcsine transformed t-test, p < 10). Of special note in Figure 2.4 are the
patterns related to the rat prefrontal cortex and hypothalamus. Both of these
tissues showed higher divergence within rat non-homologous tissue comparisons
as well as between homologous rat-mouse comparisons. The GNF dataset
indicated that the prefrontal cortex was from a 20-week old rat while the
hypothalamus was from a 16-week old rat. All other tissues in both rat and
mouse were collected from 10-week old animals. Despite the developmental
timing disparities between these samples, the overlap percentages were 39.6%
and 47.4%, respectively for the prefrontal cortex and the hypothalamus, which
was still significantly higher than for the overlap between dendritic transcriptomes.
Our dendritic samples were extracted from developmentally matched time points
(see Materials and Methods). Homologous developmental points can be difficult
to define but our dendritic comparisons showed significantly greater divergence
than the tissue data, which ranges between 10-20 week animals; thus, the

dendritic divergence cannot be explained by mismatched developmental samples.
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While mechanisms of transcriptional regulation can account for differences
in gene expression between the two species, we believe that posttranscriptional
regulatory mechanisms contribute to the dendritic divergence. This is supported
by the fact that almost 85% of the genes in the top 5% overlap fraction of the rat
and mouse hippocampus tissue, were not present in the top 5% overlap fraction
for the dendritic transcriptomes.

To compare the overlap in highly expressed genes at other ranks than
Top 5%, we also computed the number of common genes at each k rank (for k >
30) for all homologous tissue and dendritic transcriptomes for the rat and
C57BL/6 mouse. Figure 2.5 shows the percent overlap in gene identity between
the two species as a function of rat expression rank k up to 500 for the average
of all GNF tissues and our dendritic transcriptome. For each curve we also
computed 95% Bonferroni corrected confidence interval as well as the min and
max of the tissue overlap percentages. The figure shows that the dendritic
transcriptome was significantly different in overlap percentages compared to
tissue comparisons at all ranks (until the curves converge to random at very large

ranks, not shown in this figure).
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Figure 2.5: Rank concordance map between rat and mouse for dendrites and
tissues gene expression.

Curves show fraction of mouse genes (y-axis) that have ranks lesser than or equal
to rank (for rat) represented on the x-axis. The black thick curve shows trend for
the dendrites. The red line shows average trend across 11 tissues. The green and
brown dotted lines show the lower and upper Bonferroni corrected confidence
intervals for the average trend (red line). The blue and the pink lines show the
trends for the minimum and maximum values (across all tissues) for the tissue
trend data. The rank on the x-axis ranges from rank 31 to rank 500 for the rat
expression data.
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2.3.4 Functional annotation of divergently localized dendritic genes.

The analysis above showed that the dendritic transcriptome of rats and
mice are significantly more divergent than other homologous tissues. As
described earlier, dendritic transcripts and their localized translation are critical
determinants of synaptic plasticity, which is necessary for brain functions such as
learning and memory. Understanding the evolution of higher brain function in
terms of dendritic physiology will not only help understand the neurochemical
basis of behavior but also identify therapeutic targets for neurological diseases
linked to loss of memory and motor function (e.g. Alzheimer and Parkinson).

As a first step toward understanding species-specific effectors of dendritic
physiology, we questioned, for the top 2000 expressed dendritic genes within
each species, which broad functional categories are significantly represented. A
GO analysis of these genes, performed using DAVID [21] and GOEAST [22] (see
Materials and Methods for more details), highlighted categories such as
localization, neurogenesis, and ribosomal components as enriched in both rat
and mouse (Table 2.1A-B and Figure 2.6). However, even within shared GO
categories between these two species, there is expression divergence within
gene families, suggesting species-specific functionalization. For instance within
the RAB family, which is involved in vesicular trafficking and neurotransmitter
release, RAB3 and RAB10 are mainly present in the top 2000 mouse dendritic
transcripts while RAB1, 8, 15 and 21 are mainly present in the top2000 rat

dendritic transcripts.
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Table 2.1A: GO analysis for the top 2000 mouse dendritic expressed genes

GO Term GO Description FDR

G0:0009987 | Cellular process 4.5E-26
G0:0044237 Cellular metabolic process 4.8E-10
G0:0006412 Translation 1.1E-06
G0:0051179 | Localization 5.3E-06
G0:0006091 Generation of precursor metabolites and energy 1.9E-05
G0O:0007399 | Nervous system development 1.7E-04
G0:0022900 Electron transport chain 8.5E-04
G0O:0006810 | Transport 1.1E-03
G0:0019538 Protein metabolic process 2.1E-02
G0:0006119 Oxidative phosphorylation 3.7E-02
G0:0022008 | Neurogenesis 4.0E-02
G0:0005840 Ribosome 5.3E-09
G0:0030529 Ribonucleoprotein complex 1.8E-07
G0:0043227 Membrane-bounded organelle 1.8E-07
G0:0043228 | Non-membrane-bounded organelle 2.5E-07
G0:0043232 | Intracellular non-membrane-bounded organelle 2.5E-07
G0:0070469 | Respiratory chain 7.7E-07
G0:0031966 | Mitochondrial membrane 8.3E-07
G0:0005740 | Mitochondrial envelope 4.4E-06
G0:0019866 | Organelle inner membrane 6.2E-06
G0:0005743 | Mitochondrial inner membrane 6.3E-06
G0:0031090 Organelle membrane 2.6E-05
G0:0031967 | Organelle envelope 2.6E-05
G0:0044429 Mitochondrial part 3.1E-05
G0:0005856 Cytoskeleton 4.3E-04
G0:0005198 Structural molecule activity 1.5E-07
G0:0005515 | Protein binding 3.8E-06
G0:0015077 | Monovalent inorganic cation transmembrane transporter activity | 5.2E-02
G0:0003954 NADH dehydrogenase activity 7.4E-02
G0:0008137 NADH dehydrogenase (ubiquinone) activity 7.4E-02
G0:0050136 NADH dehydrogenase (quinone) activity 7.4E-02
G0:0015078 | Hydrogen ion transmembrane transporter activity 7.8E-02
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Table 2.1B: GO analysis for the top 2000 rat dendritic expressed genes

GO Term GO Description FDR
G0:0009987 | Cellular process 5.84E-31
G0:0006414 Translational elongation 1.13E-04
G0O:0007399 | Nervous system development 1.76E-04
G0:0034621 Cellular macromolecular complex subunit organization 2.50E-04
G0:0022008 | Neurogenesis 1.22E-03
G0:0034622 Cellular macromolecular complex assembly 3.06E-03
G0:0051179 | Localization 1.12E-08
G0O:0006810 | Transport 2.09E-07
G0:0001568 Blood vessel development 3.56E-03
G0:0048514 Blood vessel morphogenesis 6.73E-03
G0:0043234 Protein complex 4.38E-06
G0:0031090 | Organelle membrane 1.59E-05
G0:0043005 Neuron projection 8.96E-05
G0:0005740 | Mitochondrial envelope 1.19E-04
G0:0031966 | Mitochondrial membrane 1.28E-04
G0:0044445 Cytosolic part 1.83E-04
G0:0022626 Cytosolic ribosome 4.25E-04
G0:0022627 Cytosolic small ribosomal subunit 8.11E-04
G0:0044429 Mitochondrial part 2.95E-03
G0:0015935 Small ribosomal subunit 5.33E-03
G0:0019866 | Organelle inner membrane 1.68E-02
G0:0070469 | Respiratory chain 2.09E-02
G0:0005743 | Mitochondrial inner membrane 3.53E-02
G0:0043228 | Non-membrane-bounded organelle 4.89E-02
G0:0043232 | Intracellular non-membrane-bounded organelle 4.89E-02
G0O:0005515 | Protein binding 9.71E-25
G0:0005516 Calmodulin binding 2.09E-02
G0:0015078 | Hydrogen ion transmembrane transporter activity 3.35E-02
G0:0015077 | Monovalent inorganic cation transmembrane transporter activity | 7.52E-02

Table 2.1A-B: GO analysis for the top 2000 mouse and rat dendritic
expressed genes.

GO analysis for the top2000 ranked dendritic genes in mouse (Table 2.2A) and
rat (Table 2.2B) with FDR < 0.1 used as threshold value.

"Blue color" = Biological Process GO Category

"Gray color" = Cellular Component GO Category

"Purple color" = Molecular Function GO Category

"Bold"= GO Category common in rat and mouse
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Figure 2.6B: “Cellular Component” as GO category
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Figure 2.6C: “Molecular Function” as GO category

Figure 2.6 A-C: Graphs for the results of the GO analysis done on the top2000
ranked dendritic genes in rat and mouse.

These graphs display enriched GO IDs and their hierarchical relationships in "biological
process" (A), "cellular component” (B) or "molecular function" (C) GO categories.
Significantly enriched GO terms are marked in green, red or yellow if represented in rat,
mouse, or both species respectively. The degree of color saturation of each node is
positively correlated with the significance of enrichment of the corresponding GO term.
Non-significant GO terms within the hierarchical tree are drawn as points. Branches of
the GO hierarchical tree without significant enriched GO terms are not shown. Edges
stand for connections between different GO terms. Red edges stand for relationship
between two enriched GO terms, black solid edges stand for relationship between
enriched and un-enriched terms, black dashed edges stand for relationship between two
un-enriched GO terms (Performed via GOEAST, [22]).
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We examined other genes and categories known to be important in synaptic
function. Of particular note is the GO category Mitochondria, which is significantly
enriched in the dendritic transcriptome of both species, highlighting its relevance
in neuronal function. Mitochondria is involved in calcium sequestration, thus
contributing to modulation of local calcium concentration - a factor important in
Long-term potentiation (LTP) and long-term depression (LTD). We also see
species-specific mechanisms for calcium regulation. For example, several
calcium-sensitive genes show gene expression divergence (t-test FDR <0.0001,
Table 2.S1 in the appendices, provided as a separate document due to its large
size), including synaptotagmins and CAMK2, which can modulate calcium
microenvironment in the dendrite [23]. Among the potassium channel genes
(KCNX) genes relevant for neuronal excitability, almost half of them show
significant difference (t-test FDR <0.0001, Table 2.S1 in the appendices,
provided as a separate document due to its large size) between the two species.
In addition, potassium channel auxiliary subunits, Betal and Beta2, that regulate
potassium channels using different mechanisms [24] are also differentially
expressed in dendrites, with Betal being higher in rat and Beta2 being higher in
mouse. It has been proposed that the beta subunits can function as
oxidoreductases that can link the redox state of the dendrites to the electrical
activity of the cell [24]. The Netrin receptor DCC, which has been implicated in
spatial control of translation [25] and in modulation of synaptic plasticity, also
shows significant difference in dendritic expression. Other genes that show

divergent expression include a G-coupled protein receptor (GPR37) and the ion
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channel KCNN2. GPR37 has been identified to interact with Parkin, a protein
associated with Parkinson’s disease, [26, 27], thus GPR37 could be of
therapeutic relevance. KCNN2 encodes the SK2 subunit of small-conductance
calcium activated potassium channels and mutations in its 5’ end has been
associated with abnormal after hyperpolarization (AHP) activity and Parkinson’s
like phenotype in mice [28]. A more detailed listing of functionally important
genes is provided in Table 2.2. This list consists of genes that are either in the
top 5% for all Sprague-Dawley rat, C57BL/6 mouse and Balb/c mouse or are
highly variable across the three samples (in the top 5% for at least one and in the
bottom 50% for another). Table 2.S2 (in the appendices provided as separate
document due to its large size) shows the complete list of receptors and synaptic

genes categorized by a finer scale of rank expression.
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Table 2.2: Synaptic plasticity genes show divergent level of expression in rats and
mice dendrites.

Balb/c |C57BL/6

Family Class SynapticFunction |GeneSymbol
Channel [Voltage-gated |[-- Trpml
Channel [Voltage-gated |ARGs, LTP Cnga2—~*
Channel (Voltage-gated (-- Cacnalg
Channel [Ligand-gated (-- Chrnal
Channel |Voltage-gated [LTP Hcnl*
Channel |Voltage-gated [-- Kcnn2
Gprotein |Gprotein -- Gngll
Receptor |GPCR_A LTP Htri1f*
Receptor [GPCR A - Ghsr
Receptor [GPCR A -- P2ry6
Receptor |GPCR - Gprl108
Receptor |[GPCR A -- Npffr2
Receptor |GPCR C LTP Grm8*
Receptor |[GPCR A -- Mchrl
Receptor |GPCR A - Gpr6l
Receptor |GPCR —— GprcSa
Receptor |Receptor -- Ssr2
Receptor |Receptor -- Ifngrl
Receptor |Receptor -- Grb2
Receptor |Receptor - Agtrla
Receptor [Receptor - Adipor2
Other -- LTP Arts>
Other -- ARGs, LTP Calm3—*
Other - ARGs Crybb2~
Other -- ARGs Prx—
Other -- ARGs Fucal—
Other -- ARGs Cx3cll~
Other -- ARGs Rtl.aa—
Other -- ARGs Anxa8—
Other - ARGs Sgcg—
Other -- ARGs Ganbpl—
Other -- ARGs Pax8—
Other -- ARGs Nfya—
Other -- LTP Sodl1l*
Other -- LTP, LTD Mapk3*#
Other -- LTP Stmn4*
Other -- ARGs, LTP, LTD Nrgn—*#
Other - ARGs Hyal2~
Other -- ARGs Anxal—
Other - ARGs Atplbl—
Other -- ARGs Tapbp—
Other - ARGs Rps29—
Other -- ARGs Ttc35~
Other -- ARGs Naca—
Other -- LTP Inhbc*
Other - LTP Ppplr2*
Other -- ARGs Aldh3a2—~
Other -- ARGs Foxa2—
Other -- ARGs Tat—
Other - ARGs H2afy—~
Other -- ARGs Arhgdib—
Other - ARGs Gdpd5—~
Other -- ARGs Wdsubl—~
Other -- ARGs Ect2—
Other -- ARGs Cfb—~
Other -- ARGs Meox1—~
Other -- ARGs Tppp3—
Other -- ARGs Vhil—
Other -- ARGs Spg7—
QOther ARCGS Dusnill—

*Long Term Potentiation Genes (LTP); #Long Term Depression Genes (LTD); ~LTP activity regulated genes (ARGs);
G protein Coupled Receptor (GPCR); GPCR group A (GPCR_A); GPCR group C (GPCR_C)

"+" Gene Expression = Top5%; "-" Gene Expression <Top50%
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These results demonstrate that many genes, previously described to have
functional roles in synaptic plasticity and neurodegenerative risk showed
significantly divergent localization in the dendrites of rats and mice. To obtain an
overall view of the impact and extent of these differentially localized transcripts
on the CNS, we examined their occurrence in three key pathways (critical for
synaptic plasticity): Long-term potentiation (LTP), long-term depression (LTD)
and Calcium signaling. Pathway information was downloaded from the KEGG
database [29, 30]. Figures 2.7A, B and C illustrate that a large proportion of
genes in these pathways display divergent expression between the two species
supporting our hypothesis that neuronal function and its regulation involve
common as well as species-specific mechanisms. The species-specific
difference related to dendritic physiology can occur at multiple levels; from
regulation of translational controlling mechanisms such as DCC receptors and
ribosomal proteins, to fine-tuned controls of electrical characteristics through
calcium sensing mechanisms and channel regulatory proteins. From this data we
hypothesize that there is a functional divergence in the synaptic compartment of

mouse and rat induced by RNA localization divergence.

Figure 2.7 A-C: Pathways highlighting genes with dendritic gene expression
difference between rat and mouse
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2.4  DISCUSSION

In this study, we used mechanically isolated individual dendrite
preparations to assay the dendritically localized transcriptomes from mouse and
rat hippocampal neurons in a comparative genomics analysis. Our results show
that the dendritic transcriptome is significantly more diverged in these two
species than for other tissue- and organ-level transcriptomes. The level of
divergence is not explained by experimental variability, as shown by our in vitro
dilution and amplification control studies (see Materials and Methods), as well as
comparisons between two mouse strains (C57BL/6J and Balb/c). Shadt et al. [31]
compared the liver transcriptomes of two mouse strains (C57BL/6J and DBA/2J)
using 111 F2 lines from the two strains and found 33.3% of the genes
differentially expressed at a p-value of 0.05. When we used the same gene-wise
p-value level instead of the family-wise FDR correction, we find 32.8% of the
genes significantly differ between the dendritic transcriptome of C57BL/6J and
Balb/c mouse strains, nearly identical to the Schadt et al. results [31]. Fernandes
et al. [32] studied the hippocampal gene expression of eight different inbred
strains of mice and found 252 genes significantly different out of 12,888 probes
at a Bonferroni corrected p-value of 0.05. At the same Bonferroni corrected level,
we find 45 genes significantly different for our 10833 genes between the dendritic
transcriptome of Balb/c and C57BL/6 mice. This smaller number is consistent
with the smaller degrees of freedom represented in our two-strain comparison

versus the eight-strain comparison in the Fernandes et al. study. In conclusion,
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these results suggest that our dendritic assays using micro-dissection and linear
RNA amplification are consistent with whole tissue methods in terms of
guantification accuracy. Furthermore, the rate of within-species divergence in
dendritically localized expression that we see is consistent with tissue level
assays in other studies [31, 32].

We reported that 43.5% of the orthologous genes between the rat and
mouse dendritic transcriptomes showed significantly different expression at an
FDR correction of 0.1%, and that the two transcriptomes shared only 19%
identity among the top 5% expressed genes in each species. The lack of
replicates in the GNF tissue level data precluded a t-test comparison, but the
fraction of overlap among the top expressed mouse-rat orthologs was
significantly lower for the dendritic transcriptomes compared to any other tissue
including various brain tissues. Humans and orangutans are putatively separated
by 13 million years of evolution, which is similar to the rat-mouse split. Hsieh et
al. [33] reanalyzed the transcriptome data from primate species for brain and liver
tissues and found that 52.3% and 0.8% of genes differ between brain expression
at p-value of 0.05 and Bonferroni corrected (Bonf.) p-value of 0.05, respectively;
they also report a difference of 31.3% (p = 0.05) and 1.3% (Bonf. p = 0.05) of the
genes for liver expression. When we assessed our rat-mouse dendritic
transcriptome at these p-values, we obtained 70.5% (p = 0.05) and 25.8% (Bonf.
p = 0.05) of genes that were significantly different. Previous evidences suggested
that human brain expression experienced rapid evolutionary diversification

compared to other tissues [8, 34]. Although the mouse-rat pair was similar in
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divergence to the human-orangutan pair, the dendritic transcriptome in the
mouse-rat pair showed significantly greater divergence, especially in the class of
large deviation genes (25.8% vs. 1.3%, respectively at Bonf. p = 0.05).

The molecular basis of divergent brain function has been previously
studied at the level of individual genes. Previous reports on strain or species
variation in molecular brain function include neuropeptides and their receptor
structure and distribution [35] as well as the protein levels of CAMK2, MAPK,
CREB, and BDNF [29, 36] and other genes involved in development [10]. Our
results supported the hypothesis that functional characteristics of the
postsynaptic compartment may have rapidly diversified in rats and mice through
changes in the processes that regulate subcellular localization. In our study,
nearly twice the numbers of highly expressed genes showed significant
divergence in subcellular localization but not in tissue level expression.
Subcellular localization is mediated by post-transcriptional regulation involving
both cis-factors within the transcript and trans-factors interaction. We examined
the 5’ and 3’ UTRs of the mRNAs for signatures of greater sequence divergence
in the set of genes with divergent dendritic localization. At the level of whole UTR
regions, we did not detect any significant differences in sequence evolution for
the two classes of genes. This may be due to the localization signal being a
much smaller subset of UTR regions or because the localization signal is
embedded in other sequence features as we showed in Buckley et al. [15]. In fact,
upon examination of the most divergent dendritic genes, we find that well-formed

ID elements (i.e. having a secondary structure similar to BC1 [16, 17], see
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Materials and Methods for more details) occur in significantly higher rates among
the top 5% rat-specific dendritic transcripts (2.36 ID elements per 10,000 nts) as
compared to transcripts that are dendritically highly expressed in both mouse and
rat (1.82 per 10,000 nts, p < 0.001 by binomial test). Furthermore, amongst the
33 genes studied in Buckley et al. [15], 17 genes show dendritic localization in
mouse and 9 out of these 17 genes have ID elements in non-homologous
positions in their introns. Since the functional experiments performed by Buckley
et al. [15] demonstrated the implication of ID elements in transcripts targeting to
dendrites, these mouse genes with introns-retained ID elements are most likely
to be associated with dendritic localization. Functional experiments in mouse are
currently being undertaken in our lab to validate this observation. Further work is
needed to determine the cis-elements involved in species-specific targeting for
individual transcripts, but our results suggested the existence of species-specific
mechanisms including those associated with transposon activity.

Although the functional significance of these large-scale dendritic
transcriptome differences is not completely clear at this stage, our results point at
the evolution of system level molecular physiology of dendrites rather than
restricted to a small number of receptors or developmental differences in tissue
organization. Rapid evolution of subcellular localization may be mediated by the
fact that post-transcriptional regulation does not have epistatic effects with
transcriptional regulation. Finally, our results also highlight that the choice of an
animal model might require detailed species-specific knowledge of neuronal

function.
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2.5 MATERIALS AND METHODS

Sample collection for transcriptome analysis

Hippocampi primary cultures from mouse E18 (C57BL/6, Charles River
Laboratories, Inc.) and rat E19 (Sprague-Dawley Charles River Laboratories,
Inc.) were plated at 100,000 per ml in neurobasal medium (Invitrogen) with B-27
supplement (Sigma) on 12-mm round German Spiegelglas coverslips (Bellco
Glass) and grown for 14 days [37]. Mouse and rat embryonic samples used for
primary cultures were developmentally matched based on the protocol provided
by Charles River Laboratories

(http://www.criver.com/SiteCollectionDocuments/rm rm d pregnant rodent.pdf)

These primary cultures allowed single-cell harvesting where a pool of 100-400
dendrites was mechanically isolated. At least 9 biological “dendrites-pool”

replicates were collected in each species.

RNA Isolation and Microarrays

All samples were assessed through standard aRNA amplification methods, as
described previously [12, 38]. After 2 rounds of amplification, a final aRNA
amplification was performed with the Ambion lllumina TotalPrep RNA
Amplification kit with an incubation time of 14 h. The integrity of these amplified
aRNAs was evaluated with an Agilent Technologies 2100 Bioanalyzer and RNA
Nano LabChip. 5ug of each aRNA was used for Affymetrix Rat 230 2.0 and

Mouse 430.2 analysis.
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In situ hybridization and imaging

Species-specific 25 DNA-oligomer biotin-labeled were custom-made (Sigma-
Genosys®). 14 day-old primary rat and mouse cortical neurons were fixed for 15
minutes in 4% paraformaldehyde, washed in 1X PBS and permeabilized with
0.2% TritonX-100 for 10min at room temperature (RT). Cells were prehybridized
at 36°C with 50% formamide, 1X Denhardt’s solution, 4X SSC, 10mM DTT, 0.1%
CHAPS, 0.1% Tween-20, 500ug/ml yeast tRNA, 500ug/ml salmon sperm DNA.
In situ hybridization was performed for 16h at 36°C with 15ng/ul probe in
prehybridization buffer. After probe hybridization, Rabbit anti-MAP2 (Microtubule
Associated Protein 2) primary antibody (1:1000) was added to cells for 1h at RT
followed by addition of secondary antibodies Alexa 488 goat anti-rabbit antibody
(1:750) and Alexa 568 streptavidin conjugated (1:750) for 1h at RT. The co-
staining for MAP2 was performed for two main reasons: First, MAP2 is known to
be a marker for dendrites, second MAP2 is conserved in mammals and its
expression is known to coincide with the maturation of neuronal morphology, and
thus could be used as reference baseline for the maturity of both rat and mouse
neurons fixed after 14 days in culture [39-41]. DAPI staining was performed
before mounting the slides. The samples were visualized by fluorescent
microscopy (Axiovert 200M Inverted Fluorescent Microscope — Zeiss Inc., 20x
Objective). The collected images were processed in Metamorph® image analysis
software. IGOR Pro 6.04 software (WaveMatrics, Inc.) was used to extract the

pixel intensity information for the regions of interest and the extracted pixel
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intensity values were plotted in Excel. For each transcript and in each species, a
manual tracing was done on an average of 3 cell somas and 9 dendrites (The
dendritic path origin started at the end of soma and went out along the dendritic
process). The quantification paths were manually drawn based on MAP2
immuno-staining and automatically generated for the corresponding in situ
hybridization channel. The ratio of the average pixel intensity along the paths in
the dendrites (D) versus the soma (S) were computed and plotted against the
distance from the dendrites path origin (40um). Figure 2.3 illustrates 3 examples

of the outcome plots.

Probe’'s Symbol Sequence (Biotin5’-3’)

ZFP410 GGACTGGGAATTCATAGACACCAGG
COMMD3 CGTCTGGTTTTCCTCTAGGCTCCTG
RPS6 TGCGCTTCCTCTCTCCAGTTCTCCT
SFRS16 AGAAACCCAGCAGCATAACAGCCCC
ARHGDIA CGTGAACTTGGTCCCACGTTTGTCC
HNRPK TCCACAGCATCAGATTCGAGCGGGA
UBAS52 CGATGGAAGGGGACTTTATTTGGTC
RPL6 GCGATGACAAACTTCTGGTGTGTCC
H2AFZ GTCCACTGGAATCACCAACACTGGA

Control Experiment

Mouse adult female brain’s cortex (C57BL/6, Charles River Laboratories, Inc.)
was isolated and stored immediately at -80°C. Subsequently, the mRNA (15ug)
was isolated using TRIzol Reagent and MicroFastTrack 2.0 Kit (Invitrogen). A

Sample of 5ug was assessed on Affymetrix Mouse 430.2 array. Aliquots from the
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leftovers of the same cortical MRNA were diluted to single-cell RNA levels (0.1, 1,

and 10 pg) and independently amplified, as described above, for a total of 2 and

4 rounds and assessed on Affymetrix Mouse 430.2 arrays

Computational Analysis of Single-Cell Transcriptome

Array quantification

The expression intensities of the probes were summarized using the upper decile
statistic by using Affymetrix RMA 2.0 methods [42, 43]. All the arrays were
median centered and scaled by the range of expression values between the 10™

and the 90" percentile in each array.

Rat-Mouse Ortholog Map

Orthologs were identified using reciprocal-best-hits from a blast nucleotide
(blastn) analysis between RefSeq version 37 for mouse and rat with an e-value
threshold of 1e-5. We also carried out a blastn search of the Affymetrix probes
against the respective sequence set for each species for probe sets for which the
Affy mapping was not available or was outdated. We used the top hit from the
probeset-mRNA blast search with the constraint of at least 24/25 base matches.
The mapping was further restricted by stipulating that at least 9/11 probes, in
each probe-set, should map to the same mRNA. By combining all these mapped
relationships we constructed a mapping between the rat and the mouse probe-

sets. This map includes both unique matches as well as many-to-many matches.
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In order to resolve the many-to-many matches, we identified all connected
components within and across both species (excluding the unique matches). The
connected component was called a metagene and a unique identifier was
assigned to it, and median values for each species connected component were
used for the metagene. Figure 2.8 illustrates the workflow for creating the rat-

mouse probe-set map.

