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Summary

Foetal brain development is a critical period for future brain function where highly
dynamic gene expression patterns give rise todBBular diversity and complexity

of the human brain. As a consequence, this is also likely to be an important period
of vulnerability for neurodevelopmental and neuropsychiatric disorders. microRNAs
(miRNAS) are a class of small noncoding RNA molecules with a prominent role in
shaping and finguning gene expression. In this thesis, | have used dRNA
sequencing to evaluate how variation in miRNA expression in 2nd trimester foetal
brain might contibute to risk for neuropsychiatric disorders. | detected 1449
miRNAsn 2" trimester foetal brain (corresponding to 55% of all known miRNAS)
and assessed the effects of sex and gestational age on miRNA expression.
Combining these data with genonvéde gerotyping, | performed an eQTL analysis
and identified 30 miRNAs where expression is associated with common genetic
variation (miReQTLs) at FDR < 0.05. Finally, | reltteddentified miReQTlIsto
neuropsychiatric disorders and other brain traits usingwary databased

Mendelian randomization. | identified 3 miRNAs for which eQTL are pleiotropically,
and potentially causally associated with psychiatric trditee Aallele of
rs11262279and the Aallele of rs12880925 were associated with higher -8R0

5p and miRA707-3p expression respectively, and batheleswere associated with
decreased adult brain volume. Thea(l=le of rs174561 was associated with
increased miRL9085p expressioand increased risk for bipolar disorder, increased
irritability, and increased sleep duration. Predicted geamgets of miRL9085p

were also found to be enriched for genetic association with bipolar disorder.
Further dissecting this association may translate to more effective treatments and a

better quality of life fo affected individuals.
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1.1.2 miRNA biogenesis

1.1.2.1 miRNA gene location and miRNA gene transcription

Most human miRNAs are located in clusters in the genome, which can
localize to intergenic, intronic or exonic genomic regions. In most cases,
MIRNAS are transcribed into long primary miRNAs (pri-miRNAs) by RNA
polymerase Il and, in rare cases, by RNA polymerase Il (Lee et al., 2004,
Borchert et al., 2006; Ramalingam et al., 2014).

MiRNAs can be transcribed either as individual miRNAs or as part of a
cluster in which a much larger polycistronic transcript containing multiple
MIRNAs is transcribed (Tanzer & Stadler, 2004; Hertel et al., 2006) and, as a
consequence, can be co-regulated and co-expressed (Altuvia et al., 2005;
Kim et al., 2009).

Nearly half of all known human miRNA genes are intergenic and are
transcribed from their own miRNA promoters by RNA polymerase Il (Lee et
al., 2004; Schanen & Li, 2011; Ha & Kim, 2014; de Rie et al., 2017). A
notable exception is a cluster of intergenic miRNAs located interspersed
among repetitive Alu elements on chromosome 19, which is transcribed by
RNA polymerase Ill (Borchert et al., 2006). The only other miRNAs
transcribed by RNA polymerase Il originate from a handful of viruses, such
as the murid herpesvirus 4 (MuHV4) and the bovine leukaemia virus (BLV)
(Bogerd et al., 2010; Kincaid et al., 2012). The other half of human miRNA
genes are intragenic, located within host genes, and transcribed by RNA
polymerase Il. Most intragenic miRNAs are located within introns, and only a
small number are located in exons of protein-coding genes. The pri-miRNA
of intronic mIRNAs is its host gene's heterogeneous nuclear RNA (hnRNA)
(Kim & Kim, 2007). Intronic miRNAs can either be processed from the introns
of their host transcription units and have the same expression pattern as their

respective host gene as well as sharing common regulatory mechanisms,



including promoters (Lee et al., 2004; Rodriguez et al., 2004; Baskerville &
Bartel, 2005), or be transcribed and regulated as independent transcription
units that do not show concordance in expression patterns with their host
gene (Wang et al., 2009a; Radfar et al., 2011; Ramalingam et al., 2014) and
have been shown to have their own promoters independent of their host
gene.

Moreover, alternative splicing has been shown to play a role in uncoupling
the expression amongst clustered miRNAs and between miRNAs and their
host genes (Ramalingam et al., 2014). The biogenesis of miRNAs can be
classified into canonical and non-canonical pathways. An overview of both
these pathways are depicted in Figure 1.2 (canonical pathway) and Figure

1.4 (non-canonical pathway).
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Figure 1.2 - Overview of the canonical pathway of miRNA biogenesis.

mMiRNAs are transcribed by RNA polymerase llagedither post or co-transcriptionally
processed by the nuclear microprocessor complex, consisting of Drosha and a DiGeorge critical
region 8 (DGCRS8) dimer. The microprocessor cleavesiRiNlAs in the nuels leading to the
release of the praniRNA that has a characteristiec@H 2nt overhangrlhis motif is recognized

by Exportin5 whichbinds to premiRNAs and, coupled with R&TP, mediates the export of
pre-miRNAs to the cytoplasm. In the cytoplasm, teeminal loop of premiRNAs is cleaved by
Dicer and its cdactor transactivation responsive RNA binding protein (TRBP), originating a
miRNA duplex intermediary. Dicer, TRBP andrgonaute (&Q proteinform the RISC loading
complex(RLC)which mediats the loading of one strand of the miRNA duplex to the AGO
protein, formingthe RNAInduced silencingomplex(RISE Subsequently, RISC is stabilized by
HSP90 and echaperones leading to a mature RISC which scans mRNAs for complementarity

with the miRNAseed region. Adapted fronTreiberet al, 2018. Created with Biorender.com



1.1.2.2 Canonical Pathway of miRNA Biogenesis

1.1.2.2.1 Prii miRNA processing by the microprocessor complex

The majority of human miRNAs are processed through the canonical
pathway. In this pathway, pri-miRNAs are processed into precursor miRNAs
(pre-miRNAS) post- or co-transcriptionally by the nuclear microprocessor
complex (Conrad et al., 2014; Suzuki et al., 2017; Louloupi et al., 2017). This
complex is composed of the RNA binding protein DGCR8 (DiGeorge critical
region 8, or Pasha i partner of Drosha) and the ribonuclease Il enzyme
Drosha (Lee et al., 2003; Denli et al., 2004; Gregory et al., 2004; Han et al.,
2004; Ha & Kim, 2014; Nguyen et al., 2015; Kwon et al., 2016). Cryo-EM
studies determined that the core of the microprocessor complex is composed
of a closely packed DGCRS8 dimer that interacts with the basal region of
Drosha and the terminal pri-miRNA loop (Partin et al., 2020; Jin et al., 2020).
Other proteins like helicases, certain splicing factors, and heterogeneous
nuclear ribonucleoproteins (hNRNPs) can interact with the microprocessor
complex, modulating miRNA biogenesis (Denli et al., 2004, Gregory et al.,
2004; Guil & Caceres, 2007; Trabucchi et al., 2009; Creugny et al., 2018;
Kwon et al., 2020).

