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RNAs are a diverse group of molecules transcribed from DNA, and most of them have no protein
coding potential. These noncoding RNAs have an essential role in many biological processes, such
as, differentiation and development. The regulatory noncoding RNAs control gene expression at
epigenetic, transcriptional, and post-transcriptional levels. MicroRNAs, long noncoding RNAs and
circular RNAs can form regulatory networks in the mammalian brain. Moreover, they are integrated
with other regulation mechanisms, such as, signaling pathways and transcriptional and epigenetic
factors. This makes noncoding RNAs key factors in regulating biological processes and even pos-
sible targets for novel therapeutics.

Adult neurogenesis is a part of neuroplasticity alongside synapse modulation and neurotrans-
mitters. Neuronal stem cells give rise to new neurons, dentate granule cells, from the dentate gyrus
of hippocampus. Subgranular zone is a spatially restricted neurogenic niche, located in the dentate
gyrus, maintaining the neural stem cells. Neuronal stem cells interact with several different cell
types and preserve the homeostasis in the niche, which is also affected by the extracellular matrix
in the local and extended environments. Systemic signals influence the subgranular zone through
cortical neurons projected to the neurogenic niche, and excessive vascularization.

Newborn neurons are integrated to the cortical and hippocampal neural networks, which affects
the hippocampus-dependent brain functions, such as, learning, memory, and pattern separation.
The multiple phases of adult neurogenesis e.g. quiescence, activation, proliferation, differentiation,
migration, and maturation, are regulated with great complexity. The dysregulation of adult neuro-
genesis is associated with several neurodegenerative, neurological, and psychiatric diseases.
Thus, it is important to reveal the underlying molecular mechanisms to understand the significance
of adult neurogenesis to cognition and, moreover, to the initiation and progression of these condi-
tions.

Methodological limitations constrain the research of human adult neurogenesis. In the future,
the decisive progress can likely be made by overcoming these limitations through technological
and methodological advancements. Modern high-through-put single-cell and single-nucleus se-
quencing technologies provide an important tool to study genetic, transcriptional, and epigenetic
features of neurogenesis. Not only these assays unveil information of cell number, and spatial
resolution but also delineate developmental timeline and molecular dynamics, if the study is con-
ducted across multiple timepoints.

This thesis consists of a literature review and assembles features of the complex regulatory
network for adult neurogenesis and discusses the roles of ncRNAs in this regulation. The focus of
noncoding RNAs is in microRNAs, circular RNAs and long noncoding RNAs, and some of the ex-
amples of these groups are integrated with significant signaling pathways, transcriptional and epi-
genetic factors influencing adult neurogenesis.

Keywords: noncoding RNA, microRNA, long noncoding RNA, circular RNA, adult neurogenesis,
neural stem cells
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LIST OF ABBREVIATIONS

AD Alzheimer’s disease
circRNA Circular RNA

DGC Dentate granule cell

GCL Granular cell layer

IncRNA Long noncoding RNA
mMiRNA MicroRNA

MmRNA Messenger RNA

ncRNA Noncoding RNA

NPC Neural progenitor cell

NSC Neural stem cell

ScRNAseq Single-cell RNA sequencing
SGZ Subgranular zone
SnRNAseq Single-nucleus RNA sequencing

TLE Temporal lobe epilepsy



1. INTRODUCTION

Noncoding RNAs (ncRNA) are a subject of large interest in the field of cell and molecular biology
and medicine. Many of the ncRNAs are conserved and found to have an essential role in biological
processes, especially in development and differentiation (Rashidi et al., 2023; Tan et al., 2022).
Regulatory ncRNAs such as microRNAs (miRNA), long noncoding RNAs (IncRNA) and circular
RNAs (circRNAs) have an impact on gene expression at epigenetic, transcriptional, and post-tran-
scriptional levels, and many of them are expressed in a time and tissue specific manner. The
ncRNAs can form complex regulatory networks with each other (Zhang et al., 2019), and moreover,
they can be integrated with other regulation mechanisms including transcriptional and epigenetic
factors, as well as signaling pathways (Du et al., 2017b; Dykes and Emanueli, 2017; Zhang et al.,
2019).

Neuroplasticity in the human brain is built on neuronal networks, synapses, neurotransmitters,
and neurogenesis. The hippocampal neurogenesis is an intriguing field of neuroscience because
it challenges the original dogma according to which the mammalian brain could not produce new
neurons after early development (Kuhn et al., 2018). However, the adult brain retains neural stem
cells, and they give rise to new neurons in the dentate gyrus of the hippocampus (Penning et al.,
2022). These new neurons are integrated to the hippocampal and cortical networks of neurons,
which contributes to hippocampus-dependent brain functions, such as, learning, memory, pattern
separation, and emotional regulation (Deng et al., 2010; Vicidomini et al., 2020; Wilhelmsson et al.,
2019). Adult neurogenesis is a biological process of multiple phases, such as, quiescence, activa-
tion, differentiation, proliferation, migration, and maturation (Penning et al., 2022). Complex intra-
and intercellular signaling and molecular regulation is involved in all these phases (Faigle and
Song, 2013; Vicidomini et al., 2020).

Aberrant adult neurogenesis is associated with several neurodegenerative, neurological, and
psychiatric diseases. Such conditions as Alzheimer’s disease, epilepsy and depression affect hip-
pocampal brain functions. Discovering molecular mechanisms that underly the normal adult neu-
rogenesis and aberrant neurogenesis could provide targets for novel therapeutics (Walgrave et al.,
2021; Wang et al., 2016). NcRNAs seem to be promising therapeutical targets as they have an
essential role in regulating biological processes (Penning et al., 2022; Tan et al., 2022).