Rat RefsegmRNA €—> g‘ec;;:: RNA
Blast (Top hV Blast (Reciprocal best hits) }\ﬂast (Top hit)
Rat Affy probe Mouse Affy probe
IDs + Accession IDs + Accession

N /

Rat- Mouse Probe Map
(unique and multiple matches)

Connected components
across species

Generation of "Metagenes” Median value across

for multiple probe matches all probes in each component

For each species
(median for each array)

Rat- Mouse Ortholog Map
(unique matches) 10833 genes

Figure 2.8: Workflow showing the construction of the Rat-Mouse Ortholog
map.

The Blast results from the Probe-mRNA match are used only for cases where the
Affymetrix accession numbers corresponding to probes were missing from the
MRNA dataset.
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Statistical tests

All statistical tests including Benjamini-Hotchberg FDR correction were carried
out using custom programs and the Statistics Toolbox from MATLAB [44]. The p-
value for the difference in the overlap of top 5% for dendrites vs. tissues were
computed using an Arcsin transformation of percentages and an one-sample t-

test.

GNF tissues data

Raw expression data for 11 tissues in mouse and rat was downloaded from the
GNF BioGPS system [20]. The data was processed in the same manner as our
dendritic data using the RMA algorithm and median centering and percentile
range scaling. Since the Rat GNF expression analysis was carried out on a
different platform, we used the best match probe mapping provided by GNF
between their platform and the Affymetrix Platform resulting in a total of 3839

probe sets that mapped between rat and mouse.

Rankmap

We computed ranks with ties for rat and mouse expression data and each
ortholog pair were sorted with respect to increasing rat rank (decreasing
expression). The rankmap was made by computing for each rat rank k, the
fraction of mouse genes that were equal to below rank k. We refer to this as the
concordance level for the mouse. Note that the rank ordering of genes is specific

to each tissue and dendrite. Thus, the concordance levels correspond to different
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subsets of genes in each case. The rankmap confidence intervals were
computed using the binomial distribution and applying a Bonferroni correction by

a factor of 500 (for the total ranks compared).

Gene Ontology and Pathway analysis

GO analysis for the top2000 ranked dendritic genes in rat and mouse was carried
out using the online resource — DAVID (Database for Annotation, Visualization
and Integrated Discovery) [21]. A False Discovery Rate (FDR) < 0.1 was used
as threshold value. The summary results of the above GO analysis were
graphically displayed via GOEAST [22]. The graphs display enriched GO IDs and
their hierarchical relationships in "biological process", "cellular component” or

"molecular function” GO categories (Figure 2.6A-C)

Neuronal Functions Table

We combined four different resources to construct a table that highlights genes
involved in synaptic plasticity, ion channels and receptors (Table 2.2 and Table
2.S2). We first extracted, from the Affymetrix (Rat 230 2.0 and Mouse 430.2)
annotation files, all the genes that are described as “channels”, “G protein
coupled receptors” or other “receptors”. Next, we extended the annotations by
including available gene description from Park et al. [45], KEGG pathways [29,

30] and IUPHAR database [36].
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ID elements mapping in mouse and rat (in collaboration with Mugdha Khaladkatr,

Ph.D.)

The RepeatMasker [46] annotations were downloaded from UCSC Genome

Browser for mouse (mm9) and rat (rn4) genome assemblies [47]. The genomic
coordinates for all SINE ID elements were extracted and analyzed for overlap
with the Refseq annotated mRNAs in both sense (S) as well as anti-sense (AS)
orientation. The presence of ID elements in the intronic, exonic or UTR regions
was noted. The 3'UTR region for this purpose was extended 1000 bp
downstream of the annotated 3'UTR end in order to account for longer un-
annotated 3'UTRs. Overall, there were 33,406 ID elements in mouse (S: 15414,
AS: 17992) and 61,311 ID elements in rat (S: 27396, AS: 33915) that mapped to

the Refseq mRNAs.

ID elements enrichment analysis (in collaboration with Miler Lee, Ph.D.)

Well-formed ID elements were identified using the characteristics defined in
Buckley et al. [15]. Genes occurring in the top 5% of rat dendrite expression
were partitioned into two sets: genes whose mouse orthologs also occurred in
the top 5% of mouse dendrite expression (n=103), and genes whose mouse
orthologs occur in the bottom 50% of mouse dendrite expression (i.e., rat-specific
dendritic genes) (n=148). The occurrence rate of well-formed ID elements per
nucleotide of intronic sequence between these two sets was compared using a

two-tailed binomial proportion test. A similar comparison between mouse-
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specific dendritic genes and common rat/mouse dendritic genes did not yield a

significant difference.

2.6 PUBLICATION NOTES

Data from this chapter appeared in part in: “Rapid divergence of RNA localization
between rat and mouse neurons reveals the potential for rapid brain evolution”.
In Preparation for submission. Chantal Francis*, Shreedhar Natarajan*, Miler T.
Lee, Peter T. Buckley, Jai-Yoon Sul, James Eberwine” and Junhyong Kim”.

* * denotes joint authorship
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Chapter 3

CHARACTERIZATION AND COMPARATIVE ANALYSIS OF

MRNAS POPULATION IN RAT AND MOUSE DENDRITES
VIA LARGE-SCALE IN SITU HYBRIDIZATION

3.1 ABSTRACT

It is well recognized by now that certain populations of mRNAs are
specifically targeted to neuronal projections, which allows for a localized control of
translation and protein distributions. Nevertheless, the extent of this event and its
potential phenotypic and evolutionary impacts remain unclear. To clarify the
relationship between spatial patterns of dendritic transcriptome localization and
genetic differences between species, | conducted a large-scale in situ hybridization.
This was done on a curated list of mMRNAs shown in our previous transcriptome
study to be highly expressed in rat and mouse dendrites (Chapter 2).

| first optimized the imaging and data analysis procedure to allow a
between and within species consistency throughout this study. After employing a
very stringent filtering procedure on the signal intensity detected between the
dendrites and soma, we concluded with high confidence that out of the 200
transcripts investigated commonly in rat and mouse, 84.5% showed localization
in dendrites. Specifically 58% displayed a dendritic localization in both species;

29% and 13% displayed mouse and rat exclusive dendritic localization,
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respectively. Overall, these three clusters contained a wide variety of transcripts
involved in many neuronal functions that were either shared or species-specific.
A sequence motif search highlighted the implication of introns-retained 1D
elements in RNA localization in dendrites, both in rat, as previously described in
our lab, and in mouse. This study also provided a connection to diverse RNA
binding proteins and microRNAs that could potentially be involved in mRNAs
targeting and post-transcriptional regulation via either common or species-
specific mechanisms.

These results complement previous studies examining transcripts
localization in dendrites. It also reinforces the evolutionary diversification of this
mechanism, as described in Chapter 2. The similarities and differences between
MRNAS localization and pattern of distribution in rat and mouse dendrites
underscore potential implications of this mechanism in the fine-tuned regulation

of neuronal functions and the establishment of species-specific cognitive features.
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3.2 INTRODUCTION

Phenotypic and behavioral diversity seen within and between species is
partly due to genetic variation. Numerous and complex mechanisms can
generate phenotypic variability [1-3]. The most well-studied of these involve
sequence modifications that alter amino acid coding and ultimately affecting
protein function. Differences in gene dosage effects as well as copy humber
variation have also been associated with phenotypic variation [4-8]. However,
very few investigations have explored the relationship between differential spatial
distribution of transcripts within tissues or cells and its potential impact on
phenotypic differences.

In the brain, several studies have established that dendritically localized
MRNAs are numerous and have a large functional repertoire. More specifically,
our previous study using microarrays on isolated dendrites (detailed in Chapter
2) provided a comprehensive description of the dendritic RNA population in two
closely related rodent species, rat and mouse. Our results showed that these
species exhibit evolutionary divergence in their dendritic transcriptome with 81%
difference among the highest expressed genes. The differential sub-cellular
localization of specific genes suggests differences in neuronal architecture that
could play an important role in determining species-specific cognitive features.
Therefore, a greater understanding of the evolution of transcripts regulation and
localization may provide new insights into key genes that are likely to be relevant

in the evolution and diversification of phenotypes.
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A major gap common to most dendritic transcriptome investigations is the
lack of comprehensive assays at the single-cell level that would verify dendritic
localization and provide detailed spatial information. Visualization via in situ
hybridization can yield quantification and a refined resolution of differential spatial
distribution of transcripts within and between species. In order to investigate the
spatial pattern of RNA dendritic localization along with species differences, |
conducted a large scale in situ hybridization using 400 most representative
dendrite-specific genes in rat and mouse taken from our previous microarrays
analysis (detailed in Chapter 2).

| carried out in situ hybridization on 14-day old primary cultures of cortical
neurons hybridized with biotin-conjugated oligo-probes detected with a
streptadivin-conjugated fluorescent dye. In addition, | imaged the dendrites
processes using MAP2 immuno-staining and the nucleus using DAPI staining
(see Materials and Methods). A custom-designed image analysis program
allowed to extract spatial features and optimize the replicability of the data and
verified the consistency between and within species. After a stringent filtering of
all the data using the ratio of distal dendrites to soma of control transcripts, |
recovered more than 165 significantly localized mRNAs in both species’
dendrites.

Using the comprehensive image set of 400 probes, | explored several
hypotheses. The functional classification of the dendritic transcripts highlighted
their wide implications in common as well as species-specific cellular functions. |

searched for sequence motifs within the dendrites-specific transcripts of both rat
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and mouse. This outcome underlined a high incidence and a potential implication
in transport or gene expression regulation, of non-coding elements such as the
intron-retained ID-elements or the 3'UTR AU-rich elements. | established a
relationship between the dendritically localized transcripts and potential trans-
acting factors such as RNA binding proteins and microRNAs. All the recovered
cis or trans-elements candidates are most likely acting together or in conjunction
with other factors to regulate mRNAs trafficking and post-transcriptional events.
The putative regulatory factors governing dendritic RNA localization show both
common and species-specific patterns, the latter of which may underlie their role
in the evolution of species-specific brain functions and diversification of

phenotypes. All data from this study has been compiled in a database,

http://kim.bio.upenn.edu/insitu/public/, which could become a potential public

resource and guideline for a broad variety of future investigations.
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3.3  RESULTS

3.3.1 Method Development, Screening, And Database Implementation

Identifying dendritically localized transcripts is made difficult by the fact
that the mRNA concentration in dendrites is lower than the one in the soma by
several orders of magnitude, which can produce RNA presence due to non-
active diffusive flow from the soma. Therefore, it is essential to be able to define
the relative level of a given transcript in dendrites compared to the soma. In order
to do that, | carefully selected soma-specific transcripts in both rat and mouse
(see Materials and Methods). These reference set of putatively soma-specific
transcripts were used to establish a soma-specific reference value designated as
“control cut off”. Briefly, for each reference soma-specific gene, | computed
average dendrite/soma intensity ratio and then set two standard deviations above
the mean ratio as the threshold for significant dendritic localization (see Materials
and Methods). To differentiate mMRNAs present in dendrites due to random
diffusion compared to the ones that are actively transported, | chose to estimate
the functional localization of RNAs by geometrically dividing the neuronal cell into
somatic, proximal and distal dendritic regions as detailed in the Materials and
Methods section. | only designated transcripts to be dendritically localized if they
exhibited a localization signal in the distal dendrites and the dendrites/soma
(D/S) transcript ratio was higher than the reference cut-off value. In order to
correct for various noise associated with in situ hybridization techniques, in

collaboration with Jai-Yoon Sul, Ph.D. and Stephen Fisher, Ph.D., we developed
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an image analysis procedure with optimal imaging resolution, consistency and
high throughput data extraction (see Materials and Methods for more details).
Finally, we created a neuronal mRNA localization database resource

(http://kim.bio.upenn.edu/insitu/public/), containing annotation terms and

representative images of all transcripts investigated in rat and mouse neurons.

3.3.2 Most of the transcripts investigated in mouse neurons are
localized to dendrites.

Out of 242 transcripts investigated in mouse neurons, the majority (67.4%)
displayed dendritic localization with a high confidence, as their D/S ratio was
above the mouse control cut-off value. If the stringency in defining this cut-off
value was decreased to only 1 standard deviation (SD) above the soma average
instead of 2 SD, as described in the materials and methods section, 3.72%
additional transcripts could be considered dendritically localized. Figure 3.1
illustrates the ranked D/S ratios detected for all transcripts examined via in situ
hybridization on mouse neurons. In general, the D/S ratio trend increases linearly
but the highest 10% transcripts exhibit a steeper rise. This top 10% cluster
includes transcripts involved in signal transduction, transport and RNA and
protein metabolisms. In contrast the bottom 10% cluster, corresponding to the
transcripts with a D/S ratio just above the cut off value threshold (starting at 1SD
above cut off which is the yellow bar in the Figure 3.1), includes vesicle trafficking

functions, protein phosphorylation and acetylation and regulation of neurons
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processes. Table 3.1 (provided at the end of this chapter) displays the list of all

transcripts identified as dendritically localized in mouse.

Mouse Distal Dendrites/Soma

0.25

e
o

0.15 -

o
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Figure 3.1: List of 242 transcripts examined via in situ hybridization on
mouse neurons.

Ratio of average signal intensity in Distal Dendrites/
Soma

Transcripts

The Black bar represents the boundary above which transcripts are considered
dendritically localized with high confidence and the yellow bar represents the
boundary above which transcripts are considered dendritically localized with a
lower 1 SD confidence.
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3.3.3 Most of the transcripts investigated in rat neurons are localized to
dendrites.

Similar to mouse, the majority (58.62%) of 290 transcripts investigated in
rat neurons displayed dendritic localization with a high confidence, where their
D/S ratio was above the rat control cut-off value. An additional 4.14% transcripts
could be considered dendritically localized after decreasing the cut-off value’s
stringency to 1 standard deviation (SD) above the soma average instead of 2 SD,
as described in the materials and methods section. Figure 3.2 illustrates the D/S
ratio detected for all transcripts examined via in situ hybridization on rat neurons.
Similarly to what was reported previously in the mouse, the general D/S ratio
trend increases linearly until approximately the highest 10% transcripts where the
increase of D/S ratio becomes much steeper. This top 10% rat cluster does not
share any common transcripts with the Top10% cluster of the mouse however the
biological functions of these rat transcripts correspond to similar functions as in
the ones reported in the Top 10% mouse such as signal transduction, transport
and metabolisms. The bottom 10% rat cluster, corresponding also to the
transcripts with a D/S ratio just above the cut off value threshold (starting at 1SD
above cut off which is the yellow bar in the Figure 3.2), includes protein translation,
phosphorylation and acetylation, ion transport functions and regulation of
neurotransmitter release. Table 3.2 (provided at the end of this chapter) displays

the list of all transcripts considered dendritically localized in rat.
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Figure 3.2: List of 290 transcripts examined via in situ hybridization on rat
neurons.

The Black bar represents the boundary above which transcripts are considered
dendritically localized with high confidence, and the yellow bar represents the
boundary above which transcripts are considered dendritically localized with a
lower 1SD confidence.

In general, and for both species, the main functionalities of the
dendritically localized transcripts highlight their implication in local protein
synthesis and in neuronal functions. Within these transcripts some that were
reported previously by others such as MAP2, Glutamate and GABA receptor
subunits and Calcium and Potassium channels [9-13].

Note that, regardless of the species in question, non-significant detection

of mMRNAs in dendrites via in situ hybridization does not necessarily mean lack of
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localization. The absence or the weak labeling might be due to their low
abundance or to a particular configuration that makes them inaccessible to the
probe during the hybridization process. This lack of signal might also be due to
physical masking of these mRNAs in dendrites, which interferes with the
hybridization between the transcripts and their complementary probes. Another
possible interpretation might be that these mRNAs, detected via microarrays,
have in reality a relatively low concentration in dendrites compared to soma but
are nevertheless present in the dendrite as we previously detected their

presence in our microarray analysis of pooled dissected dendrites [14].

3.3.4 Analysis of the subcellular localization of mRNA transcripts within
rat and mouse via in situ hybridization

Functional annotation of dendritic transcripts

| performed a Gene Ontology (GO) analysis, using the online tool for
functional classification available in DAVID [15], to functionally classify the
transcripts identified as dendritically localized with high confidence. | also
repeated this analysis on the whole transcriptome in order to use this
classification as a reference baseline. Not surprisingly, some categories in the
dendritic transcripts, such as metabolism and transport, stood out in comparison
to the reference transcriptome which implies that some functions are dendrite-
specific rather than a random representation of the GO functional categories

reported in the whole transcriptome. In fact, the reported dendrite-prevalent GO
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categories are involved in neurons development and functions, which are
consistent with previous findings and functional classification of dendritic mMRNAs

[16-18].

Functional categories of mouse dendritic transcripts

Figure 3.3 illustrates the main functional categories found in mouse. It
highlights how the dendritic genes are governed by functions connected to
metabolism as well as transport, developmental processes and cell adhesion.
Particularly the metabolism and cell adhesion functional categories were
significantly enriched in mouse dendrites compared to the whole transcriptome

(Chi-square, FDR<0.01).

Functional categories of rat dendritic transcripts

Figure 3.4 illustrates the main functional categories found in rat. As in
mouse, metabolism was significantly enriched in rat dendrites compared to the
whole transcriptome (Chi-square, FDR <0.01). In general most of the functional
categories found in rat dendritic genes were also detected in mouse dendritic
transcripts. Nevertheless, the cell adhesion functional category, which is
significant in mouse, was not represented in the rat dendritic genes but instead
the cell-cell signaling category was particularly prominent (Chi-square, FDR
<0.01) in rat dendritic transcripts but not in mouse. Actually these two functional

categories are interconnected and important for proper neuronal growth,
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synaptogenesis and signaling [19]. Their different level of representation in the
rat and mouse dendrites GO categories highlights variation in their level of
expression which bypasses our stringent cut off value in one species but not the
other (and vice versa). A recent study done in rat and mouse on more than 30
adhesion G protein couple receptors supports our idea [20]. In this investigation,
both species present the same patterns of gene expression in several brain
tissues but the relative expression value for a given G protein couple receptors
transcript was significantly different in one species versus the other. Additionally
it is known that most of the cell-adhesion and cell-cell signaling genes, such as
Cadherins and Protocadherins, are differentially expressed in different brain
regions or neurons and their level of expression is calcium and phosphorylation-
dependent [21-23] which might also be species-dependent. Indeed, recent
discoveries of multiple Protocadherins (~50) and their wide heterodimers
combinations (~2500) provide high degree of variation in these receptors that

might contribute to species-specific synaptic functions [24, 25].
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Figure 3.3: Mouse Functional categories
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Dendritic transcripts do not exhibit an unusually long half-life

In order to be locally translated in dendrites, mRNA must be transported
over long distances while remaining stable. One can wonder if these dendritically
localized mRNA possessed a longer half-life than the general transcriptome trend.
This could potentially support their long distance trafficking and localized
translation upon a given stimuli. I compared our mouse dendritic transcripts
against a publically available National Institute of Health, NIH

(http://Igsun.grc.nia.nih.gov/imRNA/) database for mRNA half-life in mouse [26].

This comparison did not show any trend toward a longer half-life for subcellularly
localized transcripts (t-test with p>0.05), at least based on our mouse data. This
result suggested that the regulation of subcellularly localized mRNAs is not
simply based on its intrinsic stability but is likely linked to complex events

involving interaction between trans-acting elements and cis-acting elements.

Diverse trans-factors interact with rat and mouse dendritic transcripts.

How do mRNAs get to their final destination? It is clear that some kind of
spatio-temporal mechanism regulates local mMRNASs translation in dendrites [27,
28], but the details of the putative mechanism are not well known. Many studies
have suggested that a key factor in mRNA trafficking is based on their interaction
with RNA binding proteins (RBPs) as well as other messenger ribonucleoproteins

(mRNPs) to form large complexes called RNA granules [29, 30]. The formation of
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these granules is promoted by an interaction between the “zipcodes” cis-acting
sequences, that mainly lie in the 3'UTR region within the mRNA, and their
corresponding trans-acting RBPs [31, 32]. The identification of RBPs has been a
very challenging and tedious task as the transported mRNAs are often
associated with large multi-protein complexes and are in low abundance. A large
number of proteomic and biochemical studies have shown that the composition
of RNA granules is far from being homogenous [30, 33]. These contain different
RBPs such as Staufen, zipcode-binding protein 1 (ZBP1) and heteronuclear
RNP-A2 (hnRNP-A2) as well as hundreds of mRNA species. Some identified
MRNA species include calcium/ calmodulin-dependent protein kinase 1l (CaMKIll)
alpha, activity-regulated cytoskeletal-associated (Arc), beta-actin, the noncoding
BC1, glutamate receptor subtypes and translational machinery components,
such as ribosome subunits and elongation factor 1a [34-36]. All these studies
suggest that the composition of these granules is not universal and could vary
depending on the location in the cell, the cellular activity, and the stage of
transport or anchoring required. Using in situ hybridizations, several experiments
that examined some RBPs and/or their mMRNA have reported the presence of a
non-uniform and punctate distribution patterns in the subcellular regions of
neurons [18, 33, 37], which may be associated with local translation.

Here, using this large-scale in situ data, | conducted an analysis to identify
the relationship between dendritic gene expression patterns and their potential
link to specific RBPs (see Materials and Methods). | hypothesized that transcripts

sharing similar patterns of distribution might share common RBPs. First, |
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surveyed the transcripts localized to dendrites and grouped them into two
classes: those showing punctate localization within dendrites and those showing
uniform distribution within the dendrites. This clustering was based on sorting the
data via the average pixel intensity variance to mean ratio recorded for each
image and then refined with a visual inspection as an additional level of filtering.
A detailed description and illustration of this procedure is available in the Material
and Methods section. The two main types of distribution patterns detected in
both mouse and rat dendrites are illustrated in the Figure 3.5(A-B), and the
identity of the transcripts investigated in mouse and rat respectively is provided in
Tables 3.3 and 3.4. Second, | searched within both classes for each transcript

sequence’s affinity to RNA binding proteins using a publicly available RNA

Binding Protein database (http://rbpdb.ccbr.utoronto.ca/) [38]. Further detail on
this screen is available in the Materials and Methods section. As discussed below,
the resulting RBPs identified to specifically interact with the dendritic transcripts
are all previously hypothesized to be involved in the regulation of gene

expression.
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Figure 3.5: In situ hybridization reveals different patterns of localization in
neuronal dendrites.

Fluorescent Microscopy evaluation of biotin-conjugated oligoprobes on
paraformaldehyde fixed 14-day cultured rat and mouse cortical neurons hybridized with
9 biotin-conjugated oligoprobes detected with streptadivin-Alexa568. For each image,
the small bottom left corner panels represent MAP2 immuno-staining. Scale bar = 20pm.
Various distribution patterns are highlighted with red arrows.

(A), In mouse:

(A.1) Probe against OLFML transcript illustrates a uniform distribution in dendrites
(A.2) Probe against ARHGDIA transcript illustrates a punctate distribution in dendrites.
(B), In rat:

(B.1) Probe against ATP2B2 transcript illustrates a uniform distribution in dendrites
(B.2) Probe against ZFP410 transcript illustrates a punctate distribution in dendrites.
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Gene Symbol | Mouse Refseq | Distribution in dendrites
Glp2r NM_175681 Uniform
Pcdh10 NM_011043 Uniform
Rsp4 NM_009094 Uniform
Vim NM_011701 Uniform
Glp2r NM_175681 Uniform
Pcdh17 NM_001013753 | Uniform
Rnfl11 NM_033604 Uniform
Ak7 XM_994344 Uniform
Atp5d NM_172294 Uniform
Dpysl2 NM_009955 Uniform
Rbfox1 NM_183188 Uniform
Sirtl NM_001159589 | Uniform
Syt6 NM_018800 Uniform
Arl6ip5 NM_022992 Uniform
H13 NM_010376 Uniform
0If1273 NM_146442 Uniform
Syt4 NM_009308 Uniform
Myo5a NM_010864 Uniform
Appbp2 NM_025825 Uniform
Olfm1 NM_019498 Uniform
Rpl23 XM_001477371 | Punctate
Snrpn XM_001480670 | Punctate
Kif15 NM_010620 Punctate
Usp9x NM_009481 Punctate
Opal NM_133752 Punctate
Trpv5 NM_001007572 | Punctate
Atp5al NM_007505 Punctate
Fmnll NM_001077698 | Punctate
Jub NM_010590 Punctate
Lyplal NM_008866 Punctate
Mdh2 NM_008617 Punctate
Arhgef7 NM_017402 Punctate
Mapk1 NM_001038663 | Punctate
Rpl6 NM_011290 Punctate
Tmeffl NM_021436 Punctate
Vmn2r57 NM_177764 Punctate
Dynclil NM_010063 Punctate
Nefl NM_010910 Punctate
Cacng5 NM_080644 Punctate
Slc25a40 NM_178766 Punctate
Sept9 NM_001113488 | Punctate
Gnaol NM_010308 Punctate
Syngrla NM_207708 Punctate
Syngrlb NM_207708 Punctate
Arhgdia NM_133796 Punctate
Dnajc5 NM_016775 Punctate
Kcna2 NM_008417 Punctate
Gnb1 NM_010312 Punctate
H2afz XM_001480384 | Punctate
Irgm1 NM_008326 Punctate
Atp2b2 NM_009723 Punctate
Mtap2 NM_008632 Punctate

Table 3.3: List of mouse mMRNA examined for patterns of distribution in dendrites.
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Table 3.4: List of rat mMRNA examined for patterns of distribution in dendrites.

Gene Symbol | Rat Refseq Distribution in dendrites
Sept9 NM_176856.1 Uniform
Ak7 XM_234507.4 Uniform
Arhgef7 NM_053740.1 Uniform
Atp2b2 NM_012508.3 Uniform
Atp5d NM_139106.1 Uniform
Cacng5 NM_080693.1 Uniform
Dpysl2 XM_573810.2 Uniform
Dynclil NM_019234.1 Uniform
Glp2r NM_021848.1 Uniform
Irgm NM_001012007.1 | Uniform
Kif15 NM_181635.2 Uniform
Lyplal NM_013006.1 Uniform
Nefl NM_031783.1 Uniform
Olfm1 NM_053573.1 Uniform
0Ir259 NM_001000222.1 | Uniform
Pcdh17 XM_224389.4 Uniform
Prkch NM_031085.2 Uniform
Rpl23 NM_001007599.1 | Uniform
Rps20 NM_001007603.1 | Uniform
Rsp4d NM_001007600.1 | Uniform
Sirtl XM_228146.4 Uniform
Syt6 NM_022191.1 Uniform
Arl6ip5 NM_023972.2 Uniform
Atp5g3 NM_053756.1 Uniform
Gnaol NM_017327.1 Uniform
H2afz NM_022674.1 Uniform
Mapk1 NM_053842.1 Uniform
Mapre3 NM_001007656.1 | Uniform
Myo5a NM_022178.1 Uniform
Rpl6 NM_053971.1 Uniform
Snrpn NM_031117.1 Uniform
vgf NM_030997.1 Uniform
Vim NM_031140.1 Uniform
Trmt112 XM_215167.2 Uniform
Atp5al NM_023093.1 Uniform
Dnajc5 NM_024161.2 Punctate
Gnb1 NM_030987.1 Punctate
H13 NM_001107789.1 | Punctate
Spag7 XM_001079933.1 | Punctate
Stmn3 NM_024346.1 Punctate
Syngrl NM_019166.1 Punctate
Syt4 NM_031693.1 Punctate
Usp9x XM_343766.3 Punctate
Appbp2 XM_001081113.1 | Punctate
Grina NM_153308.1 Punctate
Jub NM_053503.1 Punctate
Opal NM_133585.2 Punctate
Ppmle NM_198773.1 Punctate
Tmeffl NM_023020.1 Punctate
Vmn2r57 NM_173130.1 Punctate
Zfpa10 XM_234409 Punctate
Fmnll XM_001081542.1 | Punctate
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Different types of RBPs are found in both punctate and uniformly
distributed mouse dendritic transcripts.