DGCRS8 is a double-stranded RNA binding protein that acts as an anchor
for Drosha via its' C-terminus (Han et al., 2006) and is essential for
Drosha-dependent miRNA biogenesis (Wang et al., 2007). Moreover,
DGCRS is able to recognize several regulatory motifs within the pri-miRNA
sequence, improving both the efficiency and the accuracy of pri-miRNA
processing (Figure 1.3). For example, DGCRS8 recognizes and binds to the
apical UGU motif of pri-miRNAs through an RNA-binding heme domain
(Rhed) (Partin et al., 2017; Dang et al., 2020), which is thought to guide
Drosha towards the basal junction and prevent abortive pri-miRNA cleavages
(Nguyen et al., 2015; Herbert et al., 2016).















Dicer domain (DexD/H-box helicase domain) and act as a co-factor for Dicer,
regulating its dicing activity as well as substrate selection and pre-miRNA
cleavage site (Chendrimada et al., 2005; Lee et al., 2006b; Du et al., 2008;
Daniels et al., 2009; Lee & Doudna, 2012; Wilson et al., 2015). This region
has also been shown to interact with pre-miRNA terminal loops (Liu et al.,
2018), which may have implications in terms of allosteric effects by different
terminal loop lengths on Dicer's activity. Dicer's cleavage site also depends
on pre-miRNA structure (Gu et al., 2012). Dicer cleaves pre-miRNAs
between 21-25 nt from the base, removing the terminal loop (Bernstein et al.,
2001; Feng et al., 2012; Denli et al., 2004; Okada et al., 2009) and creating a
mature miRNA duplex (Zhang et al., 2004).

1.1.2.25 RISC assembly

The miRNA duplex is loaded to an Argonaute (AGO) protein (AGO1 - 4 in
humans) to form the RNA-induced silencing complex (RISC), which
represses target gene expression (Bernstein et al., 2001; Schwarz et al.,
2003; for review, see: Nakanishi, 2016; Iwakawa & Tomari, 2022). The RISC-
loading complex (RLC) is the essential structure required for loading miRNA
duplexes into RISC and consists of Dicer, AGO2 and TRBP. Following pre-
mMiRNA cleavage by Dicer, the miRNA duplex is released. Subsequently, the
duplex is rebound by Dicer in another position (Noland et al., 2011). TRBP is
a dsRNA binding protein that acts as a strand asymmetry sensor
(Chendrimada et al., 2005) and orientates the miRNA duplex within Dicer so
it can be loaded onto an AGO protein in an ATP-dependent manner (Tomari
et al., 2004; Nakanishi, 2016). TRBP has also been shown to recruit AGO2
to load the RNA duplex generated by Dicer (Gregory et al., 2005). The
Hsc70/HSP90 chaperone machinery is required to keep AGO proteins in an
open conformation until the miRNA duplex is loaded (Johnston et al., 2010;

Iwasaki et al., 2010), which leads to the unwinding of the duplex.
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MiRNA duplexes have directionality - a 3p or 5p suffix designates miRNAs
derived from the 3Ny end and 5° end, respecti
into AGO and form a functional RISC complex, and strand selection is a
tightly regulated process. The fraction of 3p or 5p strand RISC complexes
varies significantly for each miRNA depending on cell type, developmental
stage, and cellular context (including several diseases) and ranges from
equal amounts to predominantly one form (for review, see: Meijer et al.,
2014). Generally, the strand with lower thermodynamic stability at its 5' - end
(weakest binding) between the 5p and the 3p strand, or the strand with an
uracil 5'-end and an excess of purines is preferentially loaded into the AGO
and becomes the guide strand (Khvorova et al., 2003). The choice of strand
can also be affected by the type of AGO present, as the PAZ and MID
domains of AGO3 have been shown to specifically enhance the passenger
strand expression and activity of let-7a in comparison with let-7a processed
by AGO1, AGO2 or AGO4, i nde pe n dendthernmdynammib e 5 Nj
stability (Winter & Diederichs, 2013). The unloaded strand, also known as the
passenger strand, is usually degraded by several mechanisms, depending
on the degree of complementarity between the duplex (Schwarz et al., 2003;
Khvorova et al., 2003; Ha & Kim, 2014). It is also possible for both the
passenger and the guide strand to co-accumulate as a miRNA pair and
target different sets of mMRNAs separately (Ro et al., 2007). Moreover, a
study in C. elegans demonstrated that the presence or absence of specific
target mRNAs protected their cognate miRNA from degradation, culminating
in specific MiIRNA passenger strand accumulation, which suggests mMRNAs

and miRNAs can mutually regulate each other (Chatterjee et al., 2011).

1.1.2.3 Non-canonical miRNA Biogenesis Pathways

Several non-canonical miRNA biogenesis pathways have been described.
These can be grouped into Drosha/DGCR8-independent and
Dicer-independent pathways (Figure 1.4).
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and the entire pre-miRNA is loaded into AGO2 (Yang et al., 2010). AGO2
has an intrinsic endonuclease ability, and these pre-miRNAs undergo
AGO2-dependent slicing of the 3p strand, leading to the formation of a 30nt
i ntermediar y ;5N alrli onwreBprstigngiad CleMpfet al.,
2010; Yoda et al., 2013). This process is promoted by the activity of the
eukaryotic translation initiation factor (EIF1A), another component of RISC
(Yi et al., 2015). The only miRNA known to be processed by this pathway is
miR-451, a miRNA essential for erythropoiesis (Dore et al., 2008), which is
processed by the Dicer-independent pathway due to its pre-miRNA structure
being so short that it cannot be recognized by Dicer (Cheloufi et al., 2010).

1.1.3 miRNAs target recognition

mMiRNAs were originally thought to predominant | v bi ndJTRa t he 3 Nj
their mMRNA targets (Bartel, 2009). Plant miRNASs require extensive
complementarity with their targets (Rhoades et al., 2002). In contrast, in
animals, complementarity between the 5' proximal "seed region” (nucleotides
2 to 7) of the miRNA and its target is sufficient for RISC mRNA recognition
and binding through Watson-Crick base pairing (Lewis et al., 2003; Bartel,
2009). Currently, there are 2654 mature miRNAs in humans annotated in
miRbase v22.1, and over 45,000 miRNA response elements (MRE) have
been found in the 3'-UTR of more than 60% of all coding genes, suggesting
that miRNAs regulate the majority of genes (Friedman et al., 2009).
Interestingly, isomiRs can contain untemplated post-transcriptional
modifications within their seed region, which may increase the number of

coding genes regulated by miRNAs (Guo & Chen, 2014).