This thesis aims at assembling features of the complex regulatory network for adult neurogen-
esis and discussing the roles of ncRNAs in this regulation. To achieve these objectives, Chapter 2
discusses ncRNAs with the focus on three different regulatory ncRNAs, miRNAs, IncRNAs and
circRNAs. Chapter 3 describes adult neurogenesis in the physiological context, and additionally,

covers the most important methods for investigating adult neurogenesis, especially the high-



throughput sequencing as it has a great promise in the field of neuroscience (Lucassen et al.,
2020). Chapter 4 integrates neurogenesis with ncRNAs and describes the complexity and diversity
of molecular regulation through examples. Finally, Chapter 5 explains, with examples, possible

therapeutical ncRNA targets and discusses future perspectives.



2. NONCODING RNAS

RNAs are a diverse group of molecules transcribed from DNA. Over 90% of the human genome
is transcribed to RNAs, but most of them have no protein coding capacity as only 2% of the genome
is transcribed to the protein-coding RNAs (Tan et al., 2022). The ncRNAs have a major role in
many biological processes, and they can be categorized by their housekeeping and regulatory
roles (Zhang et al., 2019). The housekeeping ncRNAs include transfer RNAs and ribosomal RNAs,
which participate in translation and protein synthesis, as well as small nuclear RNAs and small
nucleolar RNAs, which have modifying functions in the nucleus.

Regulatory ncRNAs regulate the gene expression at epigenetic, transcriptional, and post-tran-
scriptional levels (Tan et al., 2022). They are categorized by their size into IncRNAs (over 200
nucleotides) and small ncRNAs (less than 200 nucleotides). MiRNAs are the most abundant small
ncRNAs. CircRNAs vary in length from 100 to 10,000 nucleotides and can be thus categorized into
several groups (Zhang et al., 2019). Additionally, regulatory ncRNAs include a variety of different
RNAs, for example, small interfering RNAs, piwi-interacting RNAs, and enhancer RNAs.

This thesis is focused on the regulatory ncRNAs and discusses examples belonging to three
different groups: miRNAs, INcRNAs, circRNAs. The biogenesis of these ncRNAs is represented in

Figure 1. The aim is to explain their known functions and their regulatory effects on the adult
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Figure 1. The biogenesis of circRNA, miRNA and IncRNA



hippocampal neurogenesis. Although many of the ncRNA functions are still unknown, they are a
subject of large interest because their regulation mechanisms are a possible target for novel ther-

apeutics (Tan et al., 2022).

2.1 MicroRNAs

MicroRNAs are highly conserved small ncRNAs (about 21-25 nucleotides long) and abundant
in all eukaryote cells. They are important in regulating gene expression and, moreover, they are
expressed in a time and tissue specific manner, thus being essential regulators of differentiation
and developmental processes (Rashidi et al., 2023; Tan et al., 2022). Pri-miRNAs are transcribed
from intronic or intergenic regions (Zhang et al., 2019), cropped to pre-miRNAs by Drosha protein
in the nucleus, and further processed to mature miRNAs by Dicer protein in the cytosol (Dykes and
Emanueli, 2017). The biogenesis of miRNAs is represented in Figure 1. MiRNAs are relatively
stable because they are protected from exonucleases by the Agronaute protein (Kleaveland et al.,
2018).

In the cytosol, miRNAs bind to protein-coding messenger RNAs (mRNA) with the seed se-
quence at their 5’ end (Tan et al., 2022). The targeting prevents translation and can lead to degra-
dation of the mRNA. Specific miRNA can target many different mRNAs, whereas a single mRNA
can be targeted by many different miRNAs as the process is not fully complementary (Rashidi et
al., 2023). In the nucleus, miRNAs can interact with gene enhancer regions and affect gene regu-
lation through miRNA-promoter interactions (Zhang et al., 2019).

The RNA sequences targeted by miRNAs are called MiRNA Response Elements (MRE) and
these sequences can be found in mRNAs as well as in IncRNAs and circRNAs. Competition
emerges when many different RNAs are targeted by a specific miRNA, leading to positive gene
expression regulation (Dykes and Emanueli, 2017). Thus, INcRNAs and circRNAs are called com-
peting endogenous RNAs (ceRNA). Together with miRNAs, ceRNAs create a complex network of
interactions (Zhang et al., 2019). Some of the IncRNAs and circRNAs can be considered as mo-
lecular sponges for miRNAs, and thereby they contribute to the gene expression regulation (Tan
et al., 2022).

2.2 Long noncoding RNAs

Long noncoding RNAs are a diverse group of ncRNAs, longer than 200 nucleotides (Dykes and
Emanueli, 2017), and their expression is time and tissue specific (Tan et al., 2022). The primary
sequences of IncRNAs are not conserved, but their regulation functions are essential in many bio-
logical processes in mammals, such as, differentiation and development (Tan et al., 2022).
LncRNAs fold into secondary and tertiary structures, which contributes to their functions. The target

molecules of IncRNAs include proteins, DNA, and RNAs (Dykes and Emanueli, 2017).



LncRNAs can be transcribed from intergenic, intronic or exonic regions of the protein-coding
genes (Zhang et al., 2019). The transcription and processing of IncRNA closely resembles that of
the mRNA (Kleaveland et al., 2018). For example, IncRNAs can have poly-adenylated 3’ end, epi-
genetic markers, and splicing variants. They can additionally be cleaved into small ncRNAs, such
as, miRNAs (Dykes and Emanueli, 2017).

In the cytosol, IncRNAs may act as miRNA sponges and interact with other INcRNAs (Zhang et
al., 2019). Moreover, IncRNAs regulate gene expression through interactions with chromatin and
proteins in the nucleus (Tan et al., 2022). For example, some IncRNAs are known to participate in
recruiting the Mediator complex and RNA polymerase Il between the gene promoter region and the
more distance enhancer region (Dykes and Emanueli, 2017). Histone modification protein com-
plexes can be directed to appropriate places along the chromosomes by IncRNAs (Dykes and
Emanueli, 2017). For example, IncRNA Xist is known to participate in silencing X-chromosome,

and IncRNA H19 is involved in imprinting.