The sequence analysis of the subset of transcripts differentially distributed
in mouse dendrites (Table 3.3) clearly distinguished some RBPs that had higher
affinity for one group of spatial pattern over another. Table 3.5 summarizes the
level of incidence, in percentage, of the RBPs associated with each kind of
dendritic spatial pattern in the mouse transcripts. Some RBPs like the small
nuclear ribonucleoprotein A, SNRPA, Ataxin-2 binding protein 1, A2BP1 (also
known as RNA binding protein fox-1 homolog, Rbfox1), or Zinc finger protein 36,
ZFP36 (also known as Tristetraprolin, TTP), were equally represented in both
punctate and uniformly distributed transcripts. These three different RBPs were
shown to be involved in mMRNA splicing, stability, regulation of mMRNA poly (A) tail
shortening and to participate in mRNA transport [39-42]. Other RBPs were more
specific to one spatial class compared to the other. The arginine/serine-rich
splicing factor proteins SRFS1 and the embryonic lethal, abnormal vision,
Drosophila)-like 2 ELAVL2 (also known as Hu antigen B) protein, which are
implicated in alternative splicing, stabilization and/or enhanced translation of
ARE-containing mRNA [43, 44] were particularly prevalent in the punctate
transcripts class. In contrast, the arginine/serine-rich splicing factor proteins
SRFS2 and KH-type splicing regulatory protein (KHSRP, also known as
MARTAL1/2 in rat), which have also been involved in alternative pre-mRNA

splicing and mRNA localization [45, 46], were more frequently associated with
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the uniformly distributed transcripts. The occurrence of SRFS1 and SFRS2 (also

known as ASF/SF2 and SC35 respectively) in two different patterns of transcripts

distribution in dendrites might relate to their known differences in RNA binding

specificities and their antagonist functions particularly in mRNA splicing

regulation [47-49]. Likewise, ELVAL2 and KHSRP, known for their affinity to
ARE-containing mRNAs, could be interacting with different co-transfactors that

might result in the differential patterns of distribution detected in our

investigations [46, 50].

Table 3.5: Level of RBPs’ occurrence in mouse punctate and uniformly-

distributed dendritic genes

Uniform Puncta
RBP Motif Sequence Motif Length (n=21) (n=31)
ELAVL2 UUUUAUUUA/AACCUUUUUUUUCU 9 19.05% 41.94%
SFRS1 AAGACAGAGC 10 9.52% 29.03%
A2BP1 UGCAUG 6 23.81% 29.03%
ZFP36 AAAAAAAAAAG/AAAAAGGAAAG 11 28.57% 32.26%
Rnal5 UGUGUAUUCUCC 12 0.00% 3.23%
sus UCAGGAGUCU 10 0.00% 3.23%
ZRANB2 AGGUAA 6 0.00% 3.23%
ybx2* AACAUC 6 0.00% 0.00%
sap-49 GUGUGA 6 4.76% 3.23%
SFRS7 AGACUACGAG 10 4.76% 3.23%
SNRPA GGGUAUGCUG 10 28.57% 25.81%
NCL UGCCCAGAAGG 11 9.52% 6.45%
QKil UACUAAC 6 4.76% 0.00%
pum AAUAUAAAUAUAUAUA/UUUUUAAAUAUAAAAA | 16 9.52% 3.23%
EIF4B GUUGGAA 7 9.52% 0.00%
SFRS2 UGUUCGAGUA 10 23.81% 9.68%
KHSRP CCcccccc 8 19.05% 0.00%

101



Different types of RBPs are found in punctate and uniformly distributed
rat dendritic transcripts.

The sequence analysis of the subset of transcripts differentially distributed
in rat dendrites (Table 3.4) also distinguished some RBPs that had higher affinity
toward one group of spatial pattern over another. Table 3.6 summarizes the level
of incidence, in percentage, of the RBPs that scored the highest affinities toward
the rat transcripts. A total of 94% (16 out of 17) of these rat RBPs were also
reported previously in mouse and all of them (100%) have been implicated in
either mRNA splicing, stability, poly (A) tail shortening and/or mRNA transport.
On one hand, as seen in the mouse, A2BP1 and ZFP36 showed equal affinity for
both punctate and uniformly distributed rat transcripts; and, ELVAL2 was
particularly prevalent in the rat punctate transcripts. On the other hand many
other RBPs had different level of occurrence in rat and mouse transcripts (Table
3.6 versus Table 3.5) such as SNRPA and YbX2 (Y-box-binding protein 2), which
are clearly more prevalent in the rat punctate and uniformly distributed transcripts
respectively. One reason behind these differences in distribution patterns could
be due to species-specific nucleotide sequence variations in orthologous genes.
Indeed the identity of the transcripts associated with the RBPs does not match

perfectly between species. For instance, 67% of the transcripts associated with
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SNRPA are non-homologous between rat and mouse. This example is illustrated

in Table 3.7 and further detail on this between species analysis will be addressed

in the sections below and in Table 3.14. These results suggest that transcript’

localization patterns might be based upon species-specific interconnections

between transcript’s identity and the matching RBPs.

Table 3.6: Level of RBPs’ occurrence in rat punctate and uniformly
distributed dendritic genes

RBP Motif Sequence Motif Length :.:‘r:;?‘;m :’:::;;
ELAVL2 UUUUAUUUA/AACCUUUUUUUUCU 9 11.76% 41.18%
SNRPA GGGUAUGCUG 10 14.71% 35.29%
QKI UACUAAC 6 0.00% 11.76%
SFRS1 AAGACAGAGC 10 11.76% 23.53%
Rnal5 UGUGUAUUcCUCC 12 0.00% 5.88%
SFRS2 UGUUCGAGUA 10 17.65% 23.53%
KHSRP cccccccc 8 2.94% 5.88%
pum AAUAUAAAUAUAUAUA/UUUUUAAAUAUAAAAA | 16 5.88% 5.88%
SFRS7 AGACUACGAG 10 5.88% 5.88%
ZFP36 AAAAAAAAAAG/AAAAAGGAAAG 11 20.59% 17.65%
NCL UGCCCAGAAGG 11 2.94% 0.00%
sus UCAGGAGUCU 10 2.94% 0.00%
A2BP1 UGCAUG 6 23.53% 17.65%
sap-49 GUGUGA 6 5.88% 0.00%
ZRANB2 | AGGUAA 6 8.82% 0.00%
EIF4B GUUGGAA 7 11.76% 0.00%
ybx2-a AACAUC 6 14.71% 0.00%
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Table 3.7: Rat and mouse transcripts with high binding affinity to the RNA
binding protein SNRPA

Transcripts were investigated in rat (_rt) and mouse (_ms), via the RBPdatabase, for

their sequence motif for SNRPA (n=15). Only 3 out of 15 transcripts were homologous
between mouse and rat (marked in purple), six transcripts were rat-specific for SNRPA
(marked in blue) and six transcripts in were mouse-specific for SNRPA (marked in red)

Regulation of localized gene expression in dendrites: a link to MicroRNAs

MicroRNAs (miRNASs) are particularly known to regulate gene expression
by repressing mRNA translation via their interaction with Argonaute proteins, or
by increasing mRNA degradation rate. MicroRNAs target their transcripts mainly
through binding to secondary structures within the 3'UTR. Their recognition
binding sites are usually short, between 6 to 8 nucleotides [51]. The first
indication of miRNAs involvement in synaptic plasticity came from Drosophila,
where CaMKII expression was silenced by a miRNA-mediated repression [52].
Further investigations have shown that, during long-term memory formation, a
tight connection exists between the down-regulation of microRNAs (i.e. miR-138
and miR-124) and the increased expression of certain transcripts (i.e. CaMKI|I
and CREB) [52-54]. It is now clearly established that gene silencing by miRNAs
is active in neurons and participates in neural development and synaptic
plasticity [55].

In order to get an insight into the regulation of subcellular gene expression via

MIiRNAs silencing, | searched within our curated dendritic mMRNA list for miRNA
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affinity using the comprehensive miRWalk database of predicted as well as

validated microRNA targets (http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/) [56].

| only considered experimentally validated microRNAs, available through
miRWalk [56], as significant candidates for further investigations (see Materials
and Methods). Note that the level of experimental certainty for the various miRNA
function and target information for the entire 2044 miRNAs set provided by
miRWalk is variable. Therefore, the results here need to be interpreted with
caution. Nevertheless, the miRWalk database represents one of the most
comprehensive integrated information resources for miRNA function and
interaction and therefore | used it as a discovery tool for linking miRNA function

to dendritic genes.

Mouse dendritic transcripts are likely to be regulated by microRNAs

Within the mouse dendritic transcripts almost 12% were linked to validated
mMiRNAs. A total of 93 microRNAs were identified from the miRWalk database. A
vast majority of these (>90%), such as miR16 and miR124, were reported to be
functionally important in regulating gene expression in the brain. Additionally,
some of these miRNAs, like miR138 and miR375, have been previously
described in the dendrites [56-60]. Table 3.8 details the identities of these

microRNAs and their mouse mRNA targets.
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Rat dendritic transcripts are likely to be regulated by microRNAs

Close to 10% of rat dendritic transcripts were linked to validated miRNAs.
A total of 98 microRNAs were identified from the miRWalk database. As in
mouse, a vast majority of these rat microRNAs (>86%) were shown to be
relevant for gene expression in the brain [56]. Table 3.9 details the identities of
these microRNAs and their rat mRNA targets.

As the vast majority (~88% on average) of the miRNAs reported here in
mouse and rat were previously shown to play a key role in the regulation of gene
expression in the brain, this reinforces the potential role of their dendritic
transcripts targets (listed in Tables 3.8 and 3.9) in neuronal functions (i.e.
synaptic plasticity and neurogenesis). Additionally, 40% of all miRNAs that were
annotated in the miRWalk database to be functionally relevant in the CNS were
linked to our rat and mouse dendritic transcripts. Based on this fairly large
proportion (40%) of CNS miRNAs targeting dendritic RNA, | postulate that
mMiRNAs function in the CNS could be mediated through modulation of dendritic
function. Finally, as only a relatively small number of the reported dendritic
transcripts (~11% on average) were linked to miRNAs, this suggests that most of
remaining transcripts may be post-transcriptionally regulated by other trans-
factors, such as the RBPs discussed above and/or by cis-factors which will be

examined in the next section.
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Table 3.8: List of microRNAs associated with mouse dendritic transcripts

Gene EntrezID | MicroRNA Name

ATF3 11910 miR-200b,miR-214

BASP1 70350 miR-9
miR-141,miR-155,miR-200a,miR-200b,miR-200c,miR-203,miR-205,miR-23b,miR-29¢,miR-369-5p,miR-

CDH2 12558 370,miR-375,miR-429,miR-542-5p

IRGM 15944 miR-196a,miR-196b

JUB 16475 miR-125a-3p,miR-125a-5p,miR-125b,miR-125b-3p,miR-125b-5p

LHX3 16871 miR-17,miR-181b

LYPLA1 18777 miR-138
let-7a,let-7b,let-7c,let-7d,let-7e,let-7f,let-7i,miR-100,miR-101a,miR-101b,miR-124,miR-125a-5p,miR-
130a,miR-132,miR-138,miR-139-5p,miR-140,miR-146b,miR-150,miR-17,miR-181b,miR-185,miR-19a,miR-
204,miR-21,miR-214,miR-215,miR-218,miR-223,miR-23a,miR-23b,miR-24,miR-25,miR-26b,miR-27a,miR-
27b,miR-290-3p,miR-290-5p,miR-291a-3p,miR-291a-5p,miR-291b-3p,miR-291b-5p,miR-292-5p,miR-
295,miR-298,miR-29a,miR-29b,miR-29c,miR-301a,miR-30a,miR-30c,miR-30e,miR-320,miR-324-5p,miR-
327,miR-328,miR-331-3p,miR-331-5p,miR-338-3p,miR-338-5p,miR-342-5p,miR-34a,miR-374,miR-382,miR-

MAPK1 26413 383,miR-409-3p,miR-485,miR-494,miR-497,miR-543,miR-7a,miR-9,miR-92a,miR-98,miR-99a,miR-99b

MDH2 17448 miR-23b

MRPS30 59054 miR-30e

MTAP2 17756 miR-17,miR-181b,miR-26a

PCDH18 73173 miR-9
let-7a,let-7b,let-7c,let-7d,let-7e,let-7f,let-7i,miR-100,miR-101a,miR-101b,miR-122,miR-124,miR-125a-
5p,miR-130a,miR-132,miR-138,miR-139-5p,miR-150,miR-155,miR-181b,miR-185,miR-204,miR-206,miR-
21,miR-214,miR-215,miR-218,miR-223,miR-23a,miR-23b,miR-24,miR-25,miR-26b,miR-27a,miR-290-
3p,miR-290-5p,miR-292-5p,miR-298,miR-29a,miR-29b,miR-29c,miR-301a,miR-30a,miR-30c,miR-30e,miR-
320,miR-324-5p,miR-327,miR-328,miR-331-3p,miR-331-5p,miR-338-3p,miR-338-5p,miR-342-5p,miR-
34a,miR-374,miR-375,miR-382,miR-383,miR-409-3p,miR-485,miR-494,miR-497,miR-543,miR-7a,miR-

PDzZD7 0 9,miR-92a,miR-98,miR-99a,miR-99b

POU4F2 18997 miR-1,miR-130a,miR-19a,miR-23a,miR-23b,miR-26a,miR-34a

PRPH1 19132 miR-1,miR-183,miR-96

SIRT1 93759 miR-134,miR-199a-5p,miR-34a,miR-9
let-7a,let-7b,let-7c,let-7d,let-7e,let-7f,let-7i,miR-100,miR-101a,miR-101b,miR-124,miR-125a-5p, miR-
130a,miR-132,miR-138,miR-139-5p,miR-150,miR-181b,miR-185,miR-204,miR-21,miR-214,miR-215,miR-
218,miR-223,miR-23a,miR-23b,miR-24,miR-25,miR-26b,miR-27a,miR-290-3p,miR-290-5p,miR-292-5p,miR-
298,miR-29a,miR-29b,miR-29¢,miR-301a,miR-30a,miR-30c,miR-30e,miR-320,miR-324-5p,miR-327,miR-
328,miR-331-3p,miR-331-5p,miR-338-3p,miR-338-5p,miR-342-5p,miR-34a,miR-374,miR-382,miR-383, miR-

SYT4 20983 409-3p,miR-485,miR-494,miR-497,miR-543,miR-7a,miR-9,miR-92a,miR-98,miR-99a,miR-99b
let-7a,let-7b,let-7c,let-7d,let-7e,let-7f,let-7i,miR-100,miR-101a,miR-101b,miR-124,miR-125a-5p,miR-
130a,miR-132,miR-138,miR-139-5p,miR-150,miR-181b,miR-185,miR-204,miR-21,miR-214,miR-215,miR-
218,miR-223,miR-23a,miR-23b,miR-24,miR-25,miR-26b,miR-27a,miR-290-3p,miR-290-5p,miR-292-5p, miR-
298,miR-29a,miR-29b,miR-29¢,miR-301a,miR-30a,miR-30c,miR-30e,miR-320,miR-324-5p,miR-327,miR-
328,miR-331-3p,miR-331-5p,miR-338-3p,miR-338-5p,miR-342-5p,miR-34a,miR-374,miR-382,miR-383,miR-

ViM 22352 409-3p,miR-485,miR-494,miR-497,miR-543,miR-7a,miR-9,miR-92a,miR-98,miR-99a,miR-99b
let-7a,let-7b,let-7c,let-7d,let-7e,let-7f let-7g,let-7i,miR-100,miR-101a,miR-101b,miR-124,miR-125a-
5p,miR-126-3p,miR-126-5p,miR-130a,miR-132,miR-138,miR-139-5p,miR-150,miR-181b,miR-185,miR-
196a,miR-204,miR-21,miR-214,miR-215,miR-218,miR-223,miR-23a,miR-23b,miR-24,miR-25,miR-26b,miR-
27a,miR-290-3p,miR-290-5p,miR-292-5p,miR-298,miR-29a,miR-29b,miR-29¢,miR-301a,miR-30a,miR-
30c,miR-30e,miR-31,miR-320,miR-324-5p,miR-327,miR-328,miR-331-3p,miR-331-5p,miR-338-3p,miR-338-
5p,miR-342-5p,miR-34a,miR-374,miR-382,miR-383,miR-409-3p,miR-485,miR-494,miR-497,miR-543,miR-

VSNL1 26950 7a,miR-9,miR-92a,miR-98,miR-99a,miR-99b
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Table 3.9: List of microRNAs associated with rat dendritic transcripts

Gene Entrez ID MicroRNA Name

CALM3 24244 | miR-1

let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7i, miR-100, miR-101a, miR-101b, miR-124, miR-125a-
5p, miR-129, miR-130a, miR-132, miR-138, miR-139-5p, miR-150, miR-181b, miR-185, miR-204,
miR-21, miR-214, miR-215, miR-218, miR-223, miR-23a, miR-23b, miR-24, miR-25, miR-26b, miR-
27a, miR-290, miR-292-5p, miR-298, miR-29a, miR-29b, miR-29c, miR-301a, miR-30a, miR-30b-5p,
miR-30c, miR-30e, miR-320, miR-324-5p, miR-327, miR-328, miR-331, miR-338, miR-342-5p, miR-
34a, miR-374, miR-382, miR-383, miR-409-3p, miR-485, miR-494, miR-497, miR-543, miR-664, miR-

GNB1 24400 | 7a, miR-9,miR-92a, miR-98, miR-99a, miR-99b

GRB2 81504 | miR-183, miR-433, miR-9

GRIA2 29627 | miR-181b, miR-30a, miR-30b-3p, miR-30b-5p, miR-30c, miR-30c-1, miR-30c-2, miR-30d, miR-30e
JUB 85265 | miR-125a-3p, miR-125a-5p, miR-125b, miR-125b-3p, miR-125b-5p

LYPLA1 25514 | miR-138

let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7i, miR-100, miR-101a, miR-101b, miR-124, miR-125a-
5p, miR-129, miR-130a, miR-132, miR-138, miR-139-5p, miR-150, miR-181b, miR-185, miR-204,
miR-21, miR-214, miR-215, miR-218, miR-223, miR-23a, miR-23b, miR-24, miR-25, miR-26b, miR-
27a, miR-290, miR-292-5p, miR-298, miR-29a, miR-29b, miR-29c, miR-301a, miR-30a, miR-30b-5p,
miR-30c, miR-30e, miR-320, miR-324-5p, miR-327, miR-328, miR-331, miR-338, miR-342-5p, miR-
34a, miR-374, miR-382, miR-383, miR-409-3p, miR-485, miR-494, miR-497, miR-543, miR-664, miR-
MAPK1 116590 | 7a, miR-9, miR-92a, miR-98, miR-99a, miR-99b

let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7i, miR-125a-3p, miR-125a-5p, miR-125b, miR-125b-
3p, miR-125b-5p, miR-132, miR-143, miR-146a, miR-146b, miR-15b, miR-181a, miR-205, miR-21,

MAPK3 50689 | miR-212, miR-221, miR-222, miR-375, miR-455, miR-9
MDH2 81829 | miR-23b

MECP2 29386 | miR-212

PKM2 25630 | miR-133a, miR-133b, miR-326

PRKCH 81749 | miR-151, miR-200a, miR-216a, miR-99a

SCD2 83792 | miR-195

let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7i, miR-100, miR-101a, miR-101b, miR-124, miR-125a-
5p, miR-129, miR-130a, miR-132, miR-138, miR-139-5p, miR-150, miR-181b, miR-185, miR-204,
miR-21, miR-214, miR-215, miR-218, miR-223, miR-23a, miR-23b, miR-24, miR-25, miR-26b, miR-
27a, miR-290, miR-292-5p, miR-298, miR-29a, miR-29b, miR-29c, miR-301a, miR-30a, miR-30b-5p,
miR-30c, miR-30e, miR-320, miR-324-5p, miR-327, miR-328, miR-331, miR-338, miR-342-5p, miR-
34a, miR-374, miR-382, miR-383, miR-409-3p, miR-485, miR-494, miR-497, miR-543, miR-664, miR-
SYT4 64440 | 7a, miR-9, miR-92a, miR-98, miR-99a, miR-99b

VEGFA 83785 | miR-150, miR-184, miR-31

let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7i, miR-100, miR-101a, miR-101b, miR-124, miR-125a-
5p, miR-129, miR-130a, miR-132, miR-138, miR-139-5p, miR-150, miR-181b, miR-185, miR-204,
miR-21, miR-214, miR-215, miR-218, miR-223, miR-23a, miR-23b, miR-24, miR-25, miR-26b, miR-
27a, miR-290, miR-292-5p, miR-298, miR-29a, miR-29b, miR-29c, miR-301a, miR-30a, miR-30b-5p,
miR-30c, miR-30e, miR-320, miR-324-5p, miR-327, miR-328, miR-331, miR-338, miR-342-5p, miR-
34a, miR-374, miR-382, miR-383, miR-409-3p, miR-485, miR-494, miR-497, miR-543, miR-664, miR-
VIiM 81818 | 7a, miR-9, miR-92a, miR-98, miR-99a, miR-99b
Bold = miRNAs reported and experimentally validated to be involved in Regulating gene
expression in the brain (in either human, mouse and/or rat). Blue = Long Term Potentiation
(LTP) function. Underscore = Dendritic functions. Orange = No evidence for regulating
gene expression in the brain.
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Cis-acting elements associated with dendritic transcripts

As discussed above, mRNA transportation and regulation is mediated by
post-transcriptional events involving both cis and trans-acting determinants [61,
62]. However, the mechanism and targeting specificity of these mRNAs is still
unclear (reviewed in [63]). Motifs imbedded in the transcripts’ non-coding
regions, particularly in the 3' UTR, have been most closely implicated in mRNA
transport processes [64, 65]. More recent investigations from the Eberwine and
Kim labs have highlighted the importance of introns retention in dendritic mMRNA
transcripts [66-68]. | therefore asked if the selected dendritic transcripts, from this
in situ hybridization study, might exhibit within their 3'UTR or intronic sequence

enrichment for functional motifs compared to the general whole transcriptome.

ID elements retention favoring subcellular localization of transcripts in
dendrites

Retained intronic SINE (Short Interspersed Repetitive Elements)
retrotransposons, called ID elements, were shown in a recent study from our labs
[67] to mediate dendritic localization of some mMRNAs in rat neurons. ID elements
are thought to derive from the BC1 RNA gene [69] and to have expanded in the
rodent genome but at different rates depending on the species. The genomic
copy numbers of ID elements are estimated to vary widely from ~300 copies in

guinea pigs to over 150,000 copies in rats [70]. In collaboration with Mugdha
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Khaladkar, Ph.D., we re-annotated ID element numbers in both mouse and rat
genome based on computational sequence analysis detailed in the Materials and
Methods section. Given the established implication of ID elements in dendritic
targeting of some transcripts [67], | asked if the occurrence of ID elements in the
subset of dendritic transcripts is higher than the average number in the whole
transcriptome.

Our data showed a significantly higher incidence of ID elements per gene
in mouse dendritic transcripts at a rate of 0.703 per dendritic gene versus 0.592
per gene from whole genome (Chi square pVal<0.005). Not surprisingly similar
results were found in the rat transcripts. | found a number of 1.413 ID elements
per gene in rat dendritic transcripts compared to 1.103 per gene from whole
genome (Chi square pVal<0.001). These results are consistent with the concept
of ID elements within retained intronic sequences for mediating, in part, rat
dendritic localization as highlighted recently by P. Buckley and colleagues [67]. It
is worth noticing that our search focused particularly on the ID elements detected
in the sense DNA strand orientation, as these seem to be the most functionally
relevant for transcript localization [67]. More than 1/3 of these sense ID elements
were experimentally recovered in both rat and mouse dendrites via RNAseq
separately assayed in our labs. Theses results not only reinforce previous
findings but also highlight that the functional effect of ID element in targeting

subcellular transcripts may occur in both mice and rats.
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Cis-acting motifs regulating transcripts localization and gene expression
in dendrites exhibit a high prevalence of nucleotide repetition in the UTR
region.

Cis-acting “zipcode” elements have been implicated in mRNA localization,
stabilization, and regulation of local translation. The prediction of these motifs
has been very challenging as it is largely driven by the mRNA secondary
structure rather than its primary nucleotide sequence. None of the motif-finding
algorithms developed thus far have proven fully efficient. While the identity of all
the cis-factors is still unknown, some have been clearly identified. Table 1.1 in
the Chapter 1 highlights a few of the cis-factors reported to be involved in mRNA
sub-cellular localization. At the gene expression regulation level, sequence
elements rich in adenosine and uridine, called AU-rich elements (ARES) in
mammalian cells, are known to affect mMRNAs stability and target them for rapid
degradation, thereby regulating their translational rate [71, 72]. Particularly in
neurons, the regulation of MRNA stability and its translation are key components
to allow fast and efficient cellular responses to incoming stimuli.

Using the NIH (http://Igsun.grc.nia.nih.gov/mRNA/) database, | searched

for the occurrence of some motifs well known for their role in gene expression
regulation: AREs (ARE1-ARE4) and CpG in the 3'UTR and 5’UTR regions. By
comparing how often these motifs appeared in mouse dendritic transcripts to the
background of the whole mouse transcriptome, | recovered a significant
enrichment in the dendritic transcripts (Chi-Square test with FDR<0.1) for the

following motifs: 5’UTR-CpG, 3'UTR-ARE4 and 3'UTR-CpG. These results
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support earlier findings on the implication of these motifs in gene expression
regulation [71, 73, 74] and suggest that further investigations on dendritic mMRNA
regulation via AREs and/or CpG motifs could shed light on important function
regulation in the brain. Particularly, most studies on CpG repeats have mainly
focused on functionality in the 5’UTR [75, 76], whereas our study suggests that
the 3'UTR region could be equally important. In fact, further studies on 3'UTR-
CpGs could potentially link this region to transcripts trafficking or microRNAs

regulation as was suggested in recent investigations [77-79].

3.3.5 Comparative analysis of the subcellular localization of mRNA
transcripts in rat and mouse via in situ hybridization

Our previous investigation via microarrays, detailed in Chapter 2, reported
a high degree of evolutionary divergence (81%) between rat and mouse dendritic
transcriptomes. What causes these differences in transcript localization between
species? Potential answers could be based upon gene specific sequences, the
different cellular functions of these genes, or simply the result of divergent
targeting mechanisms used by one set of transcripts but not others.
Here, our in situ hybridization studies on some of these divergent genes may
illuminate some of these points, parallel our previous findings in Chapter 2 and
highlight species-specific differences in subcellular localization. The outcome of
our in situ assays could also stress the importance of divergence in either cis-

and/or trans-acting factors in determining species-specific neurons function
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differences. To maintain consistency in this study, | followed the same analytical
framework for the across species comparison as the one | used in the previous

sections based on within species investigations.

Transcripts in rat and mouse dendrites exhibit species-specific
localization.