A microarray study has demonstrated that some miRNAs that are
preferentially expressed in the brain (miR-124) and muscle (miR-1) can

moderately downregulate hundreds of mMRNA targets in cell culture (Lim et
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al., 2005). In most cases, miRNAs fine-tune gene expression and have mild
to moderate effects (Lewis et al., 2003), often repressing the expression of
target mMRNAs by < 20% (Baek et al., 2008; Selbach et al., 2008).

MRNAs can have multiple target sites and be regulated cooperatively
(Krek et al., 2005; Friedman & Burgue, 2014) by multiple miRNAs in a
log-additive manner (Grimson et al., 2007). This phenomenon is prominent in
the brain, as neuronal mMRNAs possess longer 3'-UTRs and an increased
density of miIRNA response elements (Cacchiarelli et al., 2008; Barbash et
al., 2014). Some mRNAs have multiple target sites for the same miRNA
species and can be regulated by multiple copies of the same miRNA (Lee et
al., 1993; Reinhart et al., 2000; Mayr et al., 2007). A small number of MRNAs
(7% of genes with MRES) have more than one conserved site for the same
mMiRNA family, whereas the majority of mRNAs (72% of genes with MRES)
have target sites for multiple independent miRNA families (Friedman et al.,
2009). In addition, miRNAs located in the same polycistronic cluster are
usually coexpressed and have either overlapping predicted targets or target
members of the same pathway (Tsang et al., 2010). A recent study by
Cherone and colleagues (2019) has demonstrated that specific genetically
independent brain-enriched miRNAs can act together to cooperatively
repress mMRNA targets robustly by 5-10 fold (Cherone et al., 2019). These
phenomena make validating miRNA targets difficult (Alvarez-Saavedra &
Horvitz, 2010).

1.1.4 miRNA target prediction

An absence of high-throughput methods for miRNA target identification
and the complexity of validating miRNA targets lead to the development of
several algorithms that predict miRNA target sites (Lewis et al., 2003;
Kiriakidou et al., 2004; John et al., 2004; Krek et al., 2005).
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Because target sites were thought to be predominantly located in the
3 TR (Bartel et al., 2009), these algorithms initially only mined miRNA
target sequeUlRefsnRNAs bytidentfyirg) évolutionarily
conserved sites with complementarity to miRNA seed regions (a 7nt match)
(Lewis et al., 2003; Lewis et al.,2005; Rajewsky, 2006). This view
predominated, despite several studies providing evidence of widespread
miRNA binding to mMRNA protein coding sequence (CDS) (Easow et al.,
2007; Hausser et al., 2013; Liu et al., 2015), miRNA binding to individual
5-®TR and CDS (Easow et al., 2007; Forman et al., 2008; Lytle et al., 2007;
Orom et al., 2008; Tay et al., 2008; Qin et al., 2010) and even miRNA binding
to promoters (Place et al., 2008). Several more recent studies have indicated
that both this view and miRNA target predictions are, at best, an incomplete
picture. Chi and colleagues (2009) generated interaction maps for the 20
most abundant mouse brain miRNAs, including miR-124, by HITS-CLIP
(high-throughput sequencing of RNA isolated by crosslinking and
immunoprecipitation). This method allows for the sequencing of mMRNA
segments bound to AGO by using UV to crosslink proteins with RNA,
followed by immunoprecipitation of AGO proteins and cDNA sequencing. The
authors reported that 27% of mRNAs bound to AGO had no predicted seed
match among the top 20 most abundantly expressed miRNAs (Chi et al.,
2009). Subsequently, Hafner and colleagues (2010) modified this method
(PAR-CLIP) in HEK293 cells to perform a transcriptome-wide survey of the
binding sites of several RNA binding proteins, including AGO1-4. The
authors reported that most miRNA binding sites were present within exonic
regions (84%). Of these, only 46% of binding sites were located in the
3 WTR of MRNA targets, with 50% of binding sites in the CDS and 4% in the
5-0UTR (Hafner et al., 2010). Inhibition of the top 25 most abundantly
expressed miRNAs in these cells had a negligible effect on the expression of
MRNAs with miRNA binding sites present exclusively in their CDS (Hafner et
al., 2010), which suggests CDS miRNA binding sites help fine-tune mRNA
expression. These findings were subsequently validated by crosslinking
ligation and Sequencing of Hybrids (CLASH), where similar findings were
reported (Helwak et al., 2013). Helwak and colleagues (2013) also reported
that 18% of miRNA-mRNA pairs did not bind via the seed region located in
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1.1.5 Primate specific miRNAs

Novel miRNA genes can arise by multiple mechanisms (for review, see:
Lu et al., 2008; Berezikov, 2011), such as duplication of an existing miRNA
gene which subsequently gains a new function (Hertel et al., 2006; Ruby et
al., 2007; Lu et al., 2008), mutations in the seed region (Lu et al., 2008) or
antisense transcription of an existing miRNA gene (Tyler et al., 2008).
Additionally, introns can give rise to unstructured transcripts that may
gradually evolve and form hairpin structures identifiable by the
microprocessor complex, originating a new miRNA gene (Berezikov et al.,
2011). This event commonly occurs in species-specific miRNAs
(Campo-Paysaa et al., 2011). Moreover, transposable elements, as well as
snoRNAs and tRNAs, can originate transcripts that may also give rise to
miRNA-like hairpin structures identifiable by the microprocessor complex,
originating new miRNA genes (Berezikov et al., 2011; Smalheiser & Torvik,
2005; Hertel et al., 2006; Yuan et al., 2011).

Phylogenetic analysis of 1433 miRNAs expressed in humans indicates
that a large proportion of these miRNAs (53%) originated in primates, with
28% of these first arising in the hominid lineage (lwama et al., 2013). The
emergence of primate- and human-specific miRNAs is likely to have had an
essential role in shaping gene networks involved in brain size expansion and
the increased complexity and sophistication observed in primate and human
brains (Arcila et al., 2014; Prodromidou & Matsas, 2019). In the developing
brain, over 100 primate-specific miRNAs and 14 human-specific miRNAs
have been identified (Berezikov, 2011; Hu et al., 2012), the majority of which
are involved in neuronal progenitor proliferation, generation of neurons, brain
function and cognition (Nowakowski et al., 2013; Arcila et al., 2014;
Nowakowski et al., 2018; Prodromidou & Matsas, 2019).
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1.1.6 miRNAs function: post-transcriptional gene

regulation

Post-transcriptional gene silencing (PTGS) by RISC can occur through
repression of translation, sequential degradation or direct target mRNA
cleavage by a catalytically active AGO2 protein (Lee et al., 1993; Rhoades et
al., 2002; Llave et al., 2002; Bartel, 2004; Bushati & Cohen, 2007). Moreover,
the biological outcome of miRNA-mediated PTGS can be altered by factors
contributing to the strength of the miRNA:mRNA binding and the repressive
effect of the target site (Carroll et al., 2014).