2.3 Circular RNAs

The newest transcriptome technology has revealed the importance of circular RNAs (D’Anca et
al., 2022). They are highly conserved and expressed especially in the brain with regional, tissue
and even cell type specificity (Dong et al., 2023; Rybak-Wolf et al., 2015). CircRNAs are particularly
abundant in neurons and accumulated into synapses (D’Anca et al., 2022). Additionally, they can
be secreted to extracellular space in small extracellular vesicles, exosomes. CircRNAs are upreg-
ulated during neural differentiation and maturation, showing specific expression patterns in different
stages of the process (Rybak-Wolf et al., 2015).

The circRNA biogenesis occurs in the nucleus during RNA splicing events, producing RNA mol-
ecules with the 5’ and 3’ ends covalently bonded. The size, cellular location, and functions of circR-
NAs vary greatly (D’Anca et al., 2022; Zhang et al., 2019). The circular structure makes circRNAs
more stable than the linear mRNAs (Dong et al., 2023), as they are protected from the exonucle-
ases (Dykes and Emanueli, 2017).

CircRNAs are formed from debranching lariat introns or from recirculated full-length introns
(D’Anca et al., 2022). Exons may form circRNAs through back-splicing events, and the exonic
circRNAs are produced at the expense of related mMRNAs (D’Anca et al., 2022). Moreover, circR-
NAs can be produced from both exonic and intronic regions (Dykes and Emanueli, 2017). Eventu-
ally the circular transcript folds into a specific tertiary structure, which contributes to the circRNA
functions (Du et al., 2017b).

The mRNAs and circRNAs transcribed from the same gene can be located very differently, for

example, the mRNA may be present in the cytosol, whereas the circRNA may be transported to
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the synapse (Rybak-Wolf et al., 2015). Furthermore, exonic and intronic circRNAs are usually lo-
cated differently as the exonic circRNAs are mostly in the cytosol and the intronic circRNAs reside
in the nucleus (D’Anca et al., 2022).

Most of the circRNA functions are still unknown and further investigations are needed to gain
full understanding of their significance. The most studied function so far is the circRNA to act as a
miRNA sponge and indirectly affect gene expression by preventing miRNA-mRNA interaction
(D’Anca et al., 2022). However, evidence show that most circRNAs have a role other than miRNA
sponge, and even protein coding potential of circRNAs has been detected (Du et al., 2017b).

It seems that the functions of circRNAs are diverse. Some of them can promote transcription of
their host gene by interacting with the RNA polymerase Il, and others can interact with RNA binding
proteins (RBP) (D’Anca et al., 2022). Du and colleagues (2017) found in their study that circRNAs
could also act as a scaffold for protein interactions (Du et al., 2017a). Circ-Foxo3 is a circular RNA
transcribed from the host gene FOXO3. By the scaffolding function, circ-Foxo3 can localize and
regulate the protein interactions, which leads to different outcomes, such as, apoptosis, senes-
cence, or repressed cell cycle entry, depending on the cell type and the environment (Du et al.,

2017b). This example shows, that circRNAs can affect cellular signaling pathways.

3. ADULT NEUROGENESIS

The human brain can generate new neurons throughout life, in a process known as the adult
neurogenesis (Penning et al., 2022). Neural stem cells (NSC) give rise to these new neurons from
neurogenic niche. The two most studied neurogenic niches in the human brain are the subgranular
zone (SGZ) in the dentate gyrus of the hippocampus and the subventricular zone of the lateral
ventricles (Penning et al., 2022). This thesis discusses the hippocampal adult neurogenesis and
some of the molecular regulation mechanisms known to date, as much of it is still largely unknown.

The adult human brain has approximately 86 billion neurons. The plasticity of the brain can be
described as dynamic structural and functional reorganization that occurs throughout life. The plas-
ticity is achieved by creating and dissolving synapses, the connections between neurons. Also,
neurotransmitters, the chemical signaling molecules that transmit the signals through synapses
contribute to the plasticity by inhibiting or exciting the post-synaptic neurons. Hippocampal neuro-
genesis creates new neurons, dentate granule cells (DGC), and this way affects hippocampus-
dependent brain functions (Wilhelmsson et al., 2019), such as, learning, pattern separation, emo-
tional regulation, memory formation and deletion (Deng et al., 2010; Vicidomini et al., 2020;

Wilhelmsson et al., 2019). It has been estimated that the adult human hippocampus could produce
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700 new DGCs daily (Kuhn et al., 2018). It is known that neurogenesis can be increased through
physical activity and enriched environment (Toda et al., 2019).

The dysregulation of adult neurogenesis may be affected by neurodegenerative and psychiatric
diseases and aging, but further studies need to be done to confirm the causality (Penning et al.,
2022). Understanding the molecular mechanisms regulating adult neurogenesis could provide a
possible target for novel therapeutics against these conditions (Tan et al., 2022). Noncoding RNAs
have an essential role in these regulatory networks, thus providing potential targets for therapeu-

tics.

3.1 Hippocampus — function and significance in human brain

Hippocampus is a constantly developing part of the human brain (Kuhn et al., 2018). Many of
the brain functions essential to human cognition are hippocampus-dependent, such as, learning,
memory formation, pattern separation, and emotional regulation (Toda et al., 2019). The hippo-
campus is located on both sides of the adult human brain and considered to be a part of the limbic
system responsible, for example, emotional responses, motivation, and memory. Boldrini and col-
leagues (2018) showed in their work that the hippocampal adult neurogenesis is maintained
throughout life. They found that the NSC pool decreases during aging, but the dentate gyrus vol-
ume, neural progenitor cells (NPC), immature neurons and mature DGCs persisted in their samples
from the age of 14 to 79 (Boldrini et al., 2018). However, their study also confirmed decreased
angiogenesis and neuroplasticity in the aging human brain.