Although my in situ hybridization study included 362 transcripts in rat and
mouse neurons, | narrowed the between-species comparative study to 55% of
the probes (n=200). The curated set of probes corresponds to known rat and
mouse orthologous genes for which the in situ probes were sequence verified to
have a high level of gene specificity in both species. Within this subset, 84.5%
(n=169) of the transcripts resulted in significant dendritic localization either in rat
or mouse or both species’ dendrites. The following analysis will focus entirely on
this selected group. Of these 169 transcripts, a majority of 58% (n=98) showed a
significant dendritic localization in both rat and mouse, as their D/S ratio was
above the rat and mouse control cut-off values respectively. To note is that the
mean expression level of these shared targeted transcripts was significantly
different (p<0.0001 with t-test), suggesting that the difference in gene expression
is likely due to species-specific active RNA transport. Of the remaining
differentially targeted transcripts, 13% (n=22) were specifically localized to rat
dendrites and 29% (n=49) were specifically localized to mouse dendrites. The

Venn diagram in Figure 3.6 illustrates this distribution.
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Figure 3.6: Venn diagram for distribution of transcripts investigated in rat
and mouse dendrites.

Figure 3.7 displays the D/S ratio detected for all transcripts examined via
in situ hybridization on rat and mouse neurons. These transcripts are displayed
based on the sorting of the differential value between rat and mouse D/S ratio.
This type of representation (Figure 3.7) allows visual differentiation of the cluster
of transcripts with similar level of expression in rat and mouse dendrites (middle
section of the graph, Figure 3.7) from the clusters with higher level of dendritic
gene expression in one species versus the other (extreme left and right sections
of the graph, Figure 3.7). It is worth noticing that certain gene families have some
of members in one cluster and other members in another cluster. For instance in
for Kinesin motor protein genes Kif17 and Kif15, the Kif17 exhibits a high level of

expression in mouse dendrites only and the Kifl5 exhibits a much higher (two-
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fold) level of expression in rat dendrites compared to mouse dendrites. The
Myosin motor protein genes Myo5a and Myo5b illustrate also this gene
expression divergence between rat and mouse. Moreover, even within a group of
transcripts with a high dendritic expression in both species, significant variations
exist: e.g., Kifl5 has ~2 times higher level of expression in rat compared to
mouse dendrites while the potassium channel Kcnj3 exhibits a level of
expression ~2 times higher in mouse compared to rat dendrites. Overall, the
diversity of gene expression in rat and mouse dendrites suggests species-
specific differences in MRNA transport mechanism, regulation or both. The
detailed list of transcripts considered dendritically localized in rat and mouse, rat

only or mouse only is available in Table 3.10 (located at the end of this chapter).
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Figure 3.7: Distribution of the average signal intensity ratios of distal
dendrites to soma in 169 transcripts examined via in situ hybridization in
rat and mouse neurons.

Figure 3.8 visually illustrates, via in situ hybridization on rat and mouse
neuronal cells, subcellular localization differences in three selected genes. For
example, Dpsysl2 (Fig. 3.8A) shows high signal in the cell soma of both the rat
and mouse neurons, but high dendritic signal only in the rat neuron. In contrast,
Uba52 shows high dendritic signal in mouse but not rat (Fig. 3.8B), and Atp2b2

shows consistently high dendritic signal in both mouse and rat (Fig. 3.8C).
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Figure 3.8: In situ hybridization shows inter-species differences in
dendritic localization.

Fluorescent Microscopy evaluation of biotin-conjugated oligoprobes on
paraformaldehyde fixed 14-day cultured rat and mouse cortical neurons hybridized with
3 biotin-conjugated oligoprobes detected with streptadivin-Alexa568. For each probe
images set, the small bottom left corner panels represent MAP2 immuno-staining. Scale
bars = 20pm.

(A), Probe against Dpsysl|2 transcript shows higher dendritic localization in rat neurons
(Red arrow) than in mouse neurons (Yellow arrow).

(B), Probe against Uba52 transcript shows higher dendritic localization in mouse
neurons (Red arrow) than in rat neurons (Yellow arrow).

(C), Probe against Atp2b2 transcript shows high dendritic localization in both rat and
mouse neurons (Red arrows).
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Functional annotation of dendritic transcripts examined in rat and mouse

In order to get an overview of general cellular functions of the dendritic
transcripts investigated in both rat and mouse | performed, as previously, a Gene
Ontology (GO) analysis on the comparative dendritic transcriptome of rat and
mouse neurons (Figure 3.9) using DAVID [15]. In the subset of transcripts
dendritically localized in rat and mouse (Figure 3.9A), | found the main functional
categories as those reported in previous sections, such as metabolism, cell
organization and transport. These were significantly enriched compare to both rat
and mouse genomic background (Chi square test, pVal <0.0001 for Metabolism
and pVal <0.02 for both the Cell Organization and the Transport functional
categories). Given their common dendritic localization, | hypothesize that the
function of these dendritic transcripts is conserved across species and therefore
that they play a fundamental role in mammalian neurons. The functions of these
particular genes are also likely to be evolutionarily conserved in other
mammalian brains (i.e. Nefl, known to be involved in Parkinson’s disease [80], or
Atp2b2, known to be involved in ataxia in humans [81]) and therefore these could
be good candidates for further investigation in primates.

Other relevant GO categories involving signal transduction, apoptosis and
RNA metabolism were distinguished within the species-specific dendritic
transcripts. Transcripts involved in signal transduction were uniquely detected in
mouse dendrites (Figure 3.9B), and many of these such as Gnas, Rab14,

Rhobtb1 and Usp8 were shown to play a key role in synaptic plasticity [82-84].
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Transcripts involved in regulating apoptosis (i.e. Pabpnl) and RNA processing
and metabolism (like Aars, Mecp2 and Rsp6) were more specific to rat dendrites
(Figure 3.9C).

The differences seen between these two rodents in the nature and
functions of some dendritic transcripts reinforce the idea that species-specific
subcellular localization might be a key source behind species differences in

brain’s ability such as learning and memory.
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Figure 3.9: Functional categories for rat and mouse dendritic transcripts

Transcript coverage within dendrites: conserved and divergent
mechanisms across species.

The diverse morphologies of dendritic branches influences how different
neurons receive, filter, and consolidate electrical signals such as action potential
propagation and information processing [85]. Thus variability of neuronal
morphology clearly affects both the connectivity and the activity of the nervous
system. Even though considerable progress has been made in identifying [86,
87] specific genes acting on dendritic morphogenesis in Drosophila, the exact
molecular mechanisms controlling these processes remain poorly understood
particularly in mammals. Do different RNAs localize to different branches of
dendrites? If so, are they conserved across species? A comparative analysis of
the differential distribution of individual transcripts within primary, secondary,
and/or tertiary branches of dendrites, as illustrated in Figure 3.10, would provide
some insight into the evolutionary conservation of certain genes or functions and

their impact on neurogenesis and synaptic regulation.

121



Figure 3.10: lllustration of primary, secondary and tertiary dendrites in a neuron.

To investigate the possible link between differential RNA localization
within dendrites compartments and dendritic function, | categorized the
occurrence of transcripts in primary, secondary and tertiary dendrites (see Figure
3.10). I investigated 29 randomly selected transcripts known to localize in rat and
mouse dendrites and to belong to the main functional categories described in
Figure 3.9A. Table 3.11 reports the detailed outcome of this screen. Overall 93%
of the transcripts investigated showed a distal localization in at least the
secondary dendrite branches. In both rat and mouse the transcripts mostly
recovered in farther dendritic branches (i.e. tertiary branches) are involved in
developmental processes (such as Dpysl2, Pou4f2, Lhx3 and Sirtl) and cell-cell

adhesion (such as Pcdhl17, Pcdh10 and Cdh2). This between-species
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conservation of transcripts distribution in dendrites in those functional categories
(75% conservation between rat and mouse) is not surprising as the involved
transcripts are crucial for neuron growth and proper function in the brain [88-93].
On the other hand, the transcripts with the most divergence in their level of
distribution in dendrites (i.e. localized to tertiary dendrites in one species but only
to primary or secondary dendrites in the other, and vice-versa) belong to
functions more amenable to species adaptation, such as metabolism and
transport [94-96]. Additionally, | did not detect any significant nucleotide size
difference between the transcripts differentially distributed within the dendrites
(primary versus secondary versus tertiary) nor between rat and mouse dendrites.

Thus the observed mRNA dendritic compartment localization differences
between rat and mouse suggest that either each species is using a different
MRNA targeting mechanism, or that there are species-specific differences in the
translation hot spots sites. These could define the scope of extended targeting in
dendritic branches of a given transcript.

The differences in transcripts localization in dendrite branches might
generate differences, both between and within species, in the way synaptic
inputs are integrated and processed in the neurons [85], which might have a
great effect on the firing properties of neurons and potentially could impact

synaptic plasticity [97].
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Table 3.11: Some rat and mouse transcripts show similar localization in
dendrites while others show a divergent localization.

1 mRNA localized to primary dendrites
2 mRNA localized to primary and secondary dendrites
3 mRNA localized to primary, secondary and tertiary dendrites
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Trans-acting factors and transcripts localization in rat and mouse:
differences and similarity

Our above analysis, summarized in Tables 3.5 and 3.6 for mouse and rat
respectively, highlighted the possible implication of different pools of RBPs
depending on the transcript distribution patterns in mouse and rat dendrites.
Some RBPs were particularly related to the punctate dendritic transcripts, while
others were more specific to uniformly distributed transcripts. In general, the
assessed RBPs have been linked to neuronal gene expression, mainly due to
their role in mRNA transport and editing mechanisms [43, 98]. Comparing these
two rodents, the RBPs SNRPA, A2BP1 and ZFP36 were represented regardless
of the pattern of transcript distribution in dendrites. Additionally, for both species,
whereas SRFS1 and ELAVLZ2 were particularly prevalent in the class of punctate
transcripts, SRFS2 and KHSRP were more frequently associated with the
uniformly distributed class of transcripts. However, a closer comparison between
Tables 3.5 and 3.6 shows that the identities of these RBPs do not perfectly
match between mouse and rat, suggesting that there might be a species-specific
mechanism for regulating transcripts localization. In order to assess whether for
homologous transcripts, a correlation exists between patterns of distribution and
RBPs, | performed a more detailed comparison between rat and mouse dendritic
transcripts (n=32 mRNASs, corresponding to the intersection between mouse and
rat Tables 3.3 and 3.4). These are listed in Table 3.12. Overall, mouse transcripts

exhibited a higher incidence of punctate patterns than uniform spatial distribution
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with a 3:1 ratio while the opposite was detected in rat with a 1:3 ratio for punctate

versus uniformly-distributed transcripts.

Table 3.12 List of rat and mouse transcripts examined for distribution
patterns in dendrites.

Gene Symbol | MouseRefseq RatRefSeq Distribution in Mouse | Distribution in Rat
Pcdh17 NM_001013753 | XM_224389.4 Uniform Uniform
Glp2r NM_175681 NM_021848.1 Uniform Uniform
Vim NM_011701 NM_031140.1 Uniform Uniform
Sirtl NM_001159589 | XM_228146.4 Uniform Uniform
Syt6 NM_018800 NM_022191.1 Uniform Uniform
Arl6ip5 NM_022992 NM_023972.2 Uniform Uniform
Olfm1 NM_019498 NM_053573.1 Uniform Uniform
Myo5a NM_010864 NM_022178.1 Uniform Uniform
H13 NM_010376 NM_001107789.1 | Uniform Punctate
Syt4 NM_009308 NM_031693.1 Uniform Punctate
Usp9x NM_009481 XM_343766.3 Punctate Punctate
Opal NM_133752 NM_133585.2 Punctate Punctate
Dnajc5 NM_016775 NM_024161.2 Punctate Punctate
Gnb1 NM_010312 NM_030987.1 Punctate Punctate
Vmn2r57 NM_177764 NM_173130.1 Punctate Punctate
Jub NM_010590 NM_053503.1 Punctate Punctate
Tmeffl NM_021436 NM_023020.1 Punctate Punctate
Fmnl1 NM_001077698 | XM_001081542.1 | Punctate Punctate
Rpl23 XM_001477371 | NM_001007599.1 | Punctate Uniform
Kifl5 NM_010620 NM_181635.2 Punctate Uniform
Snrpn XM_001480670 | NM_031117.1 Punctate Uniform
Arhgef7 NM_017402 NM_053740.1 Punctate Uniform
Atp2b2 NM_009723 NM_012508.3 Punctate Uniform
Dynclil NM_010063 NM_019234.1 Punctate Uniform
Sept9 NM_001113488 | NM_176856.1 Punctate Uniform
Cacng5 NM_080644 NM_080693.1 Punctate Uniform
Lyplal NM_008866 NM_013006.1 Punctate Uniform
Nefl NM_010910 NM_031783.1 Punctate Uniform
Gnaol NM_010308 NM_017327.1 Punctate Uniform
Rpl6 NM_011290 NM_053971.1 Punctate Uniform
H2afz XM_001480384 | NM_022674.1 Punctate Uniform
Atp5al NM_007505 NM_023093.1 Punctate Uniform
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Table 3.13 summarizes of the different distribution patterns per transcript and

highlights the heterogeneity seen in these patterns between rat and mouse.

Table 3.13: Distribution patterns in dendrites for homologous transcripts in
rat and mouse.

mRNASs distribution patterns | Uniform in mouse | Punctate in mouse
Uniform in rat 25% 41%
Punctate in rat 6% 28%

A more detailed comparative list of rat and mouse transcripts investigated via the
RBPdatabase and their resulting affinity for RBPs is provided in Table 3.14.
This table also displays, in both species, the distribution patterns (i.e. uniform
versus punctate) detected for a given transcript as well as its corresponding
nucleotide size (bp). Even though a clear heterogeneity exists in rat and mouse
distribution patterns, a mutual preference for certain type of RBPs was evidently
seen in both rodents; close to 60% (19/32) of the transcripts were associated
with at least one exact same RBP. The most frequently represented RBPs in
both species were ZPF36, ELAVL2 and SNPRA. The remaining ~40% of
transcripts were associated with different RBPs in rat and mouse. The fact
homologous RBPs seem to be associated with most dendritic transcripts in a
non-species-specific fashion underscores the evolutionary conservation of these
proteins’ putative functions in targeting and locally regulating mRNA in the
neurons’ processes. For homologous transcripts in rat and mouse dendrites, |
could not distinguish any obvious relationship between distribution patterns (i.e.,

uniform versus punctuated), nucleotide size and the nature of the interacting
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RBPs, which suggests that complex interactions and regulatory events exist

between mRNAs, RBPs and other trans-acting factors such as microRNAs [60,

99, 100].

Table 3.14 Relationship between transcripts and their affinity for RBPs in

rat and mouse dendrites.

Legend
Mouse (Ms)
Rat (Rt)
- Rat & Mouse
P Punctate
U Uniform
Diff | Mouse - Rat transcript size difference (bp)
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MicroRNAs are likely involved in gene expression regulation in rodent
dendrites

MiRNASs are involved in diverse aspects of development, maintenance,
and disease, and are largely evolutionarily conserved in mammals. Genome-
wide studies on various organisms including viruses, plants, worms to humans
have revealed thousands of miRNAs. These were shown to be involved in
different aspects of development, cellular functions, and disease, and are largely
evolutionarily conserved in mammals. Particularly hundreds of conserved brain-
expressed miRNAs in both mouse and human have been implicated in
mammalian neuronal development or function. Here, | assessed the evolutionary
pattern of miRNAs that are putatively associated with our dendritic transcripts.

The within-species examination of miRNAs associated with dendritic
transcripts revealed close to a hundred experimentally validated miRNAs (Tables
3.8 and 3.9). These were reported to post-transcriptionally regulate 12% (n=19)
and 10% (n=16) of the transcripts investigated here in mouse and rat dendrites
respectively [56]. At the between species level, 11% (19 out of 169) of the
transcripts that were investigated in both mouse and rat via in situ hybridization

were linked to 72 known miRNAS in mouse and/or rat as detailed in Table 3.15.
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Table 3.15: List of transcripts investigated in rat and mouse and their microRNAs

Gene MicroRNA

Symbol Name

Jub miR-125a-3p, miR-125a-5p, miR-125b, miR-125b-3p, miR-125b-5p
Lyplal miR-138

let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7i, miR-100, miR-101a, miR-101b, miR-124, miR-125a-5p, miR-
129, miR-130a, miR-132, miR-138, miR-139-5p, miR-150, miR-181b, miR-185, miR-204, miR-21, miR-214, miR-
215, miR-218, miR-223, miR-23a, miR-23b, miR-24, miR-25, miR-26b, miR-27a, miR-290, miR-292-5p, miR-
298, miR-29a, miR-29b, miR-29c, miR-301a, miR-30a, miR-30b-5p, miR-30c, miR-30e, miR-320, miR-324-5p,
miR-327, miR-328, miR-331, miR-338, miR-342-5p, miR-34a, miR-374, miR-382, miR-383, miR-409-3p, miR-
Mapk1 485, miR-494, miR-497, miR-543, miR-664, miR-7a, miR-9, miR-92a, miR-98, miR-99a, miR-99b

Mdh2 miR-23b

let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7i, miR-100, miR-101a, miR-101b, miR-124, miR-125a-5p, miR-
129, miR-130a, miR-132, miR-138, miR-139-5p, miR-150, miR-181b, miR-185, miR-204, miR-21, miR-214, miR-
215, miR-218, miR-223, miR-23a, miR-23b, miR-24, miR-25, miR-26b, miR-27a, miR-290, miR-292-5p, miR-
298, miR-29a, miR-29b, miR-29c, miR-301a, miR-30a, miR-30b-5p, miR-30c, miR-30e, miR-320, miR-324-5p,
miR-327, miR-328, miR-331, miR-338, miR-342-5p, miR-34a, miR-374, miR-382, miR-383, miR-409-3p, miR-
Syt4 485, miR-494, miR-497, miR-543, miR-664, miR-7a, miR-9, miR-92a, miR-98, miR-99a, miR-99b

let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7i, miR-100, miR-101a, miR-101b, miR-124, miR-125a-5p, miR-
129, miR-130a, miR-132, miR-138, miR-139-5p, miR-150, miR-181b, miR-185, miR-204, miR-21, miR-214, miR-
215, miR-218, miR-223, miR-23a, miR-23b, miR-24, miR-25, miR-26b, miR-27a, miR-290, miR-292-5p, miR-
298, miR-29a, miR-29b, miR-29c, miR-301a, miR-30a, miR-30b-5p, miR-30c, miR-30e, miR-320, miR-324-5p,
miR-327, miR-328, miR-331, miR-338, miR-342-5p, miR-34a, miR-374, miR-382, miR-383, miR-409-3p, miR-

Vim 485, miR-494, miR-497, miR-543, miR-664, miR-7a, miR-9, miR-92a, miR-98, miR-99a, miR-99b
Atf3 miR-200b,miR-214
Baspl miR-9

miR-141,miR-155,miR-200a,miR-200b,miR-200c,miR-203,miR-205,miR-23b,miR-29¢,miR-369-5p,miR-
Cdh2 370,miR-375,miR-429,miR-542-5p

Irgm miR-196a,miR-196b

Lhx3 miR-17,miR-181b

Mtap2 miR-17,miR-181b,miR-26a

Pou4f2 miR-1,miR-130a,miR-19a,miR-23a,miR-23b,miR-26a,miR-34a
Prphl miR-1,miR-183,miR-96

Sirtl miR-134,miR-199a-5p,miR-34a,miR-9

let-7a,let-7b,let-7c,let-7d,let-7¢,let-7f,let-7g,let-7i,miR-100,miR-101a,miR-101b,miR-124,miR-125a-5p,miR-
126-3p,miR-126-5p,miR-130a,miR-132,miR-138,miR-139-5p,miR-150,miR-181b,miR-185,miR-196a,miR-
204,miR-21,miR-214,miR-215,miR-218,miR-223,miR-23a,miR-23b,miR-24,miR-25,miR-26b,miR-27a,miR-290-
3p,miR-290-5p,miR-292-5p,miR-298,miR-29a,miR-29b,miR-29c,miR-301a,miR-30a,miR-30c,miR-30e,miR-
31,miR-320,miR-324-5p,miR-327,miR-328,miR-331-3p,miR-331-5p,miR-338-3p,miR-338-5p,miR-342-5p,miR-
34a,miR-374,miR-382,miR-383,miR-409-3p,miR-485,miR-494,miR-497,miR-543,miR-7a,miR-9,miR-92a,miR-
Vsnll 98,miR-99a,miR-99b

Mecp2 miR-212
Prkch miR-151, miR-200a, miR-216a, miR-99a
Scd2 miR-195

Black = MicroRNAs experimentally validated in rat and mouse*

Red = MicroRNAs experimentally validated in mouse*

Blue = MicroRNAs experimentally validated in rat*

* Data extracted from miRWalk (http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/index.html)
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Close to 74% of the transcripts associated with microRNAs were dendritically
localized in both rat and mouse. The exhaustive repartition of the 19 transcripts
investigated in rat and mouse and potentially associated with microRNAs is
displayed in the Table 3.16 below.

Table 3.16: Repartition of transcripts investigated, via in situ hybridization,
in rat and mouse neurons (n=19) with known microRNAs association.

Rat only Mouse only | Rat and mouse

Proportion of mRNA localized
to dendrites and associated 10.5% 16.8% 73.7%
with microRNAs

MicroRNAs, including the 72 reported above, may be sequence conserved
between species but their mode of expression and mRNA targets can diverge
through evolution. For instance, two microRNAs specifically expressed in the
mammalian nervous system: miR-9 and miR-124 share 100% of their nucleotide
sequences identity among many species, but their expression level and their
MRNA targets are not all identical between species [101]. In our data, miR-9 and
miR-124 seemed associated in both rodents to targeting and regulating Mapk1,
Vim and Syt4 transcripts, but seemed associated with additional transcripts only
in mouse: miR-9 were additionally linked to Sirtl and Baspl and miR-124 were
linked to Vsnll. The differences in the mRNAs targets for these same miRNAs
suggest that these might exhibit, in a species-dependent fashion, diverse post-
transcriptional regulation events which could impact many key neuronal functions
such as synaptic plasticity, neurogenesis or dendrites morphogenesis. Indeed,
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several investigations have shown that specific microRNAs functions vary in a
context-dependent manner and/or on depending on the organism and its
developmental stage [101-103]. For instance, miR-9 exhibits a high level of
functional specialization across vertebrates and is spatially restricted to different
areas of central nervous system in Xenopus [104], zebra fish, chicken and
mouse [105-107]. Thus gene expression regulation by miRNAs might contribute

uniquely to the evolution of the complex nervous system.

Retained ID elements act as Cis-elements in the subcellular localization
of transcripts to rat and mouse dendrites

Our microarray analysis on mechanically dissected rat and mouse
dendritic transcripts, detailed in Chapter 2, showed a significant enrichment of
the intron-retained ID elements in the localized transcripts of both species.
Similarly, the above in situ hybridization study on cis-elements involved in
dendritic subcellular localization of transcripts within rat and mouse
independently, pointed towards a significant enrichment of ID elements. Hence, |
postulated that this enrichment should also be detected in the subset of
transcripts shown to be localized in both rat and mouse dendrites via in situ
hybridization because these species may share ID-dependent targeting
mechanisms.

Similar to what was uncovered in my previous analysis, | found that ID

elements occur at significantly higher rates among those transcripts commonly
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targeted to rat and mouse dendrites when compared to the entire transcriptome
of each species. More specifically, | found 0.65 ID elements per mouse dendritic
gene compared to 0.59 ID elements per gene in the mouse genome (Chi square
pVal<0.08) and 1.5 ID elements per rat dendritic gene compared to 1.1 ID
elements per gene in the rat genome (Chi square pVal<0.001). Additionally, the
majority of dendritic transcripts with retained ID elements were homologous with
84% (21 out of 26) and 58.3% (21 out of 36) in mouse and rat respectively.
These are mainly involved in neurons processes growth, cell-cell adhesion,
synaptic vesicles and ion binding. The remaining dendritic transcripts with
retained ID elements, 16% (5 out of 26) and 41.7% (15 out of 36) in mouse and
rat respectively, were more species-specific (i.e. non-homologous between rat
and mouse) and relayed mainly to metabolic, transport and signal transduction
functions.

For dendrites gene expression levels, | did not detect any significant
difference in levels neither within the clusters of ID elements retained transcripts
homologous and non-homologous in rat and mouse, nor between these and the
clusters of transcripts without ID elements retention. This finding suggests that
the major role of ID elements retention could be to support transcripts localization
in dendrites [67] but not necessarily to locally increase the level of transcripts

gene expression.
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3.4 DISCUSSION

The main purpose of this study was to survey, via in situ hybridization,
patterns of mMRNA localization in rat and mouse dendrites and to uncover factors
that might contribute to this localization, including species-specific factors. |
examined nearly 400 of the most representative dendrite specific genes in rat
and mouse selected from our previous microarrays study (Chapter 2). The
majority of these transcripts displayed, with high confidence, localization in
dendrites. Image analysis results highlighted differences and similarities in
transcripts localization between rat and mouse dendrites suggesting that
species-specific mechanism could be acting on the dendritic transcripts

subcellular localization and/or gene expression regulation.

3.4.1 Cis and trans-factors associated with sub-cellularly localized
transcripts.

Our study supports previous findings on mRNA localization and gene
expression regulation in dendrites [9, 11, 14, 18, 108-110] and extends them by
adding novel evolutionary concepts to these mechanisms. For instance, not only
did it reveal a high incidence of the introns-retained ID elements in rat dendritic
transcripts as was reported previously in our labs [67], but also showed that this
retention is widespread in mouse, which provides additional evidence for the
functional relevance of these retrotransposons in transcripts targeting to

dendrites thereby regulating their level of local expression. Our investigation also
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highlighted the prevalence of other cis-elements involved in the stabilization and
regulation of dendritic transcripts such as the 3’'UTR ARE4 motif (A/U 12 mers
non-specifically repeated) [26, 71, 111]. This finding supports J. Mattick ‘s
proposition on the major role of RNA-based processes in promoting phenotypic
variation and complexity in higher eukaryotes [112]. Moreover, both rat and
mouse dendritic transcripts showed a significant connection with trans-acting
RNA-binding proteins that are mainly implicated in alternative splicing, stability
and regulation of translation such as the ZFP36, A2BP1 or ELAVL2 protein [39,
41, 43, 113]. Particularly ELAVL2, known to exhibit high binding affinity to ARE-
containing mMRNAs [111], was the RBP that interacted the most frequently with
the dendritic transcripts. This result is consistent with our finding of high ARE4
incidence within the 3'UTR of the investigated dendritic transcripts (Chi-Square,
FDR<0.09) [111] and supports the fact that ELAVL2 might play a key role in
regulating the translation a majority of dendritic transcripts and might be essential
for securing a tight control of gene expression in neurons.

Further computational investigations on a wider range of motifs including
secondary or even tertiary structure motifs will most likely recover additional cis-
elements, and will allow more advanced predictions of RNA-binding proteins
affinities [114, 115]. These results will guide the design of future functional
experiments that will validate the candidate cis or trans-elements predicted from
these motifs. These experiments could allow testing of whether certain RBPs are
associated with a specific group of functionally related mRNAs as was proposed

by J. D. Keene [116]. An additional question that could be addressed is whether
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a relationship exists between post-translational modifications of RBPs (i.e.
palmitoylation, acetylation or phosphorylation), their mMRNAs targets and
microRNA-mediated translational repression. This might be the case of Sirtl
MRNA whose regulation depends upon the phosphorylation state of the RBP
HuR [117] and the interaction with some miRNAs such as miR-134 [118].
Understanding the molecular functionality of these proteins could provide
important insights into neurons differentiation, plasticity and signals’ coordination

and processing in the nervous system.