AGO2-mediated RNA cleavage occurs when there is perfect
complementarity between the miRNA and the mRNA target. This mechanism
commonly occurs in plants (Llave et al., 2002), but there is evidence of at
least one case of AGO2 - mediated cleavage occurring in humans between
miR-196 and its target HOXBS8 (Yekta et al., 2004). In mammals, studies
have reported that sequential degradation of mMRNA targets accounts for the
majority (66 1 90%) of miRNA-mediated PTGS (Guo et al., 2010; Eichhorn et
al., 2014), with translational repression contributing only a small proportion
(1071 25 %) of the overall repression (Hendrickson et al., 2009; Guo et al.,
2010).

1.1.6.1 miRNA mediated mRNA destabilization and mRNA

degradation

mMiRNA-mediated mMRNA destabilization and mRNA degradation are the
primary means of miRNA PTGS in mammals (Guo et al., 2010; Eichhorn et
al., 2014). Sequential degradation of mMRNA involves mRNA destabilization
throughatwo-st ep deadenyl atdieccma ppori oncgg 8asntda BE6§6e t
MRNA degradation (Eulalio et al., 2009). For mRNA degradation to occur,
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RI SC bi nd<4JTR obtargehneRNAsavhich leads to AGO recruiting

scaffold protein glycine-tryptophan protein of 182 KDa (GW182) (Rehwinkel

et al., 2005). GW182 then recruits the PAN2-PAN3 (PolyA-specific Nuclease

subunit) complex and guides it to the poly-A tail of the target mMRNA, where

the PAN2 subunit performs an initial deadenylation of the target mMRNA

(Braun et al., 2011). In the second step of this process, a complex formed

bet wee-Bbae8b6nuclease (CCR4a) a&aOTh a scaffol di
removes the remainder of the Poly(A) tail. Following this, GW182 sequesters

the target mMRNA in processing-bodies(P-b odi es) and t he mRNA 506 c.
removed by the decapping protein 2 (DCP2) followed by destabilized mRNA

degradation by exoribonuclease 1 (XRN1) (Eystathioy et al., 2003; Andrei et

al., 2005; Jakymiw et al., 2005; Liu et al., 2005; Sen & Blau, 2005). Target

MRNA sequestration is a dynamic occurrence, and sequestered mRNAs are

released from P-bodies and translated when cells are under stress

(Bhattacharyya et al., 2006).

1.1.6.2 miRNA mediated translational repression

Most studies on translational repression of endogenous mRNAs support
the notion that miRNASs repress translation primarily by blocking the initiation
of translation (Pillai et al., 2005; Humphreys et al., 2005; Hendrickson et al.,
2009; Eichhorn et al., 2014).

RISC can block the initiation of translation via interaction with translation
initiation factor elF4e (Humpfreys et al., 2005; Richter & Sonenberg, 2005;
Mathonnet et al., 2007; Wakiyama et al., 2007; Chen & Gao, 2017), which is
part of the eukaryotic initiation complex elF4F. This blocking will prevent the
elF4F complex from recruiting the ribosomal 40S subunit and forming a 43S
pre-initiation complex (Richter & Sonenberg, 2005; Ricci et al., 2013; Fukaya
et al., 2014). Moreover, GW182 proteins are crucial for translation repression
and interact with PABP (poly(A)-binding protein) to recruit several auxiliary
proteins such as PAN2-PAN3 and CCR4:NOT deadenylases along with
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Dcpl:Dcp2 decapping complexes to inhibit the initiation of translation
(Behm-Ansmant et al., 2006; Braun et al., 2011; Fabian et al., 2009;
Kuzuoglu-Ozturk et al., 2012; Huntzinger et al., 2013; Mathys et al., 2014).

The mechanisms behind translational repression have not been fully
elucidated. miRNAs and their targets have been observed to associate with
polysomes in sucrose sedimentation gradients. This observation led to
post-initiation translational repression mechanisms being proposed (Maroney
et al., 2006; Petersen et al., 2006), such as inhibition of elongation,
co-translational degradation and premature termination of translation (for
review, see: Filipowicz et al., 2008). These proposed mechanisms have
caveats. For instance, the notion that miRNAs inhibit elongation is mainly
derived from studies using reporter constructs and artificial systems, which

usually do not behave like endogenous mRNAs (Eichhorn et al., 2014).

In contrast, several studies support the notion that repression of
translation is functionally linked to mMRNA destabilization and decay
(Hendrickson et al., 2009; Bazzini et al., 2012; Tat et al., 2016). It has been
suggested that mMiRNA-me di at ed PTGS ofkicturmod el @&,
translational repression being the first hit leading to an immediate stop in
translation, followed by mRNA destabilization and degradation, which would
complete mRNA silencing (Zdanowicz et al., 2009; Bazzini et al., 2012;
Djuranovic et al., 2012; Bethune et al., 2012). This model is consistent with
observations that translational repression occurs quite rapidly but has a weak
effect on mRNA silencing (Eichhorn et al., 2014).

1.1.6.3 Non-canonical miRNA functions

1.1.6.3.1 Nuclear miRNA functions

Several components of the miRNA RISC machinery have been detected in
the nucleus, including AGO, Dicer and GW182 (Hwang et al., 2007; Ohrt et
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al., 2008; Tan et al., 2009; Sinkkonen et al., 2010; Till et al., 2007; Ahlenstiel
et al., 2012; Nishi et al., 2013). Moreover, several studies have reported the
presence of specific AGO-loaded miRNAs in the nuclei of animal cells (Politz
et al., 2009; Hwang et al., 2007; Kim et al., 2008; Foldes-Papp et al., 2009),
which have been found by some (but not all) studies to form complexes with
RNAI factors (Ohrt et al., 2008; Khudayberdiev et al., 2013; Gagnon et al.,
2014). In neural stem cells, a substantial number of miRNAs have been
found in the nucleus, with some miRNAs being enriched in the nucleus
(Jeffries et al., 2011). Specific miRNAs are enriched in the nuclei (or nucleoli)
of several cancer lines (Park et al., 2010; Li et al., 2013), myoblasts (Politz et
al., 2009) and post-mitotic neurons (Khudayberdiev et al., 2013). These

observations suggested novel non-canonical miRNA functions.