Through pattern separation, it is possible to distinct similar events or places from one another
(Toda et al., 2019), and to create distinct memories of similar subjects. Computational models can
evaluate the role of adult neurogenesis in pattern separation. The illustrations depict how DG re-
ceives overlapping information from the cortex, reorganizes it, and transmits it to separate area of
the hippocampus, CA3, in more distinct form (Toda et al., 2019). Adult neurogenesis is proposed
to be a part of the pattern separation, as mature DGCs receive input from cortical circuits and are
thought to relay the distinct output to CA3, due to their few but strong synapses. The connections

of the three hippocampal subregions and the cortical circuits are represented in Figure 2.
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Figure 2. The three hippocampal subregions (DG, CA1, CA3) and their connections with cortical
circuits (modified from Toda et al., 2019)

3.2 Subgranular zone — the neurogenic niche of the hippocampus

The subgranular zone is a small region in the dentate gyrus and located between the hilus and
the granular cell layer (GCL). This spatially restricted microenvironment, a neurogenic niche, is
required to maintain the NSCs (Penning et al., 2022). In the neurogenic niche, NSCs have complex
interactions with several cell types, including astrocytes, microglia, oligodendrocytes, endothelial
cells, interneurons, dentate granule cells, and subcortical neurons that project to the dentate gyrus
(Vicidomini et al., 2020). NSCs can affect their own homeostasis and differentiation through auto-
crine and paracrine signaling (Penning et al., 2022). They also receive signals from the extracellular
matrix and the cells in the local niche in addition to the extended environment (Vicidomini et al.,
2020). Even systemic signals affect the NSCs as the SGZ is extensively vascularized.

NSCs are multipotent stem cells with an ability to self-renewal (Penning et al., 2022). Symmetric
self-renewal produces new NSCs, and asymmetric self-renewal contributes to the NSC pool but
also produces cells committed to neuronal (neurogenesis) or glial (gliogenesis) fate. NSCs inte-
grate multiple and even contrary signals when the decision to commit to differentiation is made
(Vicidomini et al., 2020). The crosstalk in the SGZ is affected by environmental factors and experi-
ences, such as, aging, stress, physical exercise, learning, and pathogenic events (Penning et al.,
2022). The signals are relayed to the neurogenic niche through bloodstream and from hippocam-

pal, cortical, and subcortical neural circuits that project to the dentate gyrus (Vicidomini et al., 2020).
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This modulates the neurogenesis and enables an adaption to external requirements through plas-
ticity.

Astrocytes are known to contribute to the brain development and plasticity (Wilhelmsson et al.,
2012), and they have diverse regulatory roles in the SGZ. They promote neurogenesis by secreting
morphogenic factors, such as, Wnt (Wilhelmsson et al., 2012), interleukins and growth factors
(Vicidomini et al., 2020). On the other hand, they can downregulate neurogenesis through Notch-
signaling by membrane associated factors and cell-cell contact (Wilhelmsson et al., 2019). Addi-
tionally, the evidence shows that astrocytes contribute to the neuronal differentiation of NPCs
through the ephrin-B2 protein in the cell-cell contact, which activates beta-catenin signaling
(Aimone et al., 2014). Astrocytes are known to affect dendritic arbor complexity and length as well
as functional excitatory synapses through secreted vesicles (Vicidomini et al., 2020).

Microglia are glial cells specialized to immune defense in the central nervous system (Vicidomini
et al., 2020). They secrete cytokines and chemokines regulating pro-inflammatory and anti-inflam-
matory responses (Aimone et al., 2014). Microglia are highly proliferative in the SGZ, and they
phagocytose late NPCs and early neuroblasts, thus regulating neurogenesis (Vicidomini et al.,
2020). Microglia in the dentate gyrus have different gene expression profiles than microglia in the
other hippocampal regions and, on the other hand, the NSCs have many receptors for ligands
secreted by the microglia (Penning et al., 2022). This indicates an important role for the microglia
modulating the homeostasis of the neurogenic niche.

Mature DGCs are connected to the hippocampal subregions and to the subcortical and cortical
circuits (Vicidomini et al., 2020). They secrete factors and recruit local interneurons and mossy
cells to regulate maturation of new DGCs and NSC homeostasis (Penning et al., 2022; Vicidomini
etal., 2020). The homeostasis of NSCs and the neurogenic niche is regulated with great complexity

and the noncoding RNAs have an essential role in this regulatory network (Penning et al., 2022).

3.3 Neural stem cells mature into neurons and astrocytes

Neural stem cells express transcription factor Sox2 and intermediate filament proteins GFAP
and Nestin, as they are arrested in the reversible quiescence (Boldrini et al., 2018). After entering
the active cell cycle and mitotic division, NSCs become highly proliferative NPCs (Penning et al.,
2022). The NPCs exhibit less stem cell-like characteristics than NSCs, as they are committed to a
cell type lineage (Penning et al., 2022). NPCs with a neuronal phenotype develop into neuroblasts
and lose the expression of GFAP and Sox2 (Boldrini et al., 2018). After exiting the cell cycle, neu-
roblasts become immature neurons. NPCs can alternatively have a glial phenotype and differenti-
ate into astrocytes, but in a lower extent (Toda et al., 2019).

The immature neurons migrate a short distance from the SGZ to the GCL and integrate to the

hippocampal circuit. Even in the normal physiological circumstances, most of the immature neurons
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do not survive nor mature into DGCs (Toda et al., 2019). In pathological conditions, such as, epi-
lepsy, schizophrenia, and neurodegenerative diseases, migration and integration to the GCL are
disrupted (Aimone et al., 2014). Corticosteroid signaling related to aging and stress is known to
decrease adult neurogenesis, and hormones, such as, estrogen and thyroid hormone regulate the
formation of new DGCs (Toda et al., 2019).