3.4.2 MicroRNAs may fine-tune the regulation of gene expression in
subcellularly localized transcripts

Post-transcriptional regulatory events are required to control mMRNA
translational in the appropriate place and time. Transcripts, meant to be
translated in dendrites, could be kept dormant in a microRNA-dependent fashion
both during their trafficking and even after their delivery to the appropriate
synapse. Upon stimulation, these silenced transcripts could get separated from
the RISC complex in order to be translated. Recently, a study showed that
Armitage, a RISC protein known to be involved in miRNA processing, was both
detected in dendrites and degraded during memory formation [119]. In the past
decade, more and more evidence links microRNAs (miRNA) to different neuronal
functions ranging from early neurogenesis to synaptic plasticity, including miR-9,

miR-26a, miR-124, miR125b, miR-128, miR-134, miR-137, miR-138, miR181b
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and miR-218 to name a few [101, 120-122]. Our dendritically localized transcripts
appeared to be linked to many validated brain-specific miRNAs (Table 3.14) such
as miR16, recently involved in ARE-containing mRNAs decay [123]; miR-26a,
reported to inhibit Map2 translation [124]; and, miR-181b, known to decrease
neuronal outgrowth by interacting with GIuR2 and Vsnll1 (Table 3.14) and to be
upregulated in schizophrenia [125]. Additionally, our investigation highlighted a
possible relationship between dendritically localized rat and mouse mRNA and
experimentally-validated brain-specific miRNAs (Table 3.14). | speculate that
some of these miRNAs, such as miR-9 and miR-124 [101], are likely involved in
species-specific as well as transcript-specific post-transcriptional regulation, and
play a major role in the proper development and evolution of complex nervous

systems.

3.4.3 Evolution of mRNA subcellular localization

Our investigation underlined three main clusters of dendritic transcripts:
one with a shared significant localization in both rat and mouse, one with a
significant localization in mouse dendrites but not in rat and one with a significant
localization in rat dendrites but not in mouse. Even within the cluster of
transcripts that showed localization in the dendrites of both species, the
guantified level of gene expression was significantly different between species (t-
test, p<0.0001). This suggests that, even if mRNA localization is conserved at a

broader level, divergence seems to occur between species at a finer scale. This
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diversity in subcellular localization is likely to play a role in cellular functions and
may contribute to the phenotypic divergence between these species including the
difference in their learning and memory abilities [126-128]. Additionally, the
divergence that was uncovered here between rat and mouse does not only seem
to be associated with transcripts’ presence in dendrites but also with their
coverage and distribution within the dendritic branches. This suggests that
multiple species-specific mechanisms and potentially specific combinations of
transcript clusters could be involved in the calibration and coordination of these

cellular events.

3.4.4 RNA localization and disease

Our data showed that subcellularly localized mRNAs are likely involved in
various neuronal function including neurogenesis, vesicle trafficking, and cell-cell
communication. It is possible that the integrity of the process of transcript
localization and post-transcriptional regulation might be essential for ensuring
appropriate neuronal cell growth, wiring, and brain function. Any dis-regulation of
this process might have detrimental effects on the cell, or even the whole
organism. Indeed, inappropriate targeting of mMRNAs would lead to aberrant
protein distributions within the cell, alteration of cell’s normal composition and
pathways. Support for this broad idea comes from previous studies, which show
that several of the dendritically localized mRNAs in our study, such as Atxn2, Nsf,

Uchll, Myo5a or Mecp2, encode well-known regulators of neurogenesis and
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synaptic function with reported relationship to neurological diseases such as
Amyotrophic Lateral Sclerosis, Griscelli syndrome, Alzheimer, Parkinson and
Huntington disease [129-137]. These examples highlight the potential utility of
our database in identifying genes relevant to research into human disease.
Additionally, as both rat and mouse in situ data will be available, this might guide
researchers in their of choice of which model organism is more appropriate to
address a given question. In sum, our findings suggest the possibility that some
neurological disease pathways thought to be linked to gene mutations, protein
aggregation and protein mis-folding, may in fact be due to RNA-protein

interactions, RNA localization, and RNA post-transcriptional regulation.

3.4.5 Impacts of the in situ database usage

All of our results have been archived in a searchable relational database

(http://kim.bio.upenn.edu/insitu/public/). One of the most useful tools to come out

of our study is the in situ hybridization survey done in parallel in rat and mouse.
The availability of this dataset in both organisms will allow researchers to
compare and contrast neuronal gene expression in a closely related species
using models of molecular evolution. Additionally, this database will augment
existing mMRNA transcript resources available mainly on tissue or brain sections
such as the Allen Brain Atlas [138] or the Brain Maps atlas [139]. Since our study
was done on primary cultures it provides additional details at the single-cell level

in respect to spatial gene expression patterns in neurons. This investigation is
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particularly important as molecular functions and their evolution may not be
perceptible at the broader tissue level, as we showed in our previous dendrite
transcriptome analysis detailed in Chapter 2.

Another research field that will benefit greatly from this dataset will be the
study of RNA cis and trans-acting factors that determine the differential
localization of different mMRNA subpopulations. This current analysis identified
several evolutionary conserved motifs and their potential RBPs but what | have
presented in this chapter is most likely only the tip of the iceberg. The use of
RNA motifs prediction algorithms on our extensive data set will allow revealing
common sequence and/or structural elements within and between species that
could be strong candidates for future functional study. As the rat and mouse
genomic sequences are available, the assessment of sequence and structure
conservation between and within these species will be facilitated. This
assessment will accelerate progress in identifying conserved cis-elements and
trans-acting machineries acting on the post-transcriptional regulation of our
curated dendrites transcripts. Also, RBPs involved in transcripts localization in
both rat and mouse, such as the evolutionary conserved ELAVL2 and ZFP36 [43,
140], will most likely have human homologs with similar functions and could be
relevant candidate for further functional studies toward a better understanding of

human brain gene expression regulation.

3.4.6 Future inquiries and conclusion
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Does the mRNA localization assessed in this present study hold with
similar pattern in other types of neurons? Do they follow similar fine-scale
patterns as the one reported here? How do these events translate in more
evolutionary distant organisms? What are the functional consequences of these
events? These questions, and many more, remain to be addressed. Our current
large-scale in situ hybridization study along with our dendrite transcriptome array
analysis, described in Chapter 2, underscores that subcellular localization is a
widely spread event acting on a large number of transcripts, if not the majority.
This mechanism seems to involve, in a species-specific fashion, a combination of
complex interactions between cis and trans-factors.

Thus the species-specific differences reported in this study suggest that
neuronal function may be more heterogeneous than previously thought. That is,
neurons of different species, even relatively closely related species, may have
distinct dendritic physiology. Furthermore, it hints at the idea that brain function
and organismal behavior may be modulated not only through neuro-anatomy, but

also through changes in individual neurons.
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3.5 MATERIALS AND METHODS

Selection of dendrite-specific probes for in situ hybridization

Microarray data from rat and mouse dissected dendrites (details in Chapter 2)
was used to generate a list of the most representative genes in dendrites. This
list was based on the highest expressed genes in rat and mouse dendrites.
Genes consistently ranked in the top 5% throughout different arrays made with a
pool of 100, 200 and 400 dendrites, were chosen as the most expressed. From
that pool, 362 candidate dendrites-specific mMRNAs were selected to design

unique 25-oligomer probes with a Biotin label at their 5’end.

Selection of soma-specific probes for in situ hybridization

In order to define a reference for the signal intensity detected by in situ
hybridization in dendrites versus soma, | selected 12 soma specific genes in both
rat and mouse using also our arrays data obtained from dissected dendrites and
cell soma. This selection was based on the union of the lowest expressed genes
in rat and mouse dendrites together with the highest expressed genes in soma,
ranked by the bottom 5% and the top 5% respectively. A majority of these genes
are known to be located in the nucleus and cytoplasm of the cell [141-149]. |
further refined this list of genes by verifying their low level of expression in

dendrites using RNAseq data and choosing the bottom 30%. Seven out of the
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twelve genes verified this condition (Table 3.17). | also designed, as described

above unique 25-mer probes for these genes and called them “Control probes”.

Table 3.17: List of the 7 soma-specific control probes

Symbol | Accession Description Sequence (5'-3")

Rifl NM_175238 Rap1l interacting factor 1 TCTGGACCAATCTGAAGATCTCTGC
Daglb NM_144915 Diacylglycerol lipase, beta CCCCCGGAGCATGATGGCTAACAGG
Lamal NM_008480.2 | Laminin, alpha 1 CATTTAATAGAGGTATCTGTTGTCC
Tafoel NM_146092.1 | TAF6-like RNA polymerase 11 TATAAACCGGAAGTGTGGGGCGCCA
Cdcal NM_023284.3 | Cell division cycle associated 1 CAGATTTAATCTTGTGGATTTCTTG
Tex21 XR_034206.1 | Testis expressed gene 21 CATAAATTTGGACGACAAGCTTCAG
Pbsn NM_017471.2 | Probasin AAACATTCAAAGATGCACTAATACC

Design of in situ hybridization probes

In order to generate probes with the highest specificity against their targeted
transcript and species of interest, | used the sequence of the 50-mer probe
provided in the Sentrix BeadArrayTM Technology, lllumina® (RatRef-12 V1.0
and Mouse-6 V1.1 BeadChips, lllumina®) as a starting point. For each probe, all
possible 25-mer combinations were computed and blasted simultaneously
against both the mouse and rat genome. The final probe selection favored the
ones with the best blast scores with a high identity against the transcript of
interest (between 75-100%). This identity was either based on a contiguous
match of the probe or on a mismatch with few gaps and/or insertions or deletions.
The exact percent identity values for each species are available on

http://kim.bio.upenn.edu/insitu/public/. Probes selection also took into account

intermediate level of GC content (40-60%) to allow a more stable DNA/RNA
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binding, as well as to allow low secondary structure in order to avoid self-
annealing or hairpin formation. Further details on all probe sequence and gene
descriptions, as well as relevant links to other databases, are available on

http://kim.bio.upenn.edu/insitu/public/

Culturing conditions

Cortical primary cultures from mouse E18 (C57BL/6, Charles River Laboratories,
Inc.) and rat E19 (Sprague-Dawley Charles River Laboratories, Inc.) were plated
at 100,000/ml in neurobasal medium (Invitrogen) with B-27 supplement (Sigma)
on 12-mm round German Spiegelglas coverslips (Bellco Glass) and grown for 14
days [150]. Mouse and rat embryonic samples used for primary cultures were
developmentally matched based on the protocol provided by Charles River
Laboratories

(http://www.criver.com/SiteCollectionDocuments/rm rm d pregnant rodent.pdf).

In situ hybridization protocol and imaging

Species-specific biotin-labeled 25 DNA-oligomer probes were custom-made
(Sigma-Genosys®). 14 day-old primary rat and mouse cortical neurons were fixed
for 15 minutes in 4% paraformaldehyde, washed in 1X PBS and permeabilized
with 0.2% TritonX-100 for 10min at room temperature (RT). Cells were
prehybridized for 3h at 36°C with 50% formamide, 1X Denhardt’s solution, 4X
SSC, 10mM DTT, 0.1% CHAPS, 0.1% Tween-20, 500ug/ml yeast tRNA,

500upg/ml salmon sperm DNA. In situ hybridization was performed for 16h at
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36°C with 15ng/ul probe in prehybridization buffer. After probe hybridization,
Rabbit anti-MAP2 (Microtubule Associated Protein 2) primary antibody (1:1000)
was added to cells for 1h at RT followed by addition of secondary antibodies
Alexa 488 goat anti-rabbit antibody (1:750) and Alexa 568 streptavidin
conjugated (1:750) for 1h at RT. The co-staining for MAP2 was performed for
two main reasons: First, MAP2 is known to be a marker for dendrites, second
MAP2 is conserved in mammals and its expression is known to coincide with the
maturation of neuronal morphology and thus could be used as reference baseline
for the maturity of both rat and mouse neurons fixed after 14 days in culture [151-
153]. DAPI staining was performed before mounting the slides. The samples
were visualized by fluorescent microscopy with 2 different exposure times: 200
and 500 ms (Axiovert 200M Inverted Fluorescent Microscope — Zeiss Inc., 20x
Objective). All experiments on a given gene as well as the related imaging were
performed simultaneously in rat and mouse to avoid potential experimental batch
bias and to allow a more consistent and homogenous comparison between these

species.

Image processing (in collaboration with Jai-Yoon Sul, Ph.D.)

The collected images were processed via a custom-made Metamorph® image
analysis software program. This program includes a manual selection for
background subtraction as well as several steps of image-mask generation
based on Map2 and DAPI staining that allow extraction of the pixel intensities for

the corresponding regions of interest. Figure 3.11 provides a detailed illustration
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of this procedure. The three main regions of interest included: the soma, which
was defined as double the size of the nucleus (DAPI) minus the central region
related to the nucleus (Cytosol Soma Mask in Figure 3.11); the proximal
dendrites, which were outlined by a 2.5 times expansion of the soma (Proximal
Dendrites Mask in Figure 3.11); and the distal dendrites, which corresponded to
all the remaining branched areas that showed positive Map2 staining (Distal
Dendrites Mask in Figure 3.11). These three masks were generated for both
exposure times (200ms and 500ms) and were used subsequently for processing

the data and extracting pixel intensity values.
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Figure 3.11: Different masks generated for the in situ hybridization image analysis.

The raw images Probe, Map2, DAPI are binarized to generate the Probe Mask, Map2
Mask and DAPI Mask. Subsequently the DAPI Mask is overlapped with Map2 Mask to
get ride off any non-neuronal cell such as the Glia cells, then its area is expanded 2
times to simulate the cell body area (Cytosol Mask). The final soma area includes the
Cytosol Mask minus the DAPI Mask. The Dendrites Mask is generated by the overlap
between the Probe and Map2 Masks minus the Cytosol Mask. Additional masks
delimited the proximal dendritic region, which was defined by 2.5 times the soma radius,
and the distal dendritic region, which corresponded to the whole Dendrites Mask minus
the Proximal Dendrites Mask. These dendrites masks allow to distinguish transcripts
pixel intensity in proximal versus distal dendrites.
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Data processing (in collaboration with Stephen Fisher, Ph.D.)

To avoid any image shift between the different channels (Map2 and Probe), all
images were cross-correlated and normalized based on the pixel intensity values
at the long exposure time of the probe channel compared to the Map2 channel
using MATLAB [154]. Once the image alignment was verified, all images were
processed via a custom-made MATLAB imaging program [154] that took in
consideration the image-masks generated previously in Metamorph®. Based on
the soma/DAPI mask (Cytosol Soma Mask in Figure 3.11), we recovered for
each image field an average of 10 cells. As result of this data processing, several
statistics on each region of interest (soma, proximal and distal dendrites, at both
the short and long exposure time) were computed and recorded in Excel. For
instance, these include the average median pixel intensity and its corresponding
standard deviation, the Signal to Noise ratio (average pixel intensity/standard

deviation) and its corresponding Log value (referred as Dispersion Index).

Data analysis

Reference set up
It is essential to be able to define the relative level of a given transcript in
dendrites compared to the soma. For each of the control probes and in each
species, | computed the average of the pixel intensity detected in dendrites
versus soma and defined it as the ratio Dendrites/Soma (D/S). | then computed,
for each species, a “control-cut-off” value corresponding to the overall average

(X) of all control probes plus two times the standard deviation (SD). | found for
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the rat a cut-off value of 0.06 (with X= 0.04 and SD=0.01) and for the mouse a
cut-off value of 0.054 (with X=0.034 and SD= 0.01). These cut-off values were
subsequently used as a reference baseline for all remaining in situ signals
wherever the signal intensity in dendrites versus soma was computed within

each species.

Validation of replicability
Considering the extent of this project, it was not possible to perform a large
number of biological replicates for all the genes investigated in this study (~400).
Thus, | followed a different strategy to verify the quality and reproducibility of
these experiments. For a subset of genes within each species, | generated
several biological replicates (2-12 replica), computed their D/S ratio and standard
error. All seven soma control probes were replicated between 5 to 12 times and
had an average standard error of 25%. Additionally, three probes taken from the
list of candidate dendrite-specific genes (eukaryotic translation elongation factor
2, EEF2; Calmodulin 2, CALM2 and the coiled-coil domain containing 65, Ccd65)
were replicated 3 times and showed consistent D/S values with an average
standard error of 20.6%. The consistency seen in these biologically replicated
samples strengthens the confidence in the quality and reliability of the data

extracted from the remaining non-replicated samples.
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RNA binding proteins analysis
All the cultures used for in situ hybridization were grown and fixed by the same
experimental conditions (See “Culturing conditions” and “in situ hybridization
protocol” in the above sections). Additionally, within each experimental batch and
for each new experiment and animal culture date, four blank control coverslips
were included to test the potential culture auto-fluorescence, Map2, Probe and
DAPI channels. These followed the exact same hybridization conditions as the
other coverslips but did not include the component of interest to be tested (i.e.
Map2 anti-body, probe, DAPI). When imaged, these controls did not show any
signal intensity, neither uniform nor punctate. Additionally, in the set of probes
that were biologically replicated (see the above section “Validation of
replicability”), a very good repeatability of smooth staining for the targeted mRNA
was detected across replicates when there was no reason to expect punctuation.
| classified, in each species, transcripts localized to the dendrites according to
whether they formed punctate or uniform distributions. The punctate versus
uniform gene classification was first based on sorting the data using the average
pixel intensity variance to mean ratio recorded for each image and second a
further level of data filtering was done via a visual inspection. This inspection
involved scoring each image from 1 to 4 depending on the level of punctuation: a
score of 1 corresponds to a uniform smooth probe signal in all the dendrites, a
score of 2 to a smooth probe signal even if uneven in some areas of the dendrite,

a score of 3 to a discontinuous signal intensity (“punctuated”) in the probe signal
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in most cells’ dendrites, and a score of 4 to multiple discontinuities in the probe

signal along the vast majority of cells’ dendrites (see Figure 3.12).

Figure 3.12: Scale for scoring transcripts distribution patterns in dendrites.

| then selected 52 mouse and rat dendrites transcripts, taken from the top 30%
punctuated and uniform clusters, and searched within the sequence of each
candidate transcript for its RNA binding protein affinity. This investigation was
carried out via the publically available RNA binding protein database

(http://rbpdb.ccbr.utoronto.ca/) [38]. This database relies on acquiring, within an

input nucleotide sequence (in our case transcript sequence taken from either
mouse or rat dendrites), the RNA binding protein affinity based upon
experimentally proven data in human, mouse, worm and fly. | only considered the
relative scores of at least 80% (80-100%) in the Position Weight Matrix (PWM).
From these, | selected the two highest overall scores that relate to nucleotide

motifs equal or higher than six bases.

MicroRNA analysis
In order to investigate the possible regulation of dendritic gene expression via
MIiRNAs silencing, | searched within our curated dendritic mMRNA list for miRNA

affinity using the comprehensive miRWalk database (http://www.ma.uni-

heidelberg.de/apps/zmf/mirwalk/, version of March 15™ 2011) [56]. The miRWalk
151




consists of two modules: a predicted targets module and a validated targets
module. | mainly focused my search on the validated module. The miRNAs
provided in this module were all experimentally validated and reported in the
literature (listed in the database). These validations include laser capture
combined with multiplex real-time RT (reverse transcription) PCR to quantify
microRNAs in specific regions of interest [124]; delivery of microRNASs in vivo by
use of recombinant adeno-associated virus (rAAV) with associated functional
readout [155]; and targeted deletion, by injection of a retrovirus expressing Cre
recombinase, against a given miRNA locus that contains LoxP sites insertion
[156]. Additionally, the miRWalk validated targets module provides
experimentally validated miRNA interaction information associated to genes,
pathways, diseases, organs, cell lines and OMIM disorders. This module
includes validated information on 2044 miRNAs from human, mouse, and rat and
reports more than 67598 relationship associated to 3821 genes, 375 pathways,
549 diseases, 468 organs, 74 cell lines and 2033 OMIM disorders.

Further detail on this database is available via the following link:

http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk/documentation.html

ID elements mapping in mouse and rat (in collaboration with Mugdha
Khaladkar, Ph.D.)
RepeatMasker [157] annotations were downloaded from UCSC Genome
Browser for mouse (mm9) and rat (rn4) genome assemblies [158]. The genomic

coordinates for all SINE ID elements were extracted and analyzed for overlap
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with the Refseq annotated mRNAs in both sense (S) as well as anti-sense (AS)
orientation. The presence of ID elements in the intronic, exonic or UTR regions
was noted. The 3'UTR region for this purpose was extended 1000 bp
downstream of the annotated 3'UTR end in order to account for longer un-
annotated 3'UTRs. Overall, there were 33,406 ID elements in mouse (S: 15414,
AS: 17992) and 61,311 ID elements in rat (S: 27396, AS: 33915) that mapped to

the Refseq mRNAs.

Database generation (in collaboration with Stephen Fisher, Ph.D.)
A publically available database was constructed in order to keep record of this
large-scale in situ dataset and to become a potential public resource and

guideline for future investigations: http://kim.bio.upenn.edu/insitu/public/.

This database not only provides a listing of the transcripts investigated and their
corresponding images and pixel intensities, but also includes many additional
features, like data filtering/sorting options, full MySQL queries, and the ability to
download the raw Tiff images. As researchers will have access to our raw data,
they could perform their own analyses to address to their inquiries more

appropriately.
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Table 3.1: List of transcripts dendritically localized in mouse

Gene Symbol
Ppia

Gria2
Mecp2
Omd
Zfpa10
Hspl
Mtapla
Krtap6type2
Cfi1
Slc25a40
Dynclil
Virad
Fmnll
Mtap2
Atp5b
Olfr259
Atf3

Vapb

Dhx8
Slc22a15
Orai3
Ifitm7
Kcna2
Timm23
Atp5d
LOC366974
Gltscrl
Cdhl6
Govn5

H2a

Sdha

Pklir
Arhgef7
LOC362994

Gnas
Def8

Jub
Fkbp2
Lyplal
Mtrr
Sat2
Stipl
Rps15
Zmpste24

Trmt112

Algll
Olfr386
Rpl23
Hpl

Mouse RefSeq
XM_913899
NM_001083806
NM_001081979
NM_012050
NM_144833
NM_010480
NM_032393
NM_010673
NM_007687
NM_178766
NM_010063
NM_053219
NM_001077698
NM_008632
NM_016774
NM_146735
NM_007498
NM_019806
NM_144831
NM_001039371
NM_198424
XM_977607
NM_008417
XM_001476967
NM_172294
NM_133726
NM_001081418
NM_007663
NM_177764
XM_001480384
NM_023281
NM_013631
NM_017402
NM_153518

NM_001077507
NM_054046
NM_010590
NM_008020
NM_008866
NM_172480
NM_026991
NM_016737
NM_009091
NM_172700

NM_026306

NM_183142
XM_981170

XM_001477371
XM_001475747

Gene Description

peptidylprolyl isomerase A

glutamate receptor, ionotropic, AMPA2 (alpha 2)

methyl CpG binding protein 2

osteomodulin

zinc finger protein 410

heat shock protein 90, alpha (cytosolic), class A member 1
microtubule-associated protein 1 A

keratin associated protein 6-2

cofilin 1, non-muscle

solute carrier family 25, member 40

dynein cytoplasmic 1 intermediate chain 1

vomeronasal 1 receptor, A4

formin-like 1

microtubule-associated protein 2

ATP synthase, H+ transporting mitochondrial F1 complex, beta subunit
olfactory receptor 483

activating transcription factor 3

vesicle-associated membrane protein, associated protein B and C
DEAH (Asp-Glu-Ala-His) box polypeptide 8

solute carrier family 22 (organic anion/cation transporter), member 15
ORAI calcium release-activated calcium modulator 3

predicted gene, EG665536; interferon induced transmembrane protein 7
potassium voltage-gated channel, shaker-related subfamily, member 2
translocase of inner mitochondrial membrane 23 homolog

sulfatase 1

suppression of tumorigenicity 13

glioma tumor suppressor candidate region gene 1

cadherin 16

vomeronasal 2, receptor 57

H2A histone family, member Z; predicted gene 6722; predicted gene 8203
succinate dehydrogenase complex, subunit A, flavoprotein (Fp)
pyruvate kinase liver and red blood cell

Rho guanine nucleotide exchange factor (GEF7)

coiled-coil domain containing 65

GNAS (guanine nucleotide binding protein, alpha stimulating) complex
locus

differentially expressed in FDCP 8

ajuba

FK506 binding protein 2

lysophospholipase 1

5-methyltetrahydrofolate-homocysteine methyltransferase reductase
spermidine/spermine N1-acetyl transferase 2

stress-induced phosphoprotein 1

ribosomal protein S15

zinc metallopeptidase, STE24 homolog (S. cerevisiae)

RIKEN cDNA 0610038D11 gene; predicted gene 13072; predicted gene
7828

asparagine-linked glycosylation 11 homolog (yeast, alpha-1,2-
mannosyltransferase)

olfactory receptor 384; olfactory receptor 386

similar to ribosomal protein L23

similar to Serine/arginine repetitive matrix protein 2
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4922501c03Rik
Kif15
LOC498015
Hsp40
LOC683007
Aptase
Hnrpk
LOC500054
Lhx3
Atp2b2
Spnb3

Ftl1
Rhobtb1
Dpysl2
Strbp
LOC687463
Simap
Gnbp
Ubiqgfep6
Myh2
Usp8

Gdia
Arl6ip5

Ef2

DynllI2
Cox5b
Mapk1
Nefl
LOC682988
Snrpn

Rspa
Gabrgl
Kif17
Eif3s9
Fgfl3

Atp5al
Prph1
Rbfox1
Eif4a2
Marcksl1
Rnf111
Pap
Rpl35a
Trpv5
Med14
Kenk9
Cacnala
Prdx2
Usp9x
Syt6
Suclgl
Cacng5
Irgm
Rpl6
9130011E15Rik

XM_001000297
NM_010620
NM_145823
NM_016775
NM_177389
NM_018794
NM_025279
NM_028370
NM_001039653
NM_009723
NM_021287
XM_001478411
NM_001081347
NM_009955
NM_009261
NM_007790
NM_032008
NM_010312
NM_177823
NM_001039545
NM_019729
NM_133796
NM_022992
NM_007907
NM_001168472
XM_001475417
NM_001038663
NM_010910
NM_026039
XM_001480670

XM_916601
NM_010252
NM_010623
XM_001479308
NM_010200

NM_007505
NM_001163588
NM_183188
NM_001123038
NM_010807
NM_033604
NM_011036
NM_001130484
NM_001007572
NM_001048208
NM_001033876
NM_007578
NM_011563
NM_009481
NM_018800
NM_019879
NM_080644
NM_008326
NM_011290
NM_198296

RIKEN cDNA 4922501C03 gene

kinesin family member 15

phosphatidylinositol transfer protein, cytoplasmic 1

Dnal (Hsp40) homolog, subfamily C, member 5

melanoma inhibitory activity 3

ATPase, H+ transporting, lysosomal accessory protein 1
heterogeneous nuclear ribonucleoprotein K; predicted gene 7964
protection of telomeres 1B