The mechanisms of mature miRNA transport into the nucleus have not
been fully elucidated. However, it is thought that mature miRNAs are loaded
into AGO in the cytoplasm and can shuttle in and out of the
nucleus via importin-8 and exportin-1, where they accumulate depending on
the presence of a target (Castanotto et al., 2009; Weinmann et al., 2009). A
3Nj hexanucl eotide regulatory motif (AGUGUU)
miR-29b to the nucleus in HelLa cells (Hwang et al., 2007). However, this
motif is not conserved between other nuclear miRNAs (Hwang et al., 2007;
Jeffries et al., 2011). In the nucleus, miRNAs have been found to regulate
gene expression through multiple mechanisms. These include AGO2-
mediated cleavage of circular antisense transcripts, leading to a decrease in
MRNA levels (Hansen et al., 2011), cleavage of long non-coding RNAs
(Leucci et al., 2013) or binding to other pri-miRNAs and preventing their
processing (Tang et al., 2012). Moreover, several miRNAs can bind to
complementary promoters of target genes to regulate gene expression at the
transcriptional level: either inducing gene expression by competing with
promoter-binding repressors (Place et al., 2008) or repressing gene
expression by implementing silenti state histone modifications such as an
increase in promoter H3K27me3, linked to heterochromatin formation (Kim et
al., 2008; Tan et al., 2009; Benhamed et al., 2012).
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1.1.6.3.2 miRNA mediated translation activation

In some cases, such as in quiescent cells, miRNAs can promote the
translation of specific mMRNAs via the formation of a micro-ribonucleoprotein
(microRNP) complex with Fragile X mental retardation related protein 1
(FXR1) (Vasudevan et al., 2007; Vasudevan & Steitz, 2007; Lin et al., 2011,
Truesdell et al., 2012; Valinezhad et al., 2014). GW182 is downregulated in
the GO state, which results in the absence of interaction between GW182
and AGO2. As a consequence, AGO?2 is then free to interact with FXR1,
which eventually results in miRNA upregulation of translation of target
MRNAs (Yang et al., 2004; Vasudevan et al., 2007).

1.1.7 Regulation of miRNA biogenesis

MIiRNA biogenesis is tightly regulated both spatially and temporally (Lee et
al., 2016) by cofactor proteins, RNA precursors, and post-translational
modifications (PTMs) (Lee et al., 2006; Heale et al., 2009; Lee & Doudna,
2012; Heo et al., 2012). miRNAs are also extensively regulated by RNA
binding proteins (RBPs) such as lin-28 homologue A (LIN28A) and hnRNPA1
(for review, see: Ha & Kim, 2014; Treiber et al., 2019) and by long
non-coding RNAs (Krol et al., 2015; Jiang et al., 2017).

PTMs of miRNA biogenesis machinery, such as phosphorylation,
ubiquitylation and SUMOylation of DGCR8, Drosha, TRBP and AGO, can
remodel miRNA activity following an external stimulus (for review, see:
Treiber et al., 2019). For instance, DGCRS is heavily phosphorylated by
mitogenic MAPKs, which increases the activity of the microprocessor and
results in increased biogenesis of miIRNAs with a pro-growth profile (Herbert
et al., 2013). TRBP is also phosphorylated by ERK and S6K, which increases

the stability of the TRBP-Dicer complex and stimulates mature miRNA
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(Sempere et al., 2004; Landgraf et al., 2007; Bak et al., 2008; He et al., 2012;
Ziats & Rennert, 2014). miRNAs are also differentially expressed in different
subtypes of neurons, such as in glutamatergic versus GABAergic neurons or
between subtypes of GABAergic neurons (He et al., 2012). In addition,
several studies have demonstrated that miRNAs are enriched in dendritic
spines, axons and synapses and possess differential expression dependent
on neuronal compartments (Lugli et al., 2008; Natera-Naranjo et al., 2010;
O6Carrol & Schaefer, 2013; Sasaki et
shown to regulate the expression of synaptic miRNAs (Eacker et al., 2011,
Siegel et al., 2011; Pichardo-Casas et al., 2012). These studies strongly
implicate miRNAs in brain development and function (Barca-Mayo & De
Pietri-Tonelli, 2014; Rajman & Schratt, 2017; Gebert & MacRae, 2019;
Prodromidou & Matsas, 2019; Cho et al., 2019).

1.2.4 miRNAs and brain development

There is a substantial body of evidence indicating that miRNAs are highly
expressed in the brain, where they are vital in regulating processes
pertaining to brain development and neuronal function, including
neurogenesis, neuronal celli type determination and migration, axonal
pathfinding, synapse formation and neuronal circuit development, among
others (Nowaskowski et al., 2018; for review see: Rajman & Schratt, 2017;
Prieto i Colomina et al., 2021), by targeting regulatory molecules
encompassing TFs, chromatin modifiers and components of signalling
pathways (Nowaskowski et al., 2018). In the developing brain, miRNAs can
either be master regulators of gene expression or fine-tuners, depending on
the specific miRNA and the cellular context. miRNAs act as master
regulators when they promote developmental transitions by repressing
transcripts associated with the previous stage. In contrast, miRNAs act as
fine-tuners when they act to reduce variability in the gene expression levels
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of their targets, leading to a decreased level of noise and increased
robustness in signalling (Schratt, 2009a; Hornstein & Shamron, 2006; Ebert
& Sharp, 2012; Rajman & Schratt, 2017).

1.2.4.1 Ablation models of miRNA biogenesis pathway in brain

development

Initially, the role of miRNAs in brain development was studied by their
overall ablation by targeting critical elements of the miRNA biogenesis
pathway. The complete knockout of Dicer in mice is embryonically lethal, with
mice dying at embryonic day (E) 7.5 before neurulation occurs, indicating the
importance of mMiRNAs in development (Bernstein et al., 2003; Murchison et
al., 2005). Moreover, in mice, the conditional knockout of Dicer at late
embryonic stages (> E10.5) leads to reduced neurogenesis and cell
proliferation which translates into a smaller cortex (De Pietri Tonelli et al.,
2008), increased apoptosis, impaired neuronal migration and differentiation,
resulting in disorganized cortical circuits (Kawase-Koga et al., 2009;
Nowakowski et al., 2011; McKoughlin et al., 2012; Saurat et al., 2013). In
contrast, loss of Dicer at early embryonic stages (E7.5) in the telencephalon
leads to a severe histological disruption of its rostral-ventral organization due
to the inhibition of miIRNA let-7 (Fernandez et al., 2020). DGCRS is exclusive
to the miRNA biogenesis pathway, and homozygous DGCR8 knockout is
also embryonically lethal in mice, which die at E6.5 (Wang et al., 2007; Stark
et al., 2008), whilst heterozygous DGCRS8 knockouts display abnormal
mMiRNA biogenesis, accompanied by several neuronal and behavioural
deficits (Stark et al., 2008). Moreover, the ablation of Drosha in forebrain
neural progenitors resulted in early differentiation and loss of progenitor
stemness (Knuckles et al., 2012), and AGO2 knockout mice display aberrant

neural tube closure and die early during development (Liu et al., 2004).
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Table 1.1, pt. I T Key miRNAs in foetal brain development.