Over a period of time, the immature neurons mature into DGCs (Penning et al., 2022). The
maturation process is relatively slow but shares similar features with the neural maturation process
during development, including gene expression regulation (Aimone et al., 2014). The exact timeline
for the maturation of the new human DGCs is not known, due to the methodological limitations to
study the human brain, but it has been indicated from the non-human primate studies that the
maturation time is more than several months for humans (Kuhn et al., 2018). The developmental
process of the hippocampal adult neurogenesis is represented in Figure 3.

Mature DGCs are integrated to the hippocampal circuity, which reorganizes the neural network,
affecting the brain functions dependent on the hippocampus (Vicidomini et al., 2020). This contrib-
utes to cognition (Penning et al., 2022), new memory formation, and loss of previously acquired

memories (Wilhelmsson et al., 2019), learning, and emotional regulation (Vicidomini et al., 2020).
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Figure 3. The developmental process of the hippocampal adult neurogenesis (modified from
Toda et al., 2019)

3.4 Investigation of adult neurogenesis

Adult neurogenesis was first detected in the rodent brain in 1960’s but the discovery was ne-
glected for the most part until 1980’s due to methodological limitations and the assumption that
adult neurogenesis would be irrelevant to humans (Lucassen et al., 2020). The central dogma in

neuroscience as expressed by Ramon y Cajal in 1920 was “Everything may die, nothing may be
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regenerated”, and at the time this was widely accepted (Kuhn et al., 2018). However, since new
methods were developed, evidence of adult neurogenesis started to emerge in mammals, including
humans, and the adult neurogenesis has been studied intensely ever since (Lucassen et al., 2020).
The research field of adult neurogenesis is relatively new and parallel to the progress in the last
decades, there has been debate about the subject. However, during the last few years, it has be-
come more widely accepted that adult neurogenesis occurs in the adult human brain (Lucassen et
al., 2020).

The following chapters first discuss the different methods of investigating adult neurogenesis
from model organisms to histological and in vitro studies. Secondly, the discussion covers non-
invasive studies, such as, computational modeling and imaging. Lastly, the discussion focuses on
the single-cell sequencing as it has a major potential in studying the molecular mechanisms of adult

neurogenesis.

3.4.1 Methods of studying adult neurogenesis

Rodents and non-human primates have been the main model organisms for the studies of adult
neurogenesis (Lucassen et al., 2020). Although there are conserved biological mechanisms in
mammals, there are also differences. To understand the true function and significance of adult
neurogenesis in the humans, it is indispensable to study the phenomenon particularly in the human
brain (Lucassen et al., 2020; Penning et al., 2022).

Histological studies of post-mortem human brain samples can be done by the immunofluores-
cence and immunohistochemical methods. These methods aim at finding characteristic signs of
neurogenesis, including cells in an active cell cycle, molecular markers for stem cells, and immature
neurons (Kuhn et al., 2018). Through these studies, it is possible to evaluate the amount of neuro-
genesis in the tissue sample and compare, for instance, healthy and diseased tissue. The samples
can also be derived for in vitro studies to investigate, for example, the ability of the stem cells to
differentiate under different environmental conditions (Lucassen et al., 2020).

Adult neurogenesis and its functional effects to human cognition can also be evaluated through
computational methods (Deng et al., 2010), as mentioned earlier in Chapter 2.1 in the context of
pattern separation. As all the methods mentioned above inevitably increase the knowledge of adult
neurogenesis, it also must be brought forward that in these studies it is mandatory to separate this
biological process from its initial physiological context. Non-invasive imaging by NMR or PET scan-
ning can be used to study hippocampal functions and neurogenesis (Deng et al., 2010; Penning et
al., 2022). In these methods, it is possible to preserve the physiological context and combine the
results with molecular and cell biology studies and even behavioral studies, to understand the sig-

nificance of adult neurogenesis for human cognition and brain health.
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3.4.2 Single-cell sequencing

High-throughput sequencing enables reading and quantifying the information in DNA, RNA, and
epigenetic markers, such as, DNA methylations and histone modifications (Armand et al., 2021).
From a bulk sample, it is possible to gain information on genomics, epigenomics and transcriptom-
ics of the overall tissue. In the single-cell sequencing, the information is harvested on a single cell
level, which enlightens the heterogeneity of the cell types in the sample and enables characterizing
even novel cell types. Single-cell sequencing provides information from three different aspects,
number of cells, number of genes, transcripts or epigenetic markers, and spatial resolution (Armand
et al., 2021). If the sequencing is performed at many different time points, it can provide a devel-
opmental timeline, including cellular and molecular dynamics during the development and differen-
tiation (Shin et al., 2015).

Through single-cell RNA-sequencing (scRNAseq), it is possible to study transcriptomes on a
single cell level, which brings valuable insights to cell heterogeneity among a cell population, for
example, neurogenic niche (Kuhn et al., 2018). From the number of mMRNA transcripts, it is possible
to evaluate the expression level of an encoded protein (Armand et al., 2021). However, the tran-
scriptome can include noncoding RNAs as well. Epigenome assays through single-cell sequencing
provide information on DNA methylation, histone modifications, and chromatin accessibility, which
all affect gene expression. SCRNAseq and epigenome assays can be combined into multi-omics
assays which provide deeper understanding of gene expression and epigenetic regulation (Armand
et al., 2021).

Single nucleus sequencing (snRNAseq) is an important method for studying the brain tissue, as
the glial processes, dendrites and axons challenge the technical aspects of scRNAseq, in which it
is essential to isolate the whole cell from the sample (Armand et al., 2021). In the snRNAseq, only
nuclei are isolated from the sample, and it is possible to sequence DNA, epigenetic markers, and
RNAs located in the nucleus. Additionally, the snRNAseq can be applied to frozen human post-
mortem brain tissue samples, as the freezing brakes down the cell membranes and whole cells
cannot be isolated.