LIM homeobox protein 3

ATPase, Ca++ transporting, plasma membrane 2

spectrin beta 3

ferritin light chain 2; similar to Ferritin light chain 1 (Ferritin L subunit 1)
Rho-related BTB domain containing 1

dihydropyrimidinase-like 2

spermatid perinuclear RNA binding protein

predicted gene 8892; structural maintenace of chromosomes 3
sarcolemma associated protein

guanine nucleotide binding protein (G protein), beta 2

ubiquitin associated and SH3 domain containing, A

myosin, heavy polypeptide 2,1, skeletal muscle, adult

ubiquitin specific peptidase 8

Rho GDP dissociation inhibitor (GDI) alpha

ADP-ribosylation factor-like 6 interacting protein 5

predicted gene 13050; eukaryotic translation elongation factor 2
dynein light chain LC8-type 2

cytochrome c oxidase, subunit Vb

mitogen-activated protein kinase 1
neurofilament, light polypeptide

mediator of RNA polymerase Il transcription, subunit 18 homolog (yeast)
small nuclear ribonucleoprotein N

ribosomal protein SA pseudogene; similar to 40S ribosomal protein SA
(p40)

gamma-aminobutyric acid (GABA) A receptor, subunit gamma 1
kinesin family member 17

eukaryotic translation initiation factor 3, subunit B

fibroblast growth factor 13

ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit,
isoform 1

peripherin

RNA binding protein, fox-1 homolog (C. elegans) 1

eukaryotic translation initiation factor 4A2

MARCKS-like 1; predicted gene 9106

predicted gene 6162; similar to ring finger 111; ring finger 111
regenerating islet-derived 3 beta

ribosomal protein L35A

transient receptor potential cation channel, subfamily V, member 5
mediator complex subunit 14

potassium channel, subfamily K, member 9

calcium channel, voltage-dependent, P/Q type, alpha 1A subunit
peroxiredoxin 2

ubiquitin specific peptidase 9, X chromosome

synaptotagmin VI
succinate-CoA ligase, GDP-forming, alpha subunit

calcium channel, voltage-dependent, gamma subunit 5
immunity-related GTPase family M member 1

ribosomal protein L6

RIKEN cDNA 9130011E15 gene
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Dynll1
OIr1273
Mdh2
Dcbl
Vim

Apc2
LOC500420
Pcdh10
Cdh2
Hspal3
Scd2
Rps4
Tptl
Sarlb
Hspal2b
Tmem50a
Ak7
LOC688007
Tmeffl
Gnbp
Syt4
Rps23
Cdh9

Slc25a4
Tmem30a
Aes
Pcdh17
Rpl36a
Eif4g2
Sec13
Lyplal
Pou4f2
Kenj3
Pcdhgb5
Cort
Olfm1
LOC362306
Magebl
LOC364964
Baspl
Becnl
Gnbp
Sept9
Dst
Syngrl
Uba52
Ttc21b
Rprd1lb
LOC499390
Nbea
Rad1l
Ptms
Opal
Pcbp1l
Appbp2
Rps3

XM_892488
NM_146442
NM_008617
NM_019967
NM_011701
NM_007459
XM_001475329
NM_011043
NM_007664
NM_030201
NM_009128
NM_009094
XM_001480658
NM_025535
NM_028306
NM_027935
XM_994344
XM_001480879
NM_021436
NM_010308
NM_009308
NM_001100608
NM_177224

NM_007450
NM_133718
NM_001114179
NM_001013753
XM_001480124
NM_013507
NM_024206
NM_008866
NM_138944
NM_008426
NM_033577
NM_007745
NM_019498
NM_007476
NM_031171
NM_172707
NM_027395
NM_026562
NM_001160016
NM_001113488
NM_134448
NM_207708
NM_019883
NM_001047604
NM_027434
NM_016680
NM_030595
NM_011232
NM_026988
NM_133752
NM_011865
NM_025825
NM_012052

similar to cytoplasmic dynein light chain 1
olfactory receptor 934

malate dehydrogenase 2, NAD (mitochondrial)
deleted in bladder cancer 1 (human)

vimentin

adaptor protein complex AP-2, alpha 2 subunit
RIKEN cDNA 2610029101 gene

protocadherin 10

cadherin 2; similar to N-cadherin

heat shock protein 70 family, member 13
stearoyl-Coenzyme A desaturase 2

ribosomal protein S4, X-linked

tumor protein, translationally-controlled 1 pseudogene
SAR1 gene homolog B (S. cerevisiae)

heat shock protein 12B

transmembrane protein 50A

adenylate kinase 7

cDNA sequence BC030499

transmembrane protein with EGF-like and two follistatin-like domains 1

guanine nucleotide binding protein, alpha O
synaptotagmin IV

ribosomal protein S23

similar to chromodomain helicase DNA binding protein 9
solute carrier family 25 (mitochondrial carrier adenine translocator)
member 4

transmembrane protein 30A
mitochondrial carrier triple repeat 6

protocadherin 17

similar to large subunit ribosomal protein L36a

eukaryotic translation initiation factor 4, gamma 2

SEC13 homolog (S. cerevisiae)

lysophospholipase 1

POU domain, class 4, transcription factor 2

potassium inwardly-rectifying channel, subfamily J, member 3
protocadherin gamma subfamily B, 5

cortistatin

olfactomedin 1

predicted gene 5823; ADP-ribosylation factor 1; predicted gene 8230
melanoma antigen, family B, 1; melanoma antigen, family B, 2
protein phosphatase 1, catalytic subunit, beta isoform

brain abundant, membrane attached signal protein 1

similar to cyclin N-terminal domain containing 1

guanine nucleotide binding protein (G protein), beta 1

septin 9

dystonin; hypothetical protein LOC100047109

synaptogyrin 1

ubiquitin A-52 residue ribosomal protein fusion product 1
tetratricopeptide repeat domain 21B

regulation of nuclear pre-mRNA domain containing 1B
splicing factor, arginine/serine-rich 16

neurobeachin

RAD1 homolog (S. pombe)

parathymosin

similar to optic atrophy 1 (autosomal dominant)

poly(rC) binding protein 1

amyloid beta precursor protein (cytoplasmic tail) binding protein 2
ribosomal protein S3

156



Pcdh18
Rab14
H13

Glp2r
Spag7
Myo5a

Sirtl
Ldhb
Ilkap
Vsnll
Prelid1

NM_130448
NM_026697
NM_010376

NM_175681
XM_001471841
NM_010864

NM_001159589
NM_008492
NM_023343
NM_012038
XM_001476721

protocadherin 18

RAB14, member RAS oncogene family

histocompatibility 13

similar to glucagon-like peptide 2 receptor; glucagon-like peptide 2
receptor

hypothetical protein LOC100048812; sperm associated antigen 7
myosin VA

sirtuin 1 (silent mating type information regulation 2, homolog) 1 (S.

cerevisiae)

lactate dehydrogenase B

integrin-linked kinase-associated serine/threonine phosphatase 2C
visinin-like 1

PRELI domain containing 1; similar to Preli

Red color = Transcripts dendritically localized with low confidence
Black color = Transcripts dendritically localized with high confidence
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Table 3.2: List of transcripts dendritically localized in rat

Gene Symbol
Canx
Rhobtb1
Laptmda
Rnflll
Atp6vib2
RGD1304782
Sirt5
RGD1306538

Atp5j

Vdac2
RGD1559672
Mtap2
Uba52

LOC691644
Rps20
LOC683007
LOC364750
Slc3al
Dynll1
Rps6

Syt4
Brinp2
Sec13l1

Appbp2
RGD1561319

Atp5cl
RGD1565811
Lhx3

RAMP4
Olfm1
Sipalll

Atp5g3

Atrn

Tptl
LOC499390
Cyfip2
Opcml

Opal
Atp2a2

H13
LOC500054
Glp2r
Myo5a
MGC105647
Klhi2

Pebp1l
RGD1562118

Rat RefSeq
NM_172008.1
XM_001074130.1
NM_199384.1
XM_001055544.1
NM_057213.2
XM_230798.4
NM_001004256.1
NM_001014024.1

NM_053602.1
NM_031354.1
XM_001078915.1
NM_013066.1
NM_031687.2

XM_001077494.1
NM_001007603.1
XM_001064186.1
XR_008099.1
NM_017216.1
NM_053319.2
NM_017160.1
NM_031693.1
NM_173115.1
NM_001006978.1

XM_001081113.1
XM_575592.2

NM_053825.1
XM_001054521.1
XM_001059910.1
NM_030835.2
NM_053573.1
NM_139330.1

NM_053756.1
NM_031351.1
NM_053867.1
NM_001024294.1
XM_220333.4
NM_053848.1
NM_133585.2
XM_001079470.1
XM_230734.4
NM_001024322.1
NM_021848.1
NM_022178.1
NM_001007008.1
XM_214331.4
NM_017236.1
XR_008143.1

Gene Description

calnexin (Canx)

Rho-related BTB domain containing 1 (predicted), transcript variant 1
lysosomal-associated protein transmembrane 4A (Laptm4a)

ring finger protein 111 (Rnf111_predicted)

ATPase, H transporting, lysosomal V1 subunit B2 (Atp6v1b2)
similar to RIKEN cDNA 2610304G08 gene (RGD1304782_predicted)
sirtuin 5 (silent mating type information regulation 2 homolog) 5 (Sirt5)
similar to hypothetical protein MGC13024 (RGD1306538)

ATP synthase, H+ transporting, mitochondrial FO complex, subunit F6
(Atp5j)

voltage-dependent anion channel 2 (Vdac2)

similar to Translocase of inner mitochondrial membrane 23 homolog
microtubule-associated protein 2 (Mtap2)

ubiquitin A-52 residue ribosomal protein fusion product 1 (Uba52)
Myosin heavy chain, skeletal muscle, adult2 (Myosin heavy chain lla),
MyHClla

ribosomal protein S20 (Rps20)

similar to melanoma inhibitory activity 3 (LOC683007)

similar to ribosomal protein S14 (LOC364750)

solute carrier family 3, member 1 (Slc3al)

dynein light chain LC8-type 1 (Dynll1)

ribosomal protein S6 (Rps6)

synaptotagmin IV (Syt4)

BMP/retinoic acid-inducible neural-specific protein 2 (Brinp2)
SEC13-like 1 (S. cerevisiae) (Sec13I1)

amyloid beta precursor protein (cytoplasmic tail) binding protein 2
(Appbp2)

similar to Pol(yrC)-binding protein 1 (Alpha-CP1) (hnRNP-E1) (

ATP synthase H+ transporting mitochondrial F1 complex gamma
polypeptidel

similar to OL-protocadherin isoform (RGD1565811_predicted)

LIM homeobox protein 3 (Lhx3)

ribosome associated membrane protein 4 (RAMP4)

olfactomedin 1 (Olfm1)

signal-induced proliferation-associated 1 like 1 (Sipall1)

ATP synthase H+ transporting mitochondrial FO complex SU c (9)
isoform3

attractin (Atrn)

tumor protein, translationally-controlled 1 (Tpt1)

similar to SWAP2 (LOC499390)

cytoplasmic FMR1 interacting protein 2 (Cyfip2_predicted)

opioid binding protein/cell adhesion molecule-like (Opcml)

optic atrophy 1 homolog (human) (Opal)

ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 (Atp2a2)
histocompatibility 13 (H13_predicted)

similar to POT1-like telomere end-binding protein (LOC500054)
glucagon-like peptide 2 receptor (Glp2r)

myosin Va (Myo5a)

similar to Nur77 downstream protein 2 (MGC105647)

kelch-like 2, Mayven (Drosophila) (KIhi2_predicted)
phosphatidylethanolamine binding protein 1 (Pebp1)

similar to peroxiredoxin 2 isoform b (RGD1562118_predicted)
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Adcy5
LOC286914
Rpl3

Psma5

Atxn2

Pigp

Rab5c
RGD1564725
Rpsdx

Atp5al
Atf3

Fgfl3

Jub
LOC362994
Mapk1
Morl
Stmn2
LOC500420
H2afz
Sdcbp
LOC682988
Mtapla
RGD1306344
Snrpn
Arhgef7
Atplb2
Gnb1l
Ap2a2
Tmeffl
Kenj3
Stxbp1l
Baspl
Rpl23

Gria2

Ak7

Fmnll

Slc25a4
LOC680231
Eif4a2

Cox5b

EF2
RGD1560170
Olr259

Grina
Wsb2
Stmn3
Scd2
Atp2b2
Syngrl
LOC362306
Arl6ip5
Lyl1

Becnl

NM_022600.1
NM_173130.1
NM_198753.1
NM_017282.1
XM_001079639.1
XM_213650.3
XM_001081435.1
XM_341459.2
NM_001007600.1

NM_023093.1
NM_012912.1
NM_053428.1
NM_053503.1
NM_001014203.1
NM_053842.1
NM_031151.2
NM_053440.2
XM_575783.2
NM_022674.1
NM_031986.1
XM_001065118.1
NM_030995.1
XM_230878.4
NM_031117.1
NM_053740.1
NM_012507.2
NM_030987.1
NM_031008.1
NM_023020.1
NM_031610.1
NM_013038.3
NM_022300.1
NM_001007599.1
NM_017261.1
XM_234507.4
XM_001081542.1

NM_053515.1
XR_005671.1
NM_001008335.1
NM_053586.1
XR_006068.1
XM_228713.4
NM_001000222.1

NM_153308.1
NM_001007616.1
NM_024346.1
NM_031841.1
NM_012508.3
NM_019166.1
XR_006311.1
NM_023972.2
XM_001071678.1

NM_001034117.1

adenylate cyclase 5 (Adcy5)

putative pheromone receptor (Go-VN5) (LOC286914)

ribosomal protein L3 (Rpl3)

proteasome (prosome, macropain) subunit, alpha type 5 (Psma5)
ataxin 2 (Atxn2_predicted)

phosphatidylinositol glycan, class P (Pigp_predicted)

RABS5C, member RAS oncogene family (Rab5c_predicted)

similar to hypothetical protein B230397C21 (RGD1564725_predicted)
ribosomal protein S4, X-linked (Rps4x)

ATP synthase, H+ transporting, mitochondrial F1 complex, subunit a,
isoform 1

activating transcription factor 3 (Atf3)

fibroblast growth factor 13 (Fgf13)

ajuba homolog (Xenopus laevis) (Jub)

similar to NYD-SP28 protein (LOC362994)

mitogen activated protein kinase 1 (Mapk1)

malate dehydrogenase, mitochondrial (Mor1)

stathmin-like 2 (Stmn2)

similar to CG12279-PA (LOC500420)

H2A histone family, member Z (H2afz)

syndecan binding protein (Sdcbp)

mediator of RNA polymerase Il transcription, SU 18 homolog, variant2
microtubule-associated protein 1 A (Mtapla)

similar to Ab1-133 (RGD1306344)

small nuclear ribonucleoprotein N (Snrpn)

Rho guanine nucleotide exchange factor 7 (Arhgef7)

ATPase, Na+/K+ transporting, beta 2 polypeptide (Atp1b2)

guanine nucleotide binding protein, beta 1 (Gnb1)

adaptor protein complex AP-2, alpha 2 subunit (Ap2a2)
transmembrane protein with EGF-like and two follistatin-like domains 1
potassium inwardly-rectifying channel, subfamily J, member 3 (Kcnj3)
syntaxin binding protein 1 (Stxbp1)

brain abundant, membrane attached signal protein 1 (Basp1)
ribosomal protein L23 (Rpl23)

glutamate receptor, ionotropic, AMPA2 (Gria2)

adenylate kinase 7 (Ak7_predicted)

formin-like 1 (Fmnl1_predicted)

solute carrier family 25 (mitochondrial carrier adenine translocator)
member4

similar to chromodomain helicase DNA binding protein 9 (LOC680231)
eukaryotic translation initiation factor 4A2 (Eif4a2)

cytochrome c oxidase subunit Vb (Cox5b)

similar to Elongation factor 2 (EF-2) (LOC305181)

cofactor required for Sp1 transcriptional activation, subunit 2, 150kDa
olfactory receptor 259 (OIr259_predicted)

glutamate receptor ionotropic N-methyl D-asparate-associated prot.1
(Grina)

WD repeat and SOCS box-containing 2 (Wsb2)

stathmin-like 3 (Stmn3)

stearoyl-Coenzyme A desaturase 2 (Scd2)

ATPase, Ca++ transporting, plasma membrane 2 (Atp2b2)
synaptogyrin 1 (Syngrl)

hypothetical LOC362306 (LOC362306)

ADP-ribosylation factor-like 6 interacting protein 5 (Arl6ip5)
lymphoblastic leukemia derived sequence 1 (Lyl1)

beclin 1 (coiled-coil, myosin-like BCL2-interacting protein), transcript
variant 2
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Cacng5
Rps21
Pklr

Apbal
Sirtl
Slc7a8
Cdhl6
Rps15
Grb2
Pkm2
Calm3
Syn2
Vgf
Gnail

RGD1563644
Lyplal

Atp5d
LOC366974
LOC683125
Tmem50a
Cdh2

Rpl6

Ndufs6
Dnajc5

Nsf
RGD1564887
RGD1564958
Vim

Dynclil
RGD1308082
LOC686547
Mapre3

LOC288165
Kenk9

Boll

Suclgl
RGD1309710
RGD1562629
Hnrpab
Gygl

Fhod1
Psmb2
Tmem30a
Aco2

Spag7

Aars

Rpl30
RGD1562920
Sept9
Gabarapl2
Pabpn1l
OIr1273
Stx1b2

NM_080693.1
NM_031111.1
NM_012624.2

NM_031779.1
XM_228146.4
NM_053442.1
NM_001012055.1
NM_017151.2
NM_030846.2
NM_053297.1
NM_012518.2
NM_019159.1
NM_030997.1
NM_013145.1

XR_008237.1
NM_013006.1

NM_139106.1
XR_007583.1
XM_001064575.1
XM_001067840.1
NM_031333.1
NM_053971.1
NM_019223.1
NM_024161.2
NM_021748.1
XM_574677.2
XM_214281.4
NM_031140.1
NM_019234.1
NM_001009636.1
XM_001074235.1
NM_001007656.1

XM_001057918.1
NM_053405.1
XM_220155.4
NM_053752.1
XM_215167.2
XM_001059612.1
NM_031330.1
NM_031043.1
NM_001191600
NM_017284.1
NM_001004248.1
NM_024398.2
XM_001079933.1
XM_214690.4
NM_022699.2
XM_214790.4
NM_176856.1
NM_022706.2
XM_001055786.1
NM_001000458.1
NM_012700.1

calcium channel, voltage-dependent, gamma subunit 5 (Cacng5)
ribosomal protein S21 (Rps21)

pyruvate kinase, liver and red blood cell (Pkir)

amyloid beta (A4) precursor protein-binding, family A, member 1
(Apbal)

sirtuin 1 (silent mating type information regulation 2, homolog 1
solute carrier family 7 (cationic amino acid transporter), member 8
cadherin 16 (Cdh16)

ribosomal protein S15 (Rps15)

growth factor receptor bound protein 2 (Grb2)

pyruvate kinase, muscle (Pkm2)

calmodulin 3 (Calm3)

synapsin Il (Syn2), transcript variant 2

VGF nerve growth factor inducible (Vgf)

guanine nucleotide binding protein, alpha inhibiting 1 (Gnail)
similar to Cofilin, non-muscle isoform (Cofilin-1)
(RGD1563644_predicted)

lysophospholipase 1 (Lyplal)

ATP synthase H+ transporting mitochondrial F1 complex, delta
subunit(Atp5d)

similar to suppression of tumorigenicity 13 (LOC366974)

similar to 40S ribosomal protein SA (p40) (34/67 kDa laminin receptor)
transmembrane protein 50A (Tmemb50a_predicted)

cadherin 2 (Cdh2)

ribosomal protein L6 (Rpl6)

NADH dehydrogenase (ubiquinone) Fe-S protein 6 (Ndufs6)
Dnal (Hsp40) homolog, subfamily C, member 5 (Dnajc5)
N-ethylmaleimide sensitive fusion protein (Nsf)

similar to 9130011E15Rik protein (RGD1564887_predicted)
similar to glyceraldehyde-3-phosphate dehydrogenase (phosphorylating)
vimentin (Vim)

dynein cytoplasmic 1 intermediate chain 1 (Dynclil)

similar to px19-like protein (RGD1308082)

TBC1 domain family member 4, Akt substrate of160kDa (AS160)
microtubule-associated protein, RP/EB family, member 3 (Mapre3)
similar to PEST-containing nuclear protein, transcript variant 1
(LOC288165)

potassium channel, subfamily K, member 9 (Kcnk9)

bol, boule-like (Drosophila) (Boll_predicted)

succinate-CoA ligase, GDP-forming, alpha subunit (Suclgl)
similar to RIKEN cDNA 0610038D11 (RGD1309710_predicted)
similar to neurobeachin (RGD1562629_predicted)
heterogeneous nuclear ribonucleoprotein A/B (Hnrpab)
glycogenin 1 (Gygl)

FH1/FH2, Formin homology 2 domain-containing protein 1
proteasome (prosome, macropain) subunit, beta type 2 (Psmb2)
transmembrane protein 30A (Tmem30a)
aconitase 2, mitochondrial (Aco2)

sperm associated antigen 7 (Spag7_predicted)

alanyl-tRNA synthetase (Aars)

ribosomal protein L30 (Rpl30)

similar to Aigl protein (RGD1562920_predicted)

septin 9 (Sept9), transcript variant 2

GABA(A) receptor-associated protein like 2 (Gabarapl2)

poly(A) binding protein, nuclear 1 (Pabpnl)

olfactory receptor 1273 (OIr1273_predicted)
syntaxin 1B2 (Stx1b2)
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Mecp2
RGD1564579
Higd2a
RGD1565122
Pdcd5
Usp9x
Marcksl1
LOC680448
RGD1308774
Calm2

Cceni

Dpysl2

Dst

Irgm

Syt6

Ftl1

Nefl

Myo5b
Ppmle

Kif15
LOC688007
Rab43
Glt25d1
Pou4f2
Gnao

Prkch

Vps35
Pcdh17
Vegfa

NM_022673.1
XM_215057.4
XM_214433.3
XM_229983.4
XM_001079809.1
XM_343766.3
NM_030862.2
XR_005755.1
NM_001037186.1
NM_017326.1
XM_001070498.1
XM_573810.2
XM_001054738.1
NM_001012007.1
NM_022191.1
NM_022500.3
NM_031783.1
NM_017083.1
NM_198773.1
NM_181635.2
XM_001080857.1
NM_001024331.1
XM_214295.4
XM_344756.3
NM_017327.1
NM_031085.2
XM_214646.4
XM_224389.4
NM_031836.1

methyl CpG binding protein 2 (Mecp2)

similar to yippee-like 3 (RGD1564579_predicted)

HIG1 domain family, member 2A (Higd2a_predicted)

similar to tetratricopeptide repeat domain 21B (RGD1565122_predicted)
programmed cell death 5 (Pdcd5_predicted)

ubiquitin specific peptidase 9, X chromosome (Usp9x_predicted)
MARCKS-like 1 (Marcksl1)

similar to protocadherin gamma subfamily B, 5 (LOC680448)
similar to mitochondrial carrier family protein (RGD1308774)
calmodulin 2 (Calm2)

cyclin I (Ceni_predicted)

dihydropyrimidinase-like 2 (Dpys|2)

dystonin (Dst_predicted)

immunity-related GTPase family, M (Irgm)

synaptotagmin VI (Syt6)

ferritin light chain 1 (Ftl1)
neurofilament, light polypeptide (Nefl)

myosin 5B (Myo5b)

protein phosphatase 1E (PP2C domain containing) (Ppm1e)
kinesin family member 15 (Kif15)
hypothetical protein LOC688007 (LOC688007)

Ras-related protein RAB43 (Rab43)

glycosyltransferase 25 domain containing 1 (GIt25d1_predicted)
POU domain, class 4, transcription factor 2 (Pou4f2)

guanine nucleotide binding protein, alpha o (Gnao)

protein kinase C, eta (Prkch)

vacuolar protein sorting 35 (Vps35_mapped)
protocadherin 17 (Pcdh17_predicted)

vascular endothelial growth factor A (Vegfa)

Blue color = Transcripts dendritically localized with low confidence
Black color = Transcripts dendritically localized with high confidence
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Table 3.10:

List of transcripts examined in rat and mouse neurons.