Blological Effect of mRNA targets miRNAs References
process miRNAs
+ N-cadherin miR-379-410 Ragoetal., 2014
miR-22, miR-
! Gaughwin et al., 2011;
Neuron Dex, REST/CoREST 24 MIR34C, )\ vert et al., 2014;
miR-204,  \/ono et al., 2017
Migration _ miR-134 eno et al.,
Foxp2 miR-3, miR- Rajman & Schratt, 2017
132
Cyclin D1, Tlx, let-7, miR- Meza-Sosa et al., 2014;
Sox9, and Scpl 124, miR-9 Volvert et al., 2014
4 : >
Neuron IS Sy IRAds Volvert et al., 2012
Synaptotagminl
differentiation
Hmga2, Upfil, miR-128, Volvert et al., 2012; Shu
FoxG1, Meis2, TIx miR-9, let-7 etal., 2019
Sun et al., 2011; Volvert
Lsd1 miR-137 et al., 2012; Tomasello
et al., 2022
PDGFRa, Sox6, miR-219, )
Oligodendrocyte Hes5, FoxJ3, miR-23a, Dugas etal,, 2010;
. L. + " R Rajman & Schratt, 2017,
differentiation ZFP238, Lingo1l, miR-338, Wang et al.. 2017
EtvS miR-297 getal,
NfiA/B, Igf2bp2,  |cu/ MR-
Astrocyte % Plagl2, Hmga2 pnllivers
strocyte gi2;timg miR-124  Shimazaki et al., 2016
differentiation -
i Maok14 miR-153,
P miR-17/106
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1.2.4.3 Roles of miRNAs in neuronal differentiation

miR-124 and miR-9 are highly conserved miRNAs that constitute the most
highly expressed miRNAs in the brain (Krichevsky et al., 2006; Gao, 2010;
Han et al., 2020; Radhakrishnan & Anand, 2016) with crucial roles in
neuronal development (Visvanathan et al., 2007; Radhakrishnan & Anand,
2016). miR-124 is minimally expressed in NPCs, and its expression
increases during foetal brain development and upon neuronal differentiation,
reaching maximum levels in mature neurons (Lagos-Quintana et al., 2002;
Deo et al., 2006; Visvanathan et al., 2007; Cheng et al.,2009). In contrast,
miR-9 is primarily expressed in neuronal precursors where it controls NPC
numbers (Delaloy et al., 2010; Akerblom et al., 2013; Coolen et al., 2013;
Radhakrishnan & Anand, 2016).

NPC maintenance depends on the Notch pathway, which promotes NPC
self-renewal and inhibits neuronal differentiation. This pathway is initiated by
the Notch ligand Jaggedl (Jagl) binding to the Notch transmembrane
receptor (Louvi & Artavanis-Tsakonas, 2006; Imayoshi & Kageyama, 2011).
miR-124 turns off the Notch pathway by suppressing Jagl, allowing neuronal
differentiation to occur (Cheng et al., 2009; Liu et al., 2011; Jiao et al., 2017).
Overexpression of miR-124 in HelLa cells leads to a global shift in the
transcriptome towards brain-specific mMRNA expression (Lim et al., 2005).
This phenomenon was observed in a variety of other systems, such as
neuronal progenitors, embryonic stem cells and fibroblasts (Krichevsky et al.,
2006; Silber et al., 2008; Xia et al., 2012; Yoo et al., 2011), demonstrating
that miR-124 can act as a master regulator of neurogenesis. miR-124 drives
neurogenesis by inhibiting key transcriptional repressors of neuronal-specific
genes; specifically, miR-124 targets small C-terminal domain phosphatase 1
(SCP1), preventing the phosphorylation and stabilization of the RE1 silencing
transcription factor (REST) (Conaco et al., 2006; Visvanathan et al., 2007,
Packer et al., 2008; Nesti et al., 2014). REST is an anti-neural transcriptional
repressor, which forms a complex with its cofactors mSin3A (Grimes et al.,
2000) and CoREST (Andres et al., 1999) and binds to repressor element 1
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(RE1) sites upstream of neuronal genes. Through this mechanism, REST
strongly represses neuronal gene transcription via histone deacetylases
(HDACSs) and thus must be inhibited for neuronal differentiation to occur
(Ballas et al., 2005). miR-124 also inhibits the expression of the
polypyrimidine-tract-binding protein (PTBP1), a splicing factor that represses
neuron-specific splicing (Makeyev et al., 2007). In undifferentiated cells, high
levels of REST repress the expression of several miRNAs, including miR-124
leading to a double-negative feedback loop that operates as a molecular
switch to drive neuronal differentiation (Visvanathan et al., 2007; Cheng et
al., 2009). PTBP1 has also been shown to block pri-miR-124-1 cleavage by
the microprocessor leading to the inhibition of miR-124 biogenesis (Yeom et
al., 2018), which suggests that additional miRNAs control these negative
feedback loops by targeting REST and/or PTBP1 leading to increased
miR-124 expression and neuronal fate specification. One such miRNA is
miR-9, which has been shown to target COREST in neurons (Packer et al.,
2008). miR-124, in conjunction with miR-9, regulate the switch to neuron-
specific chromatin remodelling complexes (nBAF) by downregulating the
BAF53a subunit expressed in non-neuronal cells and NPCs, which is
replaced by the neuron-specific subunit BAF53b (Yoo et al., 2009) and is

required for post-mitotic events such as dendritogenesis (Wu et al., 2007).

Several miRNAs promote neurogenesis via regulation of the Wnt pathway.
For instance, miR-9 and let-7 downregulate the nuclear receptor TLX (Zhao
et al., 2009; 2010; Roese-Koerner et al., 2013), an upstream activator of the
Wnt pathway expressed in neurogenic niches in both foetal and adult brain.
TLX prevents premature neuron differentiation and promotes NPC self-
renewal (for review, see: Islam & Zhang, 2015) and its downregulation
inhibits proliferation and promotes neuronal differentiation. Through a
negative feedback loop, TLX directly represses miR-9 expression (Zhao et
al., 2009) and represses miR-137 expression via recruitment of the histone
demethylase LSD1. In turn, when expressed, miR-137 promotes neuronal
differentiation by targeting LSD1 (Sun et al., 2011) and preventing LSD1 from
erasing activating H3K4me3 epigenetic marks (Yokoyama et al., 2008).

Moreover, several miRNAS, such as let-7, miR-20a/20b, miR-23 and
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miR-15b, downregulate cyclin D1, a downstream effector of the Wnt
pathway, either directly (Ghosh et al., 2014) or via regulating the methylation
status of the cyclin D1 promoter (Lv et al., 2014) thereby inhibiting cell

proliferation.