Spatial information is relevant when studying the brain tissue and neuronal circuits. It is possible
to obtain spatial information through single-cell sequencing when the technique is combined with
single-molecule fluorescence in situ hybridization (smFISH). It uses fluorescent oligonucleotide
probes for the genes of interest and imaging (Armand et al., 2021). These methods together allow
the spatial resolution of 250nm or larger.

In their work Shin and colleagues (2015) developed a bioinformatics tool called Waterfall and
used it with scRNAseq to reveal molecular dynamics during the initiation of hippocampal adult

neurogenesis. Their findings included dynamic regulation of transcription factors and a gene ex-
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pression transition which affected signaling, metabolism, cell cycle entry, and chromosome organ-
ization (Shin et al., 2015). Additionally, their analysis revealed intra- and intercellular communica-
tion during the NSC activation which includes genes related to e.g. Notch-signaling and ligands,
such as, Wnt, Jagged1, and FGF. The genes upregulated in the NSC activation and early neuro-
genesis are indicating the cell-cycle entry, activated RNA and protein biogenesis, and changing the
energy metabolism from glycolysis to oxidative phosphorylation. They found that 41 transcription
factors were downregulated during the NSC activation and early neurogenesis. Among these tran-
scription factors were e.g. Sox2, Sox9, and Hes1. However, different 42 transcription factors were

upregulated and among these were e.g. Sox4 and Sox11.

4. NONCODING RNAS REGULATE ADULT NEURO-
GENESIS

The process of adult neurogenesis involves multiple phases, including quiescence, activation,
proliferation, differentiation, migration, and maturation, and is regulated with great complexity (Tan
et al., 2022). While certain key features have been uncovered, the complete understanding of the
molecular regulation mechanisms remain unknown. However, it is known that several signaling
pathways are integrated into an intricate regulatory network (Tan et al., 2022). Transcription factors
and epigenetic factors are essential in the process of adult neurogenesis and their role needs to
be established for deeper understanding of the regulation mechanisms (Vicidomini et al., 2020).
On the other hand, noncoding RNAs are known to affect neuronal differentiation and to modulate
signaling pathways (Tan et al., 2022), which leads to an important impact.

MicroRNAs, long noncoding RNAs, and circular RNAs interact in specific regulatory networks in
the mammalian brain (Kleaveland et al., 2018). In their work Kleaveland and colleagues (2018)
found that IncRNA Cryano targets miRNA miR-7, which leads to miR-7 degradation. This in turn
increases the translation of the mRNAs targeted by miR-7. When abundant, miR-7 prevents the
accumulation of circRNA Cdr1as by enhancing the miR-671 induced degradation of the circRNA.
The accumulation of circRNA Cdr1as leads to a dampened neural activity. As an example, this
shows the regulation potential of the ncRNA networks in neuronal processes. The following chap-
ters discuss the integration of ncRNAs with some of the regulative elements of adult neurogenesis,
such as, Wnt- and Hedgehog-signaling, Notch-signaling, growth factors, neurotrophic factors, and
epigenetics. The examples of ncRNAs include miRNAs, IncRNAs, and circRNAs, the three groups
discussed in Chapter 3. The interactions discussed are summarized in Figure 4. which connects

them to the developmental process of adult neurogenesis.
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Figure 4. Summary of the molecular regulation network discussed in Chapters 4.1-4.4 and the

developmental process of adult hippocampal neurogenesis

41 miR-184 and miR-153

MicroRNA miR-184 is a part of the adult neurogenesis regulation network with the epigenetic
repressor Mbd1 and tumorsupressor protein Numbl (Faigle and Song, 2013). Mbd1 is a methyl-
CpG binding protein that can bind to an epigenetic marker, DNA methylation, in the cytosine resi-
due of CpG dinucleotide and the binding represses gene transcription. Mbd1 decreases the ex-
pression of miR-184. MiR-184 targets Numbl, an important protein in brain development (Faigle
and Song, 2013; Penning et al., 2022). The Numbl protein inhibits Notch-signaling and promotes
Whnt- and Hedgehog-signaling (Garcia-Heredia and Carnero, 2018). The Whnt-signaling is highly
conserved and one of the main signaling pathways influencing the nervous system development
(Faigle and Song, 2013) and the proliferation of NSCs (Tan et al., 2022). The Hedgehog-signaling
pathway is similarly essential in the nervous system development and in the adult neurogenesis
(Faigle and Song, 2013), and it promotes the proliferation of the hippocampal progenitor cells.
Numbl, Mbd1, and miR-184 comprise a feedback loop, as can be seen in Figure 4.

MicroRNA miR-153 is highly conserved and known to affect adult neurogenesis by promoting
neuronal differentiation (Tan et al., 2022). MiR-153 targets the mRNAs of the Notch-ligand Jagged1

and the transcription factor Hey2 which is encoded by the Notch-signaling target gene. Notch-
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signaling promotes the central nervous system development by determining the cell fate in the
neural differentiation (Zhou et al., 2010). The main functions of this pathway are to promote glio-
genesis and inhibit neurogenesis. Additionally, there is evidence that Notch-signaling could pro-

mote the NSC self-renewal. The Notch target genes are e.g. Hes and Hey as well as GFAP.

4.2 miR-132 and miR-137

MicroRNA miR-132 is highly expressed in the adult dentate gyrus and neurons (Tan et al., 2022)
and have an important role in the neuronal differentiation of hippocampal NSCs. During the early
neurogenesis, miR-132 regulates the Notch-signaling by targeting Ctbp2, a transcription co-re-
pressor. Moreover, miR-132 prevents the NSC proliferation through the signaling pathways of tran-
scription factor Rest and sirtuin enzyme Sirt1.