Rat Symbol
Vsnll

Ilkap

Ldhb

Rab14

Ptms

Rad1l
RGD1304782
LOC365181
RGD1561997
Cort

Rpl36a

Aes

Sarlb

Stch

Dbccerl
Cacnala
Trpv5

Pap

Rnf111
Prph1

Eif3s9
RGD1562511
Arhgdia
Usp8

Gnb2

SImap

SmcD

Strbp
Rhobtb1
Spnb3
Hnrpk
Atp6apl
LOC303619
RGD1307365
Cbx3

Stipl

Sat2

Mtrr
RGD1564018
Fkbp2

Gnas

Sdha

Gltscrl
RGD1559672
RGD1306538
Dhx8

Vapb

Atp5b
Mtap2
RGD1563644
Mtap1la
Mecp2

Mouse Symbol
Vsnll
Ilkap
Ldhb
Rab14
Ptms
Rad1l
Rprd1b
LOC364964
Mageb1l
Cort
Rpl36a
Aes
Sarlb
Hspal3
Dcb1
Cacnala
Trpv5
Pap
Rnf111
Prph1
Eif3s9
Kif17
Gdia
Usp8
Gnbp
SImap
SmcD
Strbp
Rhobtb1
Spnb3
Hnrpk
Aptase
LOC635277
4922501c03Rik
Hpl
Stipl
Sat2
Mtrr
Lyplal
Fkbp2
Gnas
Sdha
Gltscrl
Timm23
Orai3
Dhx8
Vapb
Atp5b
Mtap2
Cofilin
Mtap1la
Mecp2

Description

visinin-like 1

integrin-linked kinase-associated serine/threonine phosphatase 2C
lactate dehydrogenase B

RAB14, member RAS oncogene family

parathymosin

RAD1 homolog

RIKEN cDNA 2610304G08 gene

Serine/threonine-protein phosphatase PP1-beta catalytic subunit
Smage-1 protein

cortistatin

large subunit ribosomal protein L36a

amino-terminal enhancer of split

SAR1 gene homolog B

stress 70 protein chaperone, microsome-associated, 60kD human homolog
deleted in bladder cancer chromosome region candidate 1
calcium channel, voltage-dependent, P/Q type, alpha 1A subunit
transient receptor potential cation channel, subfamily V, member 5
pancreatitis-associated protein

ring finger protein 111

peripherin 1

eukaryotic translation initiation factor 3, subunit 9

Kinesin 17

Rho GDP dissociation inhibitor

Ubiquitin specific protease 8

guanine nucleotide binding protein, beta polypeptide 2
sarcolemma associated protein

Structural maintenance of chromosome 3

spermatid perinuclear RNA binding protein

Rho-related BTB domain containing 1, transcript variant 1
spectrin beta 3

heterogeneous nuclear ribonucleoprotein K

ATPase, H+ transporting, lysosomal accessory protein 1

retinal degeneration B beta

KIAA1009 protein

chromobox homolog 3

stress-induced phosphoprotein 1

spermidine/spermine N1-acetyl transferase 2
5-methyltetrahydrofolate-homocysteine methyltransferase reductase
lysophospholipase |

FK506 binding protein 2

GNAS complex locus

succinate dehydrogenase complex, subunit A, flavoprotein
glioma tumor suppressor candidate region gene 1

Translocase of inner mitochondrial membrane 23 homolog
hypothetical protein MGC13024

DEAH

vesicle-associated membrane protein, associated protein B and C
ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide
microtubule-associated protein 2

Cofilin, non-muscle isoform

microtubule-associated protein 1 A

methyl CpG binding protein 2
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Gria2
LOC686547
Pabpn1l
Rps6
Sipalll
LOC291964
Pkm2
Prkch
Ppmile
Grina
Myo5b
Vps35
Glt25d1
Rab43
RGD1564579
Aars
Mapre3
Pigp

Atxn2
RGD1308082
Sirtl
Myo5a
Spag7
Glp2r

H13
Appbp2
RGD1561319
Opal
RGD1562629
LOC499390
RGD1565122
Uba52
Syngrl

Dst
Septin9
Gnb1l
Becnl
Baspl
LOC362306
Olfm1
LOC680448
Kenj3
Pou4f2
Lyplal
Sec13l1
Pcdh17
Tmem30a
Slc25a4
LOC680231
Syt4

Gnao
Tmeffl
LOC688007
Ak7
Tmem50a
Tptl

Rpsdx

Glur
Akt
Pabpn1l
Rps6
Sipalll
Fhod1
Pk
Prkch
Ppmile
Glur
Myo5b
Vps35
Glt25d1
Rab43
Ypel3
Aars
Map
Pigp
Atxn2
Prelidl
Sirtl
Myo5a
Spag7
Glp2r
H13
Appbp2
Pcbp1
Opal
Nbea
LOC499390
Ttc21b
Uba52
Syngrl
Dst
Septin9
Gnbp
Becnl
Baspl
0610010123Rik
Olfm1
Pcdhgb5
Kenj3
Pou4f2
Lyplal
Sec13
Pcdh17
Tmem30a
Slc25a4
Chd9
Syt4
Gnbp
Tmeffl
LOC668652
Ak7
Tmem50a
Tptl
Rps4

glutamate receptor, ionotropic, AMPA2

TBC1 domain family member 4

poly

ribosomal protein S6

signal-induced proliferation-associated 1 like 1

FH1/FH2 domain-containing protein

pyruvate kinase, muscle

protein kinase C, eta

protein phosphatase 1E

glutamate receptor, ionotropic, N-methyl D-asparate-associated protein 1
myosin 5B

vacuolar protein sorting 35

glycosyltransferase 25 domain containing 1

Ras-related protein RAB43

yippee-like 3

alanyl-tRNA synthetase

microtubule-associated protein, RP/EB family, member 3
phosphatidylinositol glycan, class P

ataxin 2

px19-like protein

sirtuin 1

myosin Va

sperm associated antigen 7

glucagon-like peptide 2 receptor

histocompatibility 13

amyloid beta precursor protein

Po

optic atrophy 1 homolog

neurobeachin

SWAP2

tetratricopeptide repeat domain 21B

ubiquitin A-52 residue ribosomal protein fusion product 1
synaptogyrin 1

dystonin

septin 9

guanine nucleotide binding protein, beta 1

beclin 1

brain abundant, membrane attached signal protein 1
hypothetical LOC362306

olfactomedin 1

protocadherin gamma subfamily B, 5

potassium inwardly-rectifying channel, subfamily J, member 3
POU domain, class 4, transcription factor 2
lysophospholipase 1

SEC13-like 1

protocadherin 17

transmembrane protein 30A

solute carrier family 25

chromodomain helicase DNA binding protein 9
synaptotagmin IV

guanine nucleotide binding protein, alpha o
transmembrane protein with EGF-like and two follistatin-like domains 1
similar to Putative serine/threonine-protein kinase F31E3.2
adenylate kinase 7

transmembrane protein 50A

tumor protein, translationally-controlled 1

ribosomal protein S4, X-linked
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Scd2

Cdh2
RGD1565811
LOC500420
Ap2a2

Vim

Morl
OIr1273
RGD1564887
Dynll1

Rpl6

Irgm

Cacng5
Suclgl

Syt6

Usp9x
RGD1562118
Kenk9
RGD1560170
Marcksl1
Eif4a2

Boll

Atp5al
Fgfl13
LOC683125
Snrpn

LOC682988
Nefl

Mapk1
Cox5b

EF2
LOC305181
Arl6ip5
LOC691644
Ndufs6
Dpysl2

Ftl1

Atp2b2
Lhx3
LOC500054
LOC683007
Dnajc5
Kif15

Rpl23
RGD1564725
RGD1309710
Rps15

Jub

Ccdc65
Arhgef7
Pklr

H2afz
LOC286914
Cdh16

St13

Scd2
Cdh2
Pcdh10
2610029101Rik
Apc2
Vim
Mdh2
OIr1273
9130011E15Rik
Dynll1
Rpl6
Irgm
Cacng5
Suclgl
Syt6
Usp9x
Prdx2
Kenk9
Med14
Marcksl1
Eif4a2
A2bpl

Atp5al
Fgfl13
Rspa
Snrpn

Med18
Nefl
Mapk1
Cox5b

Ef2
Arl6ip5
Myh2
Ubiqgfep6
Dpysl2
Ftl1
Atp2b2
Lhx3
Potla
Mia3
Hsp40
Kif15
Rpl23
Algll
Trmtl112
Rps15
Jub
Ccdc65
Arhgef7
Pkir
H2a
Govn5
Cdh16
St13

stearoyl-Coenzyme A desaturase 2

cadherin 2

OL-protocadherin isoform

CG12279-PA

adaptor protein complex AP-2, alpha 2 subunit
vimentin

malate dehydrogenase, mitochondria

olfactory receptor 1273

9130011E15Rik protein

dynein light chain LC8-type 1

ribosomal protein L6

immunity-related GTPase family, M

calcium channel, voltage-dependent, gamma subunit 5
succinate-CoA ligase, GDP-forming, alpha subunit
synaptotagmin VI

ubiquitin specific peptidase 9, X chromosome
peroxiredoxin 2 isoform b

potassium channel, subfamily K, member 9

cofactor required for Sp1 transcriptional activation, subunit 2, 150kDa
MARCKS-like 1

eukaryotic translation initiation factor 4A2

bol, boule-like

ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit,
isoform 1

fibroblast growth factor 13

40S ribosomal protein SA

small nuclear ribonucleoprotein N

mediator of RNA polymerase Il transcription, subunit 18 homolog, transcript
variant2

neurofilament, light polypeptide

mitogen activated protein kinase 1

cytochrome c oxidase subunit Vb

Elongation factor 2

ADP-ribosylation factor-like 6 interacting protein 5
Myosin heavy chain, skeletal muscle, adult 2
NADH dehydrogenase
dihydropyrimidinase-like 2

ferritin light chain 1

ATPase, Ca++ transporting, plasma membrane 2
LIM homeobox protein 3

POT1-like telomere end-binding protein
melanoma inhibitory activity 3

Hsp40 homolog, subfamily C, member 5
kinesin family member 15

ribosomal protein L23
hypothetical protein B230397C21

RIKEN cDNA 0610038D11

ribosomal protein S15

ajuba homolog

coiled-coil domain containing 65

Rho guanine nucleotide exchange factor 7
pyruvate kinase, liver and red blood cell

H2A histone family, member Z

putative pheromone receptor

cadherin 16

suppression of tumorigenicity 13
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Atp5d Atp5d ATP synthase, H+ transporting, mitochondrial F1 complex, delta subunit
Atf3 Atf3 activating transcription factor 3

Olr259 Olfr259 olfactory receptor 259

Fmnl1l Fmnll formin-like 1

Dynclil Dynclil dynein cytoplasmic 1 intermediate chain 1

RGD1308774 | Slc25a40 mitochondrial carrier family protein

Pink background = Transcripts dendritically localized with high confidence in mouse only

Blue background = Transcripts dendritically localized with high confidence in rat only

Green background = Transcripts dendritically localized with high confidence in mouse & rat
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Chapter 4

SINGLE-CELL VARIABILITY: FICTION OR REALITY?

4.1 ABSTRACT

Even genetically identical single cells display variability in their gene
expression and their responses to external stimuli. Several potential sources
could create these variations, such as the inherent stochastic nature of biological
processes or external environmental effects, resulting in the production of unique
cell-specific proteomes. Because of the complexity of this event and its potential
significant impact on cell’'s phenotype and even on the whole organism’s
phenotype, investigation of single-cell variability and cell-specific gene
expression is becoming very popular in various disciplines. In order to
characterize the small amount of mMRNAs isolated from a single cell, the RNA
must be amplified to the appropriate concentrations for analysis with currently
available techniques.

In this study, | first validated, through a controlled single-cell dilution
experiment, the reliability of the antisense RNA amplification (aRNA) procedure,
regardless of the small amount of starting material and the number of RNA
amplification rounds. Then, the combination of microarrays and RNAseq single-
cell data from somas that were mechanically isolated from hippocampal neurons
reinforced the idea that single-cell variability is biologically real. Additional

advanced RNAseq analysis, complemented with in situ hybridization experiments,
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suggested the presence of different 3’'UTR isoforms of a given transcript between
cells and within a single cell. We hypothesize that these different transcript
isoforms could be involved in the regulation of gene expression and thus could

be major players in the foundation of cell-to-cell variability.
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4.2 INTRODUCTION

Biological data generated from tissue samples correspond to the average
of multiple-thousands of heterogeneous cell populations. Thus, transcriptome
measurement from a tissue reflects its average gene expression but cannot be
considered a reflection of the state of each individual cell [1, 2]. In many ways,
individual cells exhibit a large degree of variability. It has been proposed that this
heterogeneity could be the result of stochastic noise in the gene expression of
each individual cell. The amplitude and dynamics of gene expression are
controlled by various internal and/or external factors, such as gene regulation,
transcription rate and genetic or epigenetic factors [3]. Even in homologous
tissues or cultures, cells can exhibit different sizes, protein levels and especially
the amount of expressed mMRNA or microRNA transcripts [4-7]. Additionally,
Individual cells may differ functionally based on their localization and might
respond differently to identical stimuli [8-10]. Given the large cellular
heterogeneity of the CNS, it is clear that single-cell studies are a necessity. As
modification in gene expression via the mRNA regulation often causes changes
in protein concentrations, examination of the cell transcriptome is important to
understand cellular sensitivity to internal and external stimuli.

The aim of this study is to profile the gene expression of individual
neurons in order to investigate single-cell variability and the potential involvement

of transcriptome markers in these differences. The amount of mMRNA within a
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single cell is estimated to be between 0.1 and 1 pg, making experimental assays
challenging and therefore requiring amplification of the original single-cell sample.
Currently, the most commonly used amplification procedures are quantitative
reverse transcription (RT) followed by polymerase chain reaction (RT—-qPCR)

and amplified antisense RNA (aRNA). Variances and deviations in qPCR studies
have been reported [11, 12], as this procedure is based on exponentially
increasing the amount of nucleic acids. To overcome these issues, | used the
aRNA procedure, which is based on T7 RNA polymerase amplification, and
consequently, any skewing would be linear [13].

In this chapter, | report on three aspects of assessing single-cell
transcriptome variability. First, to benchmark the variability of our aRNA single-
cell studies | performed a control experiment to assess the variation associated
with the aRNA amplification procedure as a function of the amount of starting
material and the number of RNA amplifications. Second, using a combination of
microarrays and RNAseq, | demonstrate that variability exists in the
transcriptome across single-cell samples. Finally, | discuss preliminary results
from a collaborative study with Dr. Miler Lee, where using the data | generated,
he carried out computational analysis that suggested that individual cells might
differentially use multiple 3'UTR isoforms. We hypothesized that different 3’'UTR
isoforms may be related to subcellular localization and | tested this idea by
carrying out in situ hybridization on a small set of candidate genes using

multiply labeled 3'UTR isoform probes.
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4.3  RESULTS

4.3.1 aRNA amplification procedure shows high repeatability regardless
of the amount of starting material and the number of amplification
rounds.

In order to test the aRNA procedure, | simulated the mRNA content of a
single cell in a controlled fashion and without any potential single-cell variability
bias. My approach was based on extracting bulk mRNA from mouse cortex and
generating serial dilutions to single-cell RNA levels. | performed a “mouse-control”
experiment in which pooled mRNA from mouse cortex was diluted to single-cell
RNA levels (0.1, 1, and 10 pg) and amplified in at least 3 replicates for 2 and 4
rounds (see Materials and Methods). The final aRNA products and a sample of
non-amplified mMRNA, taken from the bulk original mouse cortex mRNA, were
assayed on the Affymetrix platform with a total of 17 arrays.

The mouse microarray data showed high correlation between all samples,
with average correlation of 0.75. Figure 4.1A-B, illustrates all of the correlations
between the 1-pg diluted sample, amplified for 4 rounds, and the other samples.
In this example, the average correlation of the samples amplified for 2 rounds is
slightly lower than the correlation of those that were amplified for 4 rounds (r =
0.70 versus 0.80, respectively). The correlation of 0.78 detected between the 1-
pg-diluted sample, amplified 4 rounds, and the original non-amplified bulk
MRNA sample (Figure 4.1A) underscores the high level of consistency and

reproducibility of this amplification technique.

190



In conclusion, from the array analysis, regardless of the small amount of
starting material and number of amplification rounds (0, 2, or 4 rounds), the
aRNA procedure is a very reliable assay to examine a biological sample with

limited starting material such as a single cell.

Figure 4.1A: Correlation between a sample of a 1-pg-dilution with 4 rounds of aRNA, on
the X-axis, and the other tested samples, on the Y-axis: No aRNA-amplified, bulk mRNA
(Plot in the top left corner) and 2 rounds of amplification with serial dilutions (0.1 pg, 1 pg

and 10 pg) (All remaining plots).
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Figure 4.1B: Correlation between a sample of a 1-pg-dilution with 4 rounds of aRNA, on
the X-axis, and the other tested samples, on the Y-axis: 4 rounds of amplification with
serial dilutions (0.1 pg, 1 pg and 10 pg).

In order to additionally validate the accuracy of the aRNA procedure, |
prepared and sequenced (RNAseq, lllumina, see Materials and Methods) a
subset (n = 7) of these mouse “control” samples. Also, to account for any
potential tissue type or species bias, | performed in parallel a similar “control”
experiment using pooled mRNA from rat hippocampus. In this later case, |
prepared and sequenced (RNAseq, Illumina) 5 “rat-control” samples (4
samples: aRNA amplified from a 1-pg hippocampal dilution and 1 sample: non-
amplified mRNA from the rat hippocampus). The RNAseq data from both rat

and mouse is currently being analyzed (Miler Lee, Ph.D.).
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4.3.2 Real biological variability exits between the transcriptome of
single-cell samples.

After we verified the accuracy of the aRNA procedure for faithfully
reproducing the mRNA population of the original sample, we used the control
data to assess the variability of the transcriptome of mechanically isolated cell
somas from hippocampal neurons in rat and mouse. Samples were collected
(n=3 cells per species) and aRNA-amplified for microarray analysis (see
Materials and Methods for more details). The overall correlation between these
different single cells was 0.56 (with an average of 0.53 between rat samples and
0.59 between mouse samples), which is approximately 25% lower than the
average correlation of 0.72 obtained in the control experiment. Figure 4.2
illustrates one example of the correlation plot between two isolated somas in rat

(r=0.47).

Figure 4.2: Correlation plot between gene expression (with a log2 scale) of two
isolated rat somas (r = 0.47).
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This outcome demonstrates that variability in RNA expression exists at the
neuronal single-cell level, as described previously by Sul J.Y. et al., 2009 [14].
Additionally, our results show no significant difference in the variability amongst
rat cells and mouse cells; that is, at this level of samples, there does not seem to
be species-specific effects for level of single-cell variability. To assess the single-
cell variability of individual genes, we computed the coefficient of variation (CV)
for each gene for our single cell samples and other control samples. The ratio of
the coefficient of variation of biological and control was computed and tested for
significant difference using a F-test. With a FDR cutoff of 5%, we found 1134
genes significantly more variable for the biological single-cell samples and no

genes that were significantly more variable in the control data (See Figure 4.3).

CV of single-cell samples

CV of control samples

Figure 4.3: Relationship between the coefficient of variation (CV) of the
biological single-cell samples and the control samples.
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We next tested the potential level of divergence in the soma transcriptome
between rat and mouse, as well as between two mouse strains (C57/BL6 and
BALB/c). With the same approach described in Chapter 2, these soma results did
not show any significant divergence either between or within species (ANOVA
with FDR < 0.1%). This outcome strengthened our previous claim in Chapter 2

that transcriptome divergence is particularly captured at the subcellular level.

4.3.3 Polyadenylation variability: a potential signature of single-cell
variability

To improve the characterization of the real biological variability detected at
the single-cell level in the microarray analysis and to explore its foundation, |
carried out single-cell RNAseq (see Materials and Methods), as this method has
been shown to provide more robust and sensitive quantification of small sample
sizes such as single cells. | mechanically isolated additional soma from rat
hippocampal primary cultures (see Material and Methods), aRNA amplified them
and prepared them for lllumina sequencing. A preliminary analysis of the
RNAseq data from these single cells by Dr. Miler Lee suggested potential for
single-cell level 3'UTR isoform variability (described briefly in this section). Based
on these findings, | carried out in situ validation experiments for 3’ UTR isoform
use (described in the next section below).

Many investigations have shown that the same genes can exhibit a large
amount of variability in their length forms and that these variances could have

broad functional impact on the cell in localization, activation of immune cell
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receptors and microRNA silencing [15-20]. Particularly in neurons, several
transcripts, such as BDNF, Gria2 or IMPAL, have been widely investigated and
demonstrated to carry different polyadenylation sites [17, 18, 21]. The resulting
various transcript isoforms with various 3'UTR lengths were shown to have a
critical functional impact on the cell. In particular, long isoforms were shown to
favor transcript localization to dendrites.

Analysis of three sequenced soma samples from the rat hippocampus

using an template end mapping strategy showed that ~60% of the genes show

3'UTR ends that are either shorter or longer than the previously annotated sites.

In many cases, a single gene showed multiple 3'UTR isoforms. The different
sequence alignment patterns, by read depth, are illustrated in Figure 4.4

(reproduced with Dr. Lee’s permission).
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Figure 4.4: RNAseq read depth for 3 single cells showing transcripts with
sequence alignment downstream the annotated Refseq boundary. (Scale: Blue
(low) to Yellow (high) number of reads).

This finding suggested that within a cell, some transcripts could have
different polyadenylation sites in their 3'UTR region and therefore exist in
different lengths. The proportion of these transcripts’ isoforms is also variable
between cells, as 39% of genes vary in expression by at least 32-fold between
any two somas, suggesting that there may be cell-to-cell variability in 3'UTR use

(Figure 4.5; reproduced with Dr. Lee’s permission). Figure 4.5A illustrates the
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case of a transcript, the protein tyrosine phosphatase non-receptor type 2
(Ptpn2), showing consistent RNAseq read depths between 3 somas, which
implies a single form of this transcript between cells. Figure 4.5B illustrates the
case of another transcript, the zinc finger protein 148 (Zfp148), showing different
levels of RNAseq read depths within and between 3 somas (Figure 4.5B), which
in this case, implies different transcript length forms within and between cells.
The transcription factor Zfp148 was shown in recent investigations [22, 23] to
regulate certain events in development via transcriptional repression. We
speculate that the existence of different isoforms of this transcript might play an
important role in its complex regulatory functions.

Further computational and functional experiments are necessary to
validate this idea and to validate that the transcripts detected here with different

ends are due to real biology and are not sequencing artifacts.

A- B-
NM_031615 -- Zfp148 NM_053990 — Ptpn2
soma 1D B BB soma 1 [
soma 2 N soma2 [ N
soma 3 [ W soma s [ N
-2600 (-) +2.000 nts .2%00 . (:J . +2E)oo nts

Figure 4.5A-B: lllustration, for a given transcript, of the different patterns of
RNAseq reads detected within and between cells (Scale: Blue (low) to Yellow
(high) number of reads)

Why do some transcripts carry certain isoforms but not others? The

answer to this question could come from various sources. A preliminary way to
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address the question could be based on the functional differences between the
genes with various isoforms and those without. Indeed, a GO enrichment
search showed that the genes with the most variable length forms had ion
channel, ion binding, zinc finger protein and protein kinase functions. All of
these are critical functions for neurons’ excitability, rapid response to stimuli and
establishment of synaptic plasticity. Conversely, the least variable genes
showed a particular enrichment in mitochondrion, respiration and protein

catabolism functions, which are more “housekeeping” functions.

4.3.4 In situ experiments toward validating the role of 3’UTR in single-
cell variability

| performed in situ hybridization on selected candidate genes (Adcy5,
CamK2a, CamK2d, Gabra4, Kcnal, Kcnd2, MAP2, Foxpl, Ufm1, Prkcz, Arfrpl
and Rab21) that are likely to possess several 3'UTR forms using differentially
labeled probes for the canonical and long isoform (Alexa Fluor dyes 568 and 647,
respectively. See Materials and Methods for more details). Based on the raw
data, without any image processing, the in situ hybridization supports the co-
existence of several length forms of a given transcript via a length variation in the
3'UTR region. This case is illustrated in the in situ hybridization of the Ufm1
transcript in Figure 4.6. A basic visual inspection of the cells labeled against the
canonical and long 3'UTR forms, clearly finds the presence of both forms of

transcripts in neuronal soma (Figure 4.6A). Additionally, overlaying the images of
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these probes seems to suggest that these transcripts are differentially distributed

within a cell (Figure 4.6B, C1 and C2).

Figure 4.6: In situ hybridization reveals the existence of different 3'UTR length forms for
a given transcript in a single cell and with different isoforms proportions between cells.

Fluorescent Microscopy evaluation of biotin-conjugated oligoprobes (against Long 3'UTR form)
and DIG-conjugated oligoprobes (against canonical 3'UTR) on paraformaldehyde fixed 14-day
cultured rat hippocampal neurons. The hybridized biotin-conjugated oligoprobes were detected
with Alexa568 and the DIG-conjugated probes with Alexa 647. (A), 4 different images section
representing DAPI nuclear stain, Map2 as a reference for neuronal cells and their dendritic
architecture, Probel against the longer 3'UTR isoform of the Ubiquitin-fold modifierl gene (Ufm1)
and Probe2 against the canonical 3'UTR of Ufm1 ; (B), Overlay of the Probe 1 and 2; (C), C1 and
C2 Zoom-in on cells taken from panel (B)
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Figure 4.7 provides a quantified example (by pixel intensity) contrasting a
cell with two transcript isoforms (Figures 4.7-A1 and 4.7-B1) and a control cell

(Figures 4.7-A2 and 4.7-B2), especially in relation to the nucleus (DAPI staining).

Figure 4.7: In situ hybridization highlights differences between control sample
and sample having transcript with different isoforms for 3'UTR length.

Fluorescent Microscopy evaluation of biotin-conjugated oligoprobes (against either exonic region
or Long 3'UTR form) and DIG-conjugated oligoprobes (against canonical 3'UTR) on
paraformaldehyde fixed 14-day cultured rat hippocampal neurons. The hybridized biotin-
conjugated oligoprobes were detected with Alexa568 and the DIG-conjugated probes with
Alexa647. The bottom left panels correspond to MAP2 staining for neurons architecture.

(A-1), Cell representing the overlay of Probel against the longer 3'UTR isoform of the Ubiquitin-
fold modifierl gene (Ufm1) and Probe2 against the canonical 3'UTR of Ufm1

(A-2), Cell representing the overlay of Probel against the exonic region of Eukaryotic translation
initiation factor 1b (Eiflb) transcript and Probe2 against the canonical 3'UTR of Eiflb

(B-1), Trace of pixel intensity throughout the cell soma in A-2. The white arrows highlight areas
with different distribution of the transcript labeled with probes 1 and 2.

(B-2), Trace of pixel intensity throughout the cell soma in A-1. The white arrows highlight areas
with similar distribution of the transcript labeled with probes 1 and 2.

The tracing was done on the area marked by the orange arrow (30um distance) via ZEN software,
Zeiss Inc.
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As a preliminary investigation | quantified the in situ hybridization signal
intensity of four candidate genes (Rab21, Foxp1, Prkc7 and Ufm1l). The
guantification was done on at least 6 cells per image using the same approach
illustrated in Figure 4.7. These results confirmed the presence of different
transcript isoforms and suggested a differential distribution of these within and
between cells, except for the controls (Eiflb and Cog3), in which a much more
consistent distribution was observed between the labeled canonical 3'UTR and
the exonic region (Figure 4.7 B2). These preliminary investigations seem
promising.

Within the current data set, | was not able to verify differential expression
of the isoforms at the single cell level. This may be due to sample size or due to
hybridization specificity of the probes. Clearly, new RNAseq data performed on
more soma samples (total n = 10), together with more controlled in situ
hybridization image processing and analysis, will provide a more robust support
of our observations and will allow a better grasp of the reasons behind single-cell

variability and their potential impact on cellular function and phenotype.
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4.4 DISCUSSION

Uncovering the mechanisms involved in transcript regulation and the
control of RNA dynamics of the cell are fundamental aspects that are necessary
for a better understanding of single-cell biology. In quantitative single-cell studies,
the low amount of nucleic acids recovered could be a critical limiting factor. It has
not been clearly established if the variability in the outcome of these studies is
due to real biological effects or experimental variations that might occur during
the RNA amplification procedure.

In this study, | assayed, using microarray platforms, the mRNA level from
single-cell diluted, aRNA-amplified samples, as well as from the original bulk
MRNA source. The high correlation in gene expression recovered between the
different samples verified that the aRNA amplification procedure is reliable,
regardless of the small amount of starting material and number of amplification
rounds. Thus, using this non-biased amplification procedure, | showed, through
single-cell microarray data, a clear pattern of cell-to-cell variability between
neuronal somas. This variability was investigated further through a preliminary
analysis of RNAseq data from 3 rat hippocampal somas (in collaboration with
Miler Lee, Ph.D.). This analysis, supported by additional in situ hybridization
experiments, highlighted the presence of different isoforms of a given transcript
between cells and within a single cell.

Isoform ratio variability can originate from multiple sources. The ones

recovered in this study are most likely due to different polyadenylation sites as
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the variability in transcript size reported here was mainly based on differential
read depths beyond the canonical annotated 3'UTR region. Several previous
investigations have revealed that a wide variability exists in gene length forms
and showed the functional relevance of this variability. Recently, An and
colleagues have shown that in hippocampal neurons, BDNF transcripts with short
3'UTR transcripts are specifically restricted to the cell soma while the long 3'UTR
transcripts are specifically targeted to dendrites where they regulate dendritic
spine morphology [17]. Also, long 3'UTR transcript isoforms could be involved in
the translational silencing [21] of some genes, such as the AMPA receptor
subunit 2 (Gria2, GluR?2). This silencing could potentially be achieved through
microRNA interactions. In fact, this idea was supported by the finding that some
MRNA with short 3'UTR regions that do not contain microRNA target sites exhibit
an increased level of expression in T-lymphocytes upon activation of the T-cell
antigen receptor [15], whereas the long 3'UTR transcripts were associated with
lower levels of expression.

Future RNAseq analysis on a larger number of soma samples, together
with more advanced in situ hybridization experiments, should allow a better
understanding of single-cell variability. Particularly, these larger datasets will
demonstrate more accurately the spatial and temporal organization of transcript
isoforms and will clarify if these are only part of a transitory state of the cell.
Finally this diversity in 3' UTR length may be the basis of regulation of mMRNA

turnover, translation and subcellular localization by cells, yielding different
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phenotypes for the same protein product. Thus, alternative 3'UTR lengths within

transcripts could be the signature of unique cell identities.

4.5 MATERIALS AND METHODS

Sample collection for transcriptome analysis

Hippocampi primary cultures from mouse E18 (C57BL/6 and BALB/c strains,
Charles River Laboratories, Inc.) and rat E19 (Sprague-Dawley Charles River
Laboratories, Inc.) were plated at 100,000 per ml in neurobasal medium
(Invitrogen) with B-27 supplement (Sigma) on 12-mm round German Spiegelglas
coverslips (Bellco Glass) and grown for 14 days [24]. Mouse and rat embryonic
samples used for primary cultures were developmentally matched based on the
protocol provided by Charles River Laboratories

(http://www.criver.com/SiteCollectionDocuments/rm rm d pregnant rodent.pdf).