1.2.4.4 Roles of miRNAs in neuronal migration and maturation

Neuronal migration is regulated by the coordinated action of several
mMiRNAs that can promote, inhibit or protect neuronal migration along radial
glial cells (Rajman & Schratt, 2017). Several members of the miR-379-410
cluster, including miR-369-3p, miR-496 and miR-543, promote neuronal
migration by downregulating N-cadherin, a neuronal adhesion molecule
(Rago et al., 2014). In contrast, miR-134, miR-22 and miR-124 work
cooperatively to inhibit neuronal migration by targeting doublecortin (Dcx)
either directly (Gaughwin et al., 2011) or indirectly via members of the
REST/CoREST transcriptional repressor complex (Volvert et al., 2014). As
neurons migrate, they begin to polarize and convert from a multipolar
morphology into a bipolar morphology (Noctor et al., 2004) via miR-22 and
miR-124 regulation (Volvert et al., 2014). Once neurons reach their final
destination, axons and dendrites start forming for neurons to establish
functional connections. miR-9 regulates neurite outgrowth by targeting
forkhead transcription factors 1 and 2 (Foxpl and Foxp2) (Otaegi et al.,
2011; Clovis et al., 2012). In addition, miR-9 increases axon branching by
locally regulating the expression of microtubule-associated protein 1b
(Map1b) in axons (Dajas-Bailador et al., 2012). Several miRNAs modulate
axonal branching and dendrite morphogenesis by targeting components of
the actin-remodelling complex. miR-124 promotes axonal and dendritic
branching by inhibiting the expression of RhoG GTPase (Franke et al.,
2012). miR-134 decreases dendritic spine size by targeting Limk1, which
inhibits actin polymerization (Schratt et al., 2006). Moreover, miR-134

promotes dendritic branching by targeting Pumilio2 (Pum2), a translational
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repressor involved in dendritogenesis (Fiore et al., 2009). miR-132 promotes
BDNF i dependent axonal branching and increases dendritic spines by
inhibiting the expression of p250GAP, a repressor of RAC1, resulting in

increased actin remodelling (Wayman et al., 2008; Marler et al., 2014).

1.2.45 Roles of miRNAs in gliogenesis

Gliogenesis is the process by which radial glia give rise to astrocyte
precursor cells, astrocytes and oligodendrocyte precursor cells during foetal
brain development (Molnar et al., 2019). This process is thought to occur
sequentially and to partially overlap with neurogenesis throughout the second
half of human foetal development (Kadhim et al., 1988; deAzevedo et al.,
2003). Recent studies have demonstrated that truncated radial glial cells
(tRGs) originate glial progenitor cells at 18 PCW (Yang et al., 2022), which
undergo mitosis and sharply increase in numbers after 20 PCW, suggesting
that the neurogenesis-to-gliogenesis switch occurs at 20 PCW in human
foetal development (Fu et al., 2021). Several studies have highlighted
MiRNAs as essential regulators of oligodendrocyte and astrocyte
differentiation. For instance, oligodendrocyte-specific miRNAs miR-219 and
miR-338 promote oligodendrocyte differentiation and myelination (Shin et al.,
2009; Dugas & Notterpek, 2010; Zhao et al., 2010) by repressing
oligodendrocyte differentiation inhibitors such as platelet-derived growth
factor alpha (PDGFRU), #eusofalgensssucbas Fox J 3
Zfp238 (Stolt et al., 2006; Dugas & Notterpek, 2010; Wang et al., 2017).
Moreover, several miRNAs involved in neuronal fate determination can also
regulate glial differentiation, depending on cellular competence. For instance,
miR-92a regulates neuronal fate determination (Bian et al., 2013) and is also
required for astrocyte differentiation (Selvi et al., 2015). In addition, miR-23a,
which promotes neurogenesis, also promotes oligodendrocyte differentiation

and myelination (Lin et al., 2013).
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Figure 1.6 T miRNAs involved in foetal brain development.

Foetal brain development starts with the formation of the neural tube at 3 PCW (Ladher &
Schoenwolf, 2005). Subsequently, a6 #CWs, neuronal progenitors rapidly prolieran the
ventricular zone (VZ) that lines the cerebral ventricles (Rakic, 1978; Rakic, 1988; Rakic, 1995;
Bystron et al., 2008). miR5, miR134, and miRL37 induce the proliferation of neural stem cells

by regulating the expression of several proteimgjuding pluripotency factors (Nanog and Sox2)
and celicycle inhibitors (p57) (Meza Sosa et al., 2014). By PCW 8, neuronal progenitors begin to
differentiate, and radial glia can give rise to neurons (Malatesta et al., 2000; Noctor et al., 2001,
Miller, 2002; Liu & Rao, 2004). Several miRNAs, includingl24RmiR9 and let7, promote
differentiation of both radial glia and neurons by several mechanisms, including inhibiting TLX,
which would otherwise stimulate neuronal progenitor sethewal and cycliD, which controls

cell proliferation (Zhao et al., 2009). The inhibition of SCP1, BAF53a, and PTBP1, among others,
by miR124 leads to a shift from neneuronal into neuronal gene expression profiles (Lang &

Shi, 2012). Moreover, the negative feedback fagary loops between miRNAs and their targets
during neurogenesis allow for the spatiotemporal control of gene expression and give rise to a
border between progenitor cell pools and differentiated neurons. After differentiation,-post
mitotic neurons migra¢ along radial glia cells (Raka®0® Ay F-§dzad yER RBSNE 6 KS NS
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deeper cortical layers are formed first (Hatten, 1993; Rakic, 1978; Rakic, 1988; Rakic, 1995). This
process peaks at 3220 PCW and continues up to-28 PCW (Gupta et al., 2005) ardjuires a
complex interaction between neurons and scaffolding glia (Hatten, 1999; Chao et al., 2009).
Several miRNAs work cooperatively to regulate neuronal migration. For instancé3hitan

inhibit neuronal migration by targeting doublecortiB¢y directly (Gaughwin et al., 2011),

whilst miR22 and miRL24 targetDcxby downregulating members of the COREST/REST
transcriptional repressor complex (Volvert et al., 2014). In contrast, several other members of
the miR379410 cluster, such as miR38p, miR496 and miF543, promote neuronal migration

by downregulating MNadherin, a neuronal adhesion molecule (Rago et al., 2014). As neurons
reach the end of their migration, they mature and extend dendrites and axons to other neurons
to form synaptic conndions, a process dependent on several molecular gradients. Refinement
of synapses occurs later, starting at 20 PCW. Several miRNAs regulate these processes by
promoting axonal branching (e.g. 2R, miR124 and miRL32), dendritogenesis (e.g. mi32,
miR-185 and miRL34), regulating spine maturation (e.g. inhibitiomiR-125, miR134, miR138;
promotion ¢ miR132) and regulating synapse development and function (e.g=18i (Rajman