MiR-132 is upregulated by the ERK1/2 signaling which is known to be essential for neuronal
proliferation, differentiation, and neurite outgrowth (Tan et al., 2022). Many tyrosine kinase recep-
tors induce a downstream signaling pathway, called MAP kinase cascade (Faigle and Song, 2013),
in which ERK1/2 takes part. An instance of an extracellular signaling molecule that activates a
tyrosine kinase receptor is the growth factor FGF-2 which is known to regulate adult neurogenesis
(Faigle and Song, 2013).

MiR-132 downregulates MeCP2 which is another methyl-CpG-binding protein (Faigle and Song,
2013), similar to Mbd1 discussed in Chapter 4.1. MeCP2 is involved in maintaining the neuronal
phenotype by suppressing the expression of GFAP (Faigle and Song, 2013). The GFAP is ex-
pressed in NSCs (Boldrini et al., 2018) and astrocytes (Rybak-Wolf et al., 2015), but the expression
is lost in NPCs after neuronal commitment (Boldrini et al., 2018). MiR-132 is upregulated by the
brain-derived neurotrophic factor (BDNF) which is an extracellular signaling protein (Faigle and
Song, 2013; Tan et al., 2022) and a ligand for a receptor tyrosine kinase (TrkB). The TrkB mediated
signaling of BDNF has been found to affect the NSC proliferation in the hippocampus (Faigle and
Song, 2013). Additionally, the TrkB mediated signaling is required for survival, dendritic arboriza-
tion, and functional integration of the newborn DGCs. MeCP2 in turn, promotes the expression of
the BDNF (Tan et al., 2022).

BDNF, miR-132, and MeCP2 comprise a feedback loop which is an important modulator of ho-
meostasis (Tan et al., 2022) and neuronal plasticity (Penning et al., 2022). This feedback loop also
affects miR-137, as can be seen in Figure 4. MeCP2 and the transcription factor Sox2 downregu-
late miR-137, which promotes neuronal differentiation of the NSCs (Faigle and Song, 2013). MiR-
137 is known to target the histone methyltransferase protein Ezh2 and to promote the NPC prolif-
eration in the SGZ (Penning et al., 2022). In addition, miR-137 is also linked to the reduced dendritic

outgrowth in newborn DGCs.
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4.3 RMST, miR-145 and let-7b

RMST is a conserved IncRNA, located mainly in the nucleus and expressed especially in the
brain (Ng et al., 2013). RMST expression is upregulated during the neuronal differentiation, having
an important role in the nervous system development. This IncRNA is transcribed from the RMST
gene, which is regulated by the transcription factors Pax2 and Rest (Ng et al., 2013). The transcrip-
tion factor Rest is known to have a wide-ranging regulatory network which controls neurogenesis.
The Rest knockdown promotes the NSC activation and leads to an increased neuronal differentia-
tion (Vicidomini et al., 2020). By contrast, the RMST knockdown promotes the NCS progenitor cells
to differentiate into glial cells (Ng et al., 2013).

Ng and colleagues (2013) showed in their work that INcRNA RMST interacts specifically with
the transcription factor Sox2 and with the RNA binding protein hnRNPA2/B1 (Ng et al., 2013). In
the study, it was found that RMST binds to the chromatin in the gene promoter region and recruits
Sox2 to bind the regulatory region. Sox2 is known to have a fundamental role in the neuronal
differentiation and development (Tan et al., 2022), and the Sox2 knockdown disturbs neurogenesis.
In the NSCs, Rest inhibits the transcription of RMST (Ng et al., 2013). When RMST is absent, Sox2
participates in maintaining the NSC state (Ng et al., 2013). Once the cell fate is determined, Rest
is downregulated and RMST expressed. Subsequently, RMST and Sox2 interact to upregulate their
neurogenic target genes, such as, ASCL1, NEUROG2, HEY?2, and DLX1 (Ng et al., 2013).

As previously noted, Sox2 exhibits varied and even opposing roles in adult neurogenesis. In the
NSC state, Sox2 is part of the Sox2/Lin28/let-7b pathway which promotes the NSC proliferation
(Tan et al., 2022). Sox2 promotes the transcription of RNA binding protein Lin28 which is known to
regulate development. Lin28 selectively downregulates miRNA let-7b, which in turn is known to
inhibit the NSC proliferation and promote differentiation. This pathway is furher regulated by miRNA
miR-145, inhibiting Sox2 and Lin28 directly, and therefore upregulating let-7b. MiRNA let-7b also
targets a small chromatin-associated protein, Hmga2, which can regulate transcription by

modulating the chromatin structure (Penning et al., 2022).

4.4 NEAT1, circHIPK2, miR-124 and let-7b

Long noncoding RNA NEAT1 is an important regulator of the Wnt-B-catenin pathway which in
turn regulates the proliferation of NSCs (Tan et al., 2022). Additionally, NEAT1 promotes oligoden-
rogenesis. The expression of NEAT1 is regulated by miRNA miR-124. NEAT1 functions as a com-
peting endogenous RNA alongside the circular RNA circHIPK2. CircHIPK2 in turn, serves as an
endogenous sponge for miR-124. MiR-124 is the most abundant miRNA in the adult brain (Penning
et al., 2022), and it is mainly expressed in neurons instead of glial cells (Tan et al., 2022). MiR-124

has diverse roles in adult neurogenesis, which are summarized in Table 1.
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Table 1. The roles of miR-124 in adult neurogenesis

The roles of miR-124 References

(Tan et al., 2022)
(Tan et al., 2022)
(Tan et al., 2022)
Promote neural cell fate by targeting Sox9 (Penning et al., 2022)
Promote the survival of DGCs (Tan et al., 2022)
(
(
(
(