These primary cultures allowed 3 single-cell collections from each species. For
microarray analysis, 3 somas were isolated from each of these species: C57BL/6
and BALB/c mice strains and Sprague-Dawley rat. For RNAseq analysis, a total
of 7 somas were collected (3 and 4 somas extracted from 2 different animal

neurons culture dates) from Sprague-Dawley rat.

RNA isolation and microarrays
All samples were assessed through standard aRNA amplification methods, as
described previously [25, 26]. After 2 rounds of amplification, a final aRNA

amplification was performed with the Ambion lllumina TotalPrep RNA
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Amplification kit with an incubation time of 14 h. The integrity of these amplified
aRNAs was evaluated with an Agilent Technologies 2100 Bioanalyzer and RNA
Nano LabChip. For Affymetrix Rat 230 2.0 and Mouse 430.2 analysis, 5ug of

each aRNA was used.

In situ hybridization and imaging

DNA-oligomer probes, with a total of 25 bp length, designed to target the
canonical 3'UTR region were biotin-labeled in their 5’end region (Sigma-
Genosys®), and other DNA-oligomer probes, with also a total of 25 bp length,
designed to target the corresponding long 3'UTR region were either conjugated
with Digoxigenin (DIG) or Cy5 in their 5’end region (Integrated DNA Technology,
IDT®), (Figure 4.8). Additionally, 2 control probes for eukaryotic translation
initiation factor 1b, Eiflb and Coenzyme Q3 homolog methyltransferase, Coq3
gene were designed to target the exon region and were conjugated with
Digoxigenin (DIG) in their 5'end region (IDT®). The identity of the transcripts
assayed and their probe sequence are listed in Table 4.1. 14 day-old primary rat
hippocampal neurons were fixed for 15 minutes in 4% paraformaldehyde,
washed in 1X PBS and permeabilized with 0.2% Triton X-100 for 10 min at room
temperature (RT). Cells were prehybridized at 36°C with 50% formamide, 1X
Denhardt’s solution, 4X SSC, 10 mM DTT, 0.1% CHAPS, 0.1% Tween-20, 500
Mg/ml yeast tRNA and 500 pg/ml salmon sperm DNA. In situ hybridization was
performed for 16 h at 42°C with 15 ng/ul probe in prehybridization buffer. After

probe hybridization, rabbit anti-MAP2 primary antibody (1:1000) and mouse anti-
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DIG (1:200) or mouse anti-Cy5 (1:50) were added to cells for 1 h at RT, followed
by addition of secondary antibodies, Alexa 488 goat anti-rabbit antibody (1:750),
Alexa 647 goat anti-mouse antibody (1:750) and Alexa 568 streptavidin-
conjugated (1:750), for 1 h at RT. The co-staining for MAP2 was performed for
two main reasons: First, MAP2 is known to be a marker for dendrites, second
MAP2 is conserved in mammals and its expression is known to coincide with the
maturation of neuronal morphology, and thus could be used as reference
baseline for the maturity of both rat and mouse neurons fixed after 14 days in
culture [27-29]. DAPI staining was performed before mounting the slides. The
samples were visualized by confocal microscopy (Zeiss Inc., 710 meta, 40x
objective with 12 Z-stack layers of 0.25 ym). The collected images were not
processed at this point. The raw images presented in this chapter correspond to

the overlay of the Z-stack sections.
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Figure 4.8: Schematic view of the regions targeted by the DNA oligo-probes

designed to investigate transcript isoforms.

Table 4.1 List of transcripts investigated by in situ hybridization

Probe for 3’'UTR

Sequence (5'-3")

AdCy5-Long
CamK?2a-Long
CamkK2d-Long
Gabra4-Long
Kcnal-Long
Kcnd2-Long
MAP2-Long
Foxpl-Long
Ufml-Long
Prkcz-Long
Arfrpl-Long
Rab21-Long
Cog3-Long
Eiflb-Long
AdCy5-Canonical
CamkK?2a-Canonical
CamkK2d-Canonical
Gabra4-Canonical
Kcnal-Canonical
Kcnd2-Canonical
MAP2-Canonical
Foxpl-Canonical
Ufm1-Canonical
Prkcz-Canonical
Arfrpl-Canonical
Rab21-Canonical
Cog3-Exon
Eiflb-Exon

CCATGGGAAATCATAATTGTATCAT
AAACACCAAGAATAAAACAGACGTC
CTCACATCTTAGTGCAGAAGACAAA
AGATTCTTTCTATAAGATGGGCGTT
CTTTCTCAGCATGCGATTATAAAAT
TCAGTCACCACCAACACAGTATATT
CAATCTACATGTCCAGGCTAAAACT
CCTGAGGTCAGAACTTAAAATGGT
AAAGGCAGAATGGAAGAAATTTAAT
TGAAGTGTGTCCATATTCAATAGGA
AATTGAGTAAAGATGGCCAGAAAG
TCCAATGAGGAAAGTATGTTTCCTA
TCCTCAGCGCTTTCTCATTT
GGAAACATGTCAGGACGGAC
ATATTTTCTTTTGCTCAGAGCCACT
GTAGGGTGATAGGACAGGGAGAAT
CATGGTAAGATGACGTGTCACATAT
AATGTGACTGGAAAGAGAATACGAG
GTTTCTCGGTGGTAGAAATAGTTGA
TGAAAAGGTAGCAAGACTTTTCACT
TTACTACAGTTGGGGGATGAGATTA
GTTGGCTGTTGTCACTAAGGACAG
ATTCCATAATTCAATGTTTGGTTTT
GACACAAGAGATTGCTCTGTCTAGA
GTACGACACACTTCACCATCCATT
CAAAAACAAAAACAGTATGCTGTTT
GCAAACTTCCCTTGCTCATC
TGGAGGTTCTGGATAGTGGA

Probes were designed to track transcripts with the long, downstream 3'UTR form

(Labeled with Biotin, Red); and to track transcripts with the canonical 3'UTR
(Labeled with either Cy5, Blue, or DIG, Green). Two controls (Cog3 and Eiflb)

were designed as a baseline for tracking 2 different regions of a single transcript
isoform: exon region and canonical 3'UTR.
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Control Experiment

Adult female mouse brain cortex (C57BL/6, Charles River Laboratories, Inc.) was
isolated and stored immediately at -80°C. Subsequently, the mRNA (15 ug) was
isolated using TRIzol Reagent and a MicroFastTrack 2.0 Kit (Invitrogen). A
sample of 5 uyg was assessed on the Affymetrix Mouse 430.2 array. Aliquots from
the same cortical MRNA were diluted to single-cell RNA levels (0.1, 1 and 10 pg)
and independently amplified, as described above, for a total of 2 and 4 rounds
and assessed on Affymetrix Mouse 430.2 arrays.

Rat brain hippocampus (Sprague-Dawley Charles River Laboratories, Inc.) was
isolated and stored immediately at -80°C. Subsequently, the mRNA (15 ug) was
isolated using TRIzol Reagent and a MicroFastTrack 2.0 Kit (Invitrogen).

As in the mouse control experiment, the samples prepared for RNAseq came
form either the original bulk mMRNA or from diluted samples of 0.1, 1 and 10 pg
(total n = 7). These samples, except for the bulk sample, were aRNA-amplified

twice before the RNAseq library construction.

Single-cell transcriptome paired-end sequencing (RNAseq)

The paired-end RNA library was compiled with an lllumina Paired-End DNA
Sample Prep Kit (lllumina, San Diego, CA), following the manufacturer's
instructions. In brief, double-stranded cDNA was synthesized from
polyadenylated RNA and sheared. The approximately 200 base-pair fraction was

isolated and amplified with ten cycles of PCR using the Illumina Genome
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Analyser paired-end library protocol (lllumina). The resulting libraries were then
sequenced on an lllumina Genome Analyzer Il, following the manufacturer's

instructions (lllumina Inc., San Diego, CA).

Computational Analysis of Single-Cell Transcriptome.

Array quantification

The expression intensities of the probes were summarized using the upper decile
statistic with Affymetrix RMA 2.0 methods [14, 30]. All of the arrays were median-
centered and scaled by the range of expression values between the 10™ and the

90" percentile in each array.

Alignment of lllumina sequencing reads to rat genes

Specific read coverage for the 3 rat single cells sequenced via a paired-end was
performed using Bowtie [31], version 0.9.8, using the default parameters for the
rat genome v. 3.4 [32].

Paired-end reads were used to define high-confidence regions present in the
transcriptome samples, while additional read coverage from unpaired single
reads was used to augment the transcriptome maps to mitigate reduced
sensitivity from the paired-end analysis on shorter features and lower-complexity

sequences [31].
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Chapter 5

SUMMARY OF RESULTS, CONCLUSIONS & IMPLICATIONS

5.1 SUMMARY OF RESULTS AND CONCLUSIONS

Throughout the course of the past chapters, by combining both
computational and experimental biology, | have described hundreds of common,
as well as different, mMRNAs localized to rat and mouse dendrites. | showed that
a significant difference exists in gene expression in the common subcellularly
localized transcripts. | presented evidence that this localization might mediated
by post-transcriptional regulatory events, most likely involving complex
interactions between cis and trans elements, such as retained intron ID elements,
embedded AU rich repeats in the 3'UTR and potential interactions with RBPs and
microRNAs. These elements could be acting via common as well as species-
specific mechanisms and potentially in a transcript-specific fashion.

First, in chapter 2, the data analysis of microarrays on a collection of
isolated dendrites and cell soma from single mouse and rat neurons (in
collaboration with Shreedhar Natarajan, Ph.D.) identified more than a thousand
MRNAS localized in dendrites. We reported that 43.5% of the orthologous
dendritic transcripts between the rat and mouse showed significantly different

expression at an FDR correction of 0.1%. In the top 5% of the dendritically
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expressed genes in rat and mouse, the overlap of common transcripts was
smaller than expected, with only 19% common compared to 66% common
transcripts in the top 5% of CNS and non-CNS tissues. Our analysis showed that
the dendritic transcriptome of rats and mice are significantly more divergent than
other homologous tissues. Furthermore, we found that the intron-retained cis
elements, called ID elements, are significantly prevalent in rat and mouse
dendrite-localized transcripts. Our findings support the functional implication of 1D
elements in transcript localization as reported in rat by Buckley et al. [1] and
highlight an additional evolutionary aspect as the main functionality of these
retrotransposons seems conserved between rat and mouse.

Second, in chapter 3, | comprehensively determined, via large scale in situ
hybridization, the spatial pattern of RNA dendritic localization along with species
differences. | conducted this study using a curated list of the 400 most
representative dendrite-specific genes in rat and mouse taken from our previous
microarrays analysis (Chapter 2). This study not only highlighted that subcellular
localization of specific transcripts occurs in a species-specific fashion but also
underscored differences in transcript coverage within the primary, secondary and
tertiary dendritic branches. The functional classification of the dendritic
transcripts highlighted their wide implications in common as well as species-
specific cellular functions. This investigation uncovered cis and trans elements
with possible implications in either transcript localization and/or gene expression
regulation. Similar to our previous dendrite transcriptome array analysis, | found

a high incidence of the intron-retained ID-elements in both rat and mouse.
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Additionally, a search for sequence motifs showed a significantly high frequency
of the 3'UTR AU-rich repeated elements involved in transcripts stability. Our
study also provided a connection to diverse RNA binding proteins and
microRNAs that could potentially be involved in mRNA targeting and post-
transcriptional regulation via either common or species-specific mechanisms.
These are likely to play a major role in the proper development and evolution of
complex nervous systems. All data from this study has been compiled in a

dendritic mMRNA localization database (http://kim.bio.upenn.edu/insitu/public/),

which could become a potential public resource and serve as a guide for a broad
variety of future investigations that could impact a wide variety of biological fields.
The multi-level approaches | took in the major part of this study (Chapters
2 and 3) to assess the transcriptome in rat and mouse dendrites provided
interesting and important new insights, all pointing toward the same main
conclusion that subcellular localization of specific transcripts can occur in a
species-specific fashion. This diversity in transcript subcellular localization
detected in these two closely related species might play a role in their
established differences in cognitive features [2-4]. This study supports our idea
that evolution of behavior phenotypes might be linked to the evolution of
subcellular localization of transcripts. Therefore, a greater understanding of the
evolution of transcript regulation and localization may provide new insights into
key genes that are likely to be relevant in the evolution and diversification of
phenotypes. Another critical feature highlighted in our study (Chapter 2) is that

transcriptome differences between species are more discernable at the single
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cell and at subcellular dendrite level compared to the whole tissue level. This
observation underscored the importance of single cell studies when investigating
gene expression regulation, particularly in the brain, where a large degree of
cellular heterogeneity exists.

Finally, in the context listed above, | devoted the last chapter (Chapter 4)
to the inspection of single cell variability. | first verified the consistency of the
aRNA amplification procedure regardless of the small amount of starting material
and the numbers of rounds of amplifications. Then, using microarrays and
RNAseq on isolated hippocampal neuron somas, | validated the biological
variability of the transcriptome across single cell samples and investigated its
basis (with the collaboration of Miler Lee, Ph.D.). Preliminary results suggested
that individual cells might differentially use multiple 3'UTR isoforms. In situ
hybridization experiments carried out on candidate genes using different labeled
3'UTR isoform probes supported this idea. This preliminary study supported the
need for single cell analysis to allow a high-resolution clarification of the
mechanisms of post-transcriptional regulation. Subsequent analysis on a larger
sample size is expected to provide more accuracy on the spatial and temporal
organization of transcripts isoforms. It will also further explore the contributions of

varying 3'UTR length towards the establishment of a cell’s unique identity.

5.2 IMPLICATIONS AND FUTURE DIRECTIONS

The results of our comparative analysis on transcript subcellular
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localization in mouse and rat neurons suggest several interesting hypothesis with
respect to mechanisms of dendritic RNA localization and potential implications in
dendritic molecular physiology. Here, | will review some of the main future

directions that | believe could be interesting for continued exploration.

5.2.1 Implications and future directions in neuronal molecular functions

The presence of mMRNAs in dendrites offers a mechanism for synthesizing
the appropriate proteins at the right place and time in response to local
extracellular stimuli. This localized translation was shown through a wide variety
of studies to be important for synaptogenesis and synaptic plasticity [5, 6].
Comparing and contrasting these studies between different species might allow a
better understanding of how these mechanisms are regulated and the key
players involved. Many questions could be investigated or arise from these
comparative studies. Will an extracellular stimulus generate a similar response in
rat and mouse orthologous transcripts in dendrites? If so, will this response be
universal between different species? In chapters 2 and 3, | reported species
differences in dendritic gene expression of members of multi-gene families. For
instance, within the vesicular trafficking RAB family, RAB3 and RAB10 were
mainly expressed in the mouse dendritic transcripts while RAB1, 8, 15 and 21
mainly expressed in the rat dendritic transcripts. Similarly the motor protein
genes Kinesin and Myosin, where Kinesin 17 and Myosin 5a were highly

expressed in mouse dendrites but low in rat, and inversely Kinesin 15 and
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Myosin 5b were highly expressed in rat dendrites and low in mouse. A possible
future experiment would be to directly compare the expression of theses genes in
both species via quantitative PCR. One could also use siRNA silencing to
investigate the effect of silencing some of these transcripts in one species versus
the other. For example, one would expect that the silencing of Myosin 5a would
have a more detrimental effect on mouse neurons function compared to rat and
inversely when Myosin 5b are silenced, this would have a more detrimental effect
on rat neurons function compared to mouse.

Additionally, understanding the level of conservation of the mechanisms
of gene expression regulation could imply their level of functional relevance.
Thus, the more a mechanism is conserved the more critical it could be for the cell
proper functioning. For instance, this concept could be tested by investigating the
knockout effect, in both mouse and rat, of some evolutionary conserved dendritic
transcripts reported in this study such as the plasma membrane calcium-
transporting ATPase 2 (Atp2b2) shown to be targeted similarly in both rodent
(illustrated in Figure 3.8, with similar Dendrite/Soma ratio of 0.09 in rat and
mouse). The answers to these questions could provide crucial information on the
mechanisms of long-term synaptic plasticity.

Several studies have shown that an elevated calcium concentration in
dendrites [7], induced either by neurotropins or synaptic stimulation, could lead to
the stabilization of certain localized mRNAs and thereby enhance their translation
and potentially impact neuronal plasticity [8, 9]. Based on the differences

described in rat and mouse transcriptomes in our study, particularly for the
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calcium channel transcripts Cacnala and Cacnalg (t-test FDR <0.0005, Table
2.S1) one could wonder if a calcium increase, or any other synaptic stimulation
reagent, could generate a similar outcome on rat and mouse neurons.
Understanding these differences could shed light on key regulatory mechanisms
in synaptic plasticity and more general brain functions.

Both our microarrays and in situ hybridization studies were carried out in
neurons from areas in the brain known to be the very active in learning and
memory (i.e. hippocampus and cortex). It would be very interesting to determine
if similar species-divergence in patterns of localization are observed in areas of
the brain less involved in memory formation such as the hypothalamus. For
instance, if no species divergence is detected in the transcriptome of the
hypothalamic region, one could speculate that species-specific subcellular
localization is functionally meaningful particularly in the context of learning and
memory formation and this could be a factor that differentiates cognitive feature
in higher order brains. It should be noted that the transcriptome level does not
necessarily reflect the proteome level, which reproduces more closely the
physiological state of a sample. However, correlation as high as 0.75 has been
reported between the proteome and transcriptome state [10] and the
phenomenon of dendritic localization itself suggests a functional significance to
levels of dendritic RNA.

The different cis-motifs (ID elements, ARE4, CpG) and trans-factors (RNA
binding proteins, RBPs and microRNAS) reported in our study could act more or

less simultaneously and in a cooperative fashion toward regulating mRNA
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expression in dendrites. This might be the case for the miRNAs miR-9 and miR-
134 that could be acting jointly with the RBPs ZFP36, ELAVL2 and SFRS1 to
regulate the gene expression of the dendritically localized Sirtuinl mRNA (Sirtl)
(as shown in Tables 3.14 and 3.15) [11, 12]. These potential interactions could
potentially occur thanks to the presence, within the Sirtl transcripts, of
complementary cis-motifs including the AU-rich elements (ARE4). Future
investigations on transcripts like Sirtl could be focused on understanding how
these complex events are orchestrated and interact with each other. For instance,
future studies could search for co-localization via in situ hybridization using
simultaneous labeling for the transcripts and the RBPs of interest. In addition,
the application of the PAIR technology [13] could be used to uncover all RBPs
that may be interacting with each other. Also, directed mutagenesis or knock-out
(KO) experiments toward a transcript known to localize in dendrites or toward a
RBP gene, might have a different outcome depending on the species and could
result in two different phenotypes. These potential species-specific results might
uncover novel pleiotropic functions of genes previously unreported

Are dendritic mRNA populations always the same or are they actively
changing depending on the growth stage or the activation state of the neuron? Is
there a portion that is consistently localized to dendrites that serve as
“housekeeping” genes in dendrites regardless of the cell state and the species
(i.e. conserved at all stages and throughout the evolution of organisms)? If so,
what is the identity and functionality of these genes? Comparative dendrite

transcriptomic experiments, via RNAseq or even microarrays, on different
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species and using neurons from several developmental stages (such as embryos,
postnatal and adult) should clarify the answers to these questions.

| reported in the in situ hybridization study (Chapter 3), that several
MiRNAs could have either single or multiple gene targets. The synergetic effects
of miRNA functions in the brain are poorly understood and represent an
understudied area. A future investigation could be to address the complex
MiRNA-mRNA interactions that could play a role in neurodevelopment. We could
hypothesize that certain miRNAs may function together to regulate the
expression of a gene during neurogenesis or LTP. This might be the instance of
Synaptotagmin 4 (Syt4), important for calcium exocytosis that seemed to be
linked to 66 different miRNAs (listed in Table 3.15). In order to test this
hypothesis, one could combine computational investigations to uncover the

identity of the multiple miRNAs together with SiRNA silencing experiments.

5.2.2 Implications and future directions in disease

Two major outcomes emerged from our investigations: The first one
showed the divergence in subcellular localization in neurons of two closely
related species. The second highlighted single cell variability in the transcriptome.
Both results are critical factors to account for when investigating a disease.

Rat and mouse are the two major model organisms used when
investigating a behavioral response, learning and memory, neurological diseases

and responses to drugs. But is there a rationale behind the choice of one
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organism versus the other? Is this choice guided by pure practicability as it is
much more challenging to knockout a gene in a rat compared with a mouse? Our
study urges the need to carefully choose the animal model depending on the aim
of the study. Indeed this choice is critical for better understanding a disease, a
behavior, or a given biological question. For instance a recent study on kinases
involved in anti-viral and cancer chemotherapy [14] was performed in several
tissues of rat and mouse and showed clear differences (2-10 folds) between rat
and mouse enzymatic activities. This study highlighted the importance of
cautiously selecting animal models for drug discovery and analysis of side effects.
Furthermore, as demonstrated in Chapter 4, single cell analysis could indicate
important aspects of transcriptional regulation. Indeed, random fluctuations can
cause genetically identical cells to vary resulting in a population of cells with the
same genome to have unique proteomes. Small differences in protein
abundance may confer a fithess advantage or disadvantage to the cell.
Cell-to-cell variability could explain many biological processes such as cell
variation in allelic penetrance, responsiveness to stimuli, disease outcome and
drugs sensitivity [15, 16]. For instance cell variability has important roles in
mammalian cells, such as affecting the outcome of stem-cell differentiation, the
latency period of viruses, T-cell activation and the tolerance of cancer cells to
chemotherapy [17]. Neurodegenerative diseases, such as Alzheimer Disease
(AD), typically affect subpopulations of neurons often lying in close proximity to
other neurons unaffected by the disease. Characterizing these diseased cells

and identifying the factors that weaken them and make them susceptible to
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damage is essential to uncovering the molecular events that underlie
neurodegenerative diseases.

A specific feature that arose from our preliminary RNAseq analysis on
single cells highlighted the presence of different 3'UTR isoform lengths for some
transcripts that could have a functional effect on the cell’'s phenotype. In fact
MRNA isoforms could have different and antagonistic cellular roles resulting in
functional consequences from transcriptional variability. Along these lines, one
could speculate that, with time and as single cells accumulate more and more
variation in the isoform ratio of some transcripts, a new cellular phenotypic could
emerge, resulting in the creation of a new disease phenotypic that was not
detectable at earlier stages of life. Thus, susceptibility to a disease might simply
be the result of a shift in these isoform ratios of a gene. This principle could
potentially be involved in the manifestation of complex neurological disorders
such as autism, schizophrenia and depression. A recent investigation linking
variation in the 3'UTR of MECP2 and autism support our hypothesis stated
above [18]. Other studies have associated different isoforms of BDNF transcripts
with schizophrenia and epilepsy, providing additional support to our postulation
[19, 20]. The use of single cell MRNA amplification techniques such as the aRNA
procedure is fundamental in this line of investigation. Future single cell ‘omics’
investigations combining RNAseq, large scale in vitro and in vivo in situ
hybridization experiments and advanced computational modeling (such as the
use of machine learning), might reveal interesting results. Ultimately, variability

within single cells might point toward a wide variety of astonishing discoveries.
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5.2.3 Implications and future directions in brain’s development

Both our microarrays and in situ hybridization studies were carried out in
14-day old neuron primary cultures known to correspond to fully mature neurons
[21, 22]. However, the exact developmental stage of disassociated neurons and
also their ex-vivo maturation is uncertain. This suggests that future investigations
on the role of developmental factors in dendritic transcriptome based on
comparing gene expression in developing neurons and brain tissues within and
between species could be of interest. Several previous studies, performed within
a species and based either on RT-PCR, microarrays or RNAseq, have shown
developmental differences in the expression of thousands of genes, including
many transcription factors [23-25]. Some genes were found selectively
expressed at certain stages. For instance in the cerebellum, a helix-loop-helix
transcription factor Mthl is essential for embryogenesis of granule cells [26] and
the sonic hedgehog pathway is more involved in postnatal granule cell
proliferation [27]; in the cortex, neurogenesis-related genes, such as Sox4,
Sox11, and zinc-finger proteins genes, were more highly expressed in mouse
embryos (E18) than in postnatal (P7). However, the temporal changes in
subcellular transcriptomes and their regulation are unknown. Future studies
could be designed either based on different ages of primary neurons cultures
such as culture days 7, 14 and 21 or based on different brain tissue age such as

E18, P7, P14 and P21. Other factors that could be added in this comparative
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study would be the inclusion of several types of brain tissues sources such as
hippocampus, cortex, hypothalamus and cerebellum. The outcome of this large-
scale analysis would allow us to develop a developmental picture of subcellular

RNA processes and also examine their evolutionary differences.

5.2.4 Implications and future directions in brain’s evolution

The brain is one the most distinguishing and intriguing organ in mammals.
Understanding the evolution of the nervous system is paramount toward
understanding brain functionality and diversity. Most investigations done on the
brain of the rat or mouse are directed towards revealing mechanisms of brain
function and dysfunction that relate to human mental disease or disorders. One
potential problem with this bias is that we do not appear to understand, or
recognize, the differences in rodent and human brains resulting from the
evolutionary processes leading to the existing diverse phenotype in these
species. Is it then appropriate to routinely extrapolate findings from laboratory
rodent brains to humans?

In this view, more than two decades ago, a study highlighted that the use
of animal models in investigating disorders of dopaminergic transmission in
humans, such as Parkinson's disease, is erroneous as the morphological and
electrophysiological properties of dopaminergic neurons are very different from
rodents to monkeys and humans [28]. Another recent example of the potential

problem of applying animal model studies to humans was the finding that
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extended sleep deprivation is lethal to rats [29]. In contrast subsequent studies
found different physiological responses and no lethal effect in response to sleep
deprivation in humans and many other animals, including the closely related
mouse (reviewed in [30]).

Comparative neuroscience studies have clearly enhanced tremendously
our understanding of the basic structure, function and dysfunction of the nervous
system and increased our knowledge of the evolution and function of the human
brain. These studies started more than a century ago thanks to the work of Hall
(1833) [31] and Cajal (1888) [32] and are even more powerful today due to the
advance of high-throughput technologies and database generation.

Current investigations of the 3'UTR region of transcripts provide a good
illustration of the importance of comparative evolutionary studies. Various studies
have shown that the 3'UTR region is involved in coordinating the targeting to
dendrites and gene expression regulation of several transcripts [33-38] in various
organisms such as Drosophila, Aplysia, mouse or rat (see Table 1.1 for more
details and references). Likewise, the importance of this region was highlighted in
our rat and mouse in situ hybridization study (Chapter 2). As our investigation
suggested common as well as different RBPs targeting the 3'UTR region of
transcripts in rat and mouse, this outcome suggested that the functionality of the
3'UTR region might also be influenced by a species-specific effect. Indeed, a
recent multi-species comparative analysis performed using the UTR database
showed that, in most vertebrates, 3'UTRs are longer than their 5’ counterparts

[39, 40]. Thus, even if no functional studies were carried out yet in this region in
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primates or human, this evolutionary expansion of the 3'UTR region suggests
that it might be involved in translational regulation in higher vertebrates, and that
such control mechanisms could be significant in defining differences between
species.

With the rapid increase in our knowledge of the complete genomes of
many species, the power of bioinformatics and the technical advances in
molecular and developmental neuroscience, multi-species comparative studies
could lead to significant advances in our understanding of human neurological
disorders as well as human brain evolution. The powerful outcomes of future
comparative neurosciences studies will reinforce the argument that Dobzhansky
stated three decades ago, that is “Nothing in biology makes sense except in the

light of evolution” (Dobzhansky, 1973) [41].
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