& Schratt, 2017). Adapted from: Prie@olomina et al., 2021. CreatedtwBiorender.com

1.3 Role of miRNAs in neuropsychiatric disorders

1.3.1 Neuropsychiatric disorders

Neuropsychiatric disorders are a group of complex disorders that, despite
lacking obvious neuropathology, can result in significantly altered affect,
perceptions, cognition, personality and behaviour. Common examples
include attention-deficit hyperactivity disorder (ADHD), schizophrenia (SZ),

autism spectrum disorder (ASD), obsessive-compulsive disorder (OCD),

42



Tourette syndrome (TS), intellectual disability (ID), major depression disorder
(MDD), bipolar disorder (BD), anxiety disorders, eating disorders,

post-t raumatic stress disorder (PTSD),
substance use disorders. These disorders are highly debilitating, leading to
significant functional impairments, substantial morbidity and mortality, and a
tremendous public health burden. Most neuropsychiatric disorders are
common in the population and possess a complex, largely unknown
aetiology. Moreover, many affected individuals frequently respond poorly to
medication and relapse, pressing the need for new and more effective

therapies.

Some neuropsychiatric disorders such as ASD, ADHD, OCD, TS and ID
are classed as neurodevelopmental disorders, and symptoms typically
present during childhood. These disorders are associated with altered
neurodevelopmental trajectories and a significant disruption of prenatal brain
development is assumed. Neuropsychiatric disorders, such as Sz, BD and
even MDD, are also thought to have a neurodevelopmental component. In
these disorders, alterations during critical periods of brain development are
hypothesized to predispose to the development of the condition in adulthood
(Weinberger, 1987; Murray & Lewis, 1987; Basset et al., 2001; Walsh et al.,
2008; Scholtz & Phillips, 2009; Cristino et al., 2013; Jamuar et al., 2014;
Silbereis et al., 2016; Wray etal., 20 1 8 ; O6Brien et al
2020; Kloiber et al., 2020; Hall et al., 2020).
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1.3.2 The genetics of neuropsychiatric disorders

1.3.2.1 Heritability of neuropsychiatric disorders i Twin and

adoption studies

Neuropsychiatric disorders tend to aggregate in families due to genetic
and environmental factors. Adoption and twin studies disentangle the relative
contribution of genetic and environmental effects on the trait by comparing
monozygotic (identical) and dizygotic (non-identical) twins. Monozygotic
twins are genetically identical, share the same prenatal environment, and, if
raised together, also share a familial environment. In contrast, dizygotic twins
share 50% of their segregating genes like other siblings, share the same
prenatal environment and also share a familial environment. The extent to
which monozygotic twins are more concordant for a neuropsychiatric
disorder than dizygotic twins can be used to compute heritability, which is the
proportion of disease liability in the population due to genetic factors
(Merikangas & Merikangas, 2016). Once genetic factors have been
considered, any remaining similarities between twins are due to shared
familial environments, whilst discordance between monozygotic twins can be

attributed to nonshared environmental influences.

Epidemiological data from twin and adoption studies strongly argues for an
important genetic architecture underlying neuropsychiatric disorders. These
studies demonstrated substantial heritability for SZ (60 to 80%) (Sullivan et
al., 2003; Hilker et al., 2018), BD (79 to 93%) (McGuffin et al., 2003;
Kieseppa et al., 2004), ASD (83% to 90%) (Sandin et al., 2017; Tick et al.,
2016) and ADHD (74%) (Rietveld et al., 2003; Faraone & Larsson, 2019).
The heritability of MDD is estimated to be lower, at around 37 % (Sullivan et
al., 2000), but is increased for recurrent, early-onset, and postpartum
depression (Kendler et al., 2007; Sullivan et al., 2000). Taken together,
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quantitative genetic studies suggest that the aetiology of neuropsychiatric
disorders can be elucidated using genetic approaches.

1.3.2.2 Genetic architecture of neuropsychiatric disorders

Neuropsychiatric disorders possess a complex genetic architecture and
are highly polygenic, involving hundreds to thousands of risk variants spread
across the genome. The frequency of a risk variant in the population is
inversely proportional to its effect size, with high-risk variants being rarer in
the population due negative selection (Keller & Miller, 2006; Park et al.,
2011b; Rees et al., 2011). Moreover, neuropsychiatric disorders are
multifactorial, and thousands of genetic risk factors aggregate and interact
with each other and with environmental risk factors such as early-life
adversity to mediate risk (Stilo & Murray, 2019; Klei et al., 2021) .

Recent advances in genomics have allowed for the identification of both
rare variants by CNV analysis and exome sequencing and common risk
variants by GWAS in neuropsychiatric disorders. These will briefly be

described in turn.

1.3.2.3 Rare risk variants in neuropsychiatric disorders

1.3.2.3.1 CNV analysis

CNVs are structural rearrangements of chromosomes and can be defined
as a segment of DNA of 1 kilobase (kb) or larger that are present in a
genome at a variable copy number compared to a reference genome (Redon
et al., 2006). CNVs encompass insertions, deletions and duplications that

can span up to several dozen genes and can be analyzed using standard
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SNP genotyping arrays. Several studies have identified rare CNVs as risk
factors for neuropsychiatric disorders with large effect sizes (OR 2-57 for SZ)
(Rees et al., 2014; for review, see: Rees & Kirov, 2021), particularly in SZ
(n=12) (Marshall et al., 2017), ASD (n=15) (Sanders et al., 2015; Clements et
al., 2017; lakoucheva et al., 2019), ADHD (n=8) (Schneider et al., 2014,
Gudmundsoon et al., 2019; Martin et al., 2020) and ID (n=70) (Coe et al.,
2014), and to a lesser extent in BD (Green et al., 2016) (n=1) and MDD (n=3)
(Kendall et al., 2019). Smaller studies have also implicated CNVs in the risk
for OCD (n=1) and TS (n=2) (McGrath et al., 2014; Gazzellone et al., 2016;
Huang et al., 2017). Despite their large effect size, most CNVs lack
specificity and confer risk for several psychiatric disorders and are, therefore,
pleiotropic. CNV pleiotropy suggests a shared genetic architecture and
aetiology between several neuropsychiatric disorders; for example, CNVs
have highlighted a significant overlap between ASD and SZ (Kushima et al.,
2018). The majority of identified CNVs conferring risk for neuropsychiatric
disorders encompass several genes. For example, 22q11.2 deletions lead to
a congenital condition called velocardiofacial (VCF) or DiGeorge syndrome
(Cancrini et al., 2014). Individuals