Regulate neuronal differentiation

Regulate autophagy

Regulate endoplasmic reticulum stress

Promote development of axons Tan et al., 2022)
Tan et al., 2022)
Penning et al., 2022)

Penning et al., 2022)

Inhibit apoptosis of NSCs and NPCs

Promote macrophage differentiation into microglia

Inhibit neuroinflammation

CircHIPK2 downregulates neuronal differentiation of NSCs (Tan et al., 2022). The RNA se-
quencing suggests that circHIPK2 upregulates the expression of spermine oxidase enzyme
(Smox). Spermine is an intracellular polyamine molecule which participates in the cell cycle regu-
lation and development (Furbish et al., 2022). Smox is an enzyme participating in the polyamine
catabolism. CircHIPK2 is a miR-124 sponge thus regulating its expression, and interestingly, miR-
124 was found to be a regulator of the SMOX gene in the gastric cancer (Tan et al., 2022).

NEAT1 also targets miRNA let-7b, which inhibits NSC proliferation (Han et al., 2022). Han and
colleagues (2022) found in their study that let-7b inhibits the expression of Cyclin D1. Additionally,
it upregulates the expression of P21 which is an inhibitor for cyclin dependent kinase (Cdk). The
Let-7b — P21 axis is activated by NEAT1. P21 can regulate the cell cycle, DNA replication and

repair (Han et al., 2022). Thus, let-7b affects the cell cycle and can arrest the proliferation of NSCs.
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5. CONCLUSIONS

Hippocampus-dependent brain functions, such as, learning, memory, pattern separation, and
emotional regulation, are important for human cognition. Hippocampal adult neurogenesis has
been associated with these brain functions, and it has been proposed that the dysregulation of
adult neurogenesis could have an impact in neurodegenerative, neurological, and psychiatric dis-
eases, such as, Alzheimer’s and Parkinson’s diseases, epilepsy, depression, schizophrenia, and
stroke injuries. However, the causality between these diseases and adult neurogenesis needs to
be established experimentally. There is a need to explore the cellular mechanisms and molecular
regulation networks influencing adult neurogenesis in the quest for novel therapeutics. NcRNAs
have a central role in regulating adult neurogenesis and they provide a promising target for treating
hippocampus-related conditions, as discussed in the following.

Alzheimer’s disease (AD) is a neurodegenerative condition which impacts multiple brain regions,
including the hippocampus. The pathological hallmarks of AD are neuronal loss, accumulation of
Amyloid-p protein, hyperphosphorylation of Tau protein, neurofibrillary tangles, and chronic inflam-
mation. Hippocampal neurogenesis is restrained in AD (Walgrave et al., 2021) and several
ncRNAs, including miRNAs, circRNAs and IncRNAs, exhibit altered expression patterns in the AD
patients brain (Tan et al., 2022). MiR-132 is strongly downregulated in the hippocampus of an AD
patient, which leads to impaired neurogenesis (Walgrave et al., 2021). Walgrave and colleagues
(2021) showed that with induced overexpression of miR-132 in the hippocampus of AD mouse
models, it was possible to restore adult neurogenesis and alleviate memory deficits. Their study
introduces miR-132 as a possible ncRNA target for treating AD.

Temporal lobe epilepsy (TLE) is a common type of epilepsy in which recurrent seizures originate
from the temporal lobes of the brain, including the hippocampus. The seizures can appear in dif-
ferent forms, varying from repetitive movements to altered consciousness. Existing medications for
TLE do not benefit all the patients (Wang et al., 2016). Epileptic seizures influence hippocampal
neurogenesis through the diminished long-term proliferation of NSCs and alterations in the mor-
phology and functionality of newborn neurons (Penning et al., 2022). NcRNAs have a role in the
pathological mechanisms of epilepsy, for example, through the dysregulated miRNA expression
(Penning et al., 2022; Tan et al., 2022). MiRNA miR-124 is highly expressed in the human brain,
especially in the hippocampus. Wang and colleagues (2016) showed that in the brains of epilepsy
patients, the miR-124 expression was decreased. Additionally, they found that an injection of miR-
124 mimics to the hippocampus of epileptic rat models reduced the severity of epileptic seizures.
On the other hand, the knockdown of both miR-124 and miR-137 hindered the NSC loss in the

hippocampus during non-convulsive seizures (Penning et al., 2022).
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The potential of ncRNAs as therapeutical targets seems promising (Tan et al., 2022) and the
research conducted effectively demonstrates the underlying mechanisms of ncRNAs in regulating
hippocampal adult neurogenesis. However, much of it is still unknown and further studies are re-
quired to fully understand the complex regulatory mechanisms and networks governing adult neu-
rogenesis (Penning et al., 2022; Tan et al., 2022). Moreover, it is important to investigate the
evolvement of these mechanisms under conditions related to the hippocampus. Through these
studies it could be possible to find the most effective therapeutical targets.

The studies investigating the regulatory roles of ncRNAs in adult neurogenesis have been lim-
ited by methodological constraints, due to the limited opportunities to study the human brain in its
physiological context. Even though the model organisms provide a physiological context for inves-
tigating mammalian adult neurogenesis, the findings from embryonic, subventricular zone or model
organism studies cannot be extrapolated to human hippocampal adult neurogenesis without further
investigations (Penning et al., 2022). In vitro studies provide significant insights into the cellular and
molecular mechanisms underlying neural stem cell differentiation, proliferation, and lineage com-
mitment. However, these studies must be rather simple, usually investigating only one variable,
such as, specific ncRNA knockdowns, leaving aside the complex interactions and regulatory net-
works that ncRNAs engage (Penning et al., 2022; Tan et al., 2022). On the other hand, and despite
the limitations, such studies offer important clues for further exploration. In the future, the decisive
progress can be made by overcoming these limitations through technological and methodological

advancements.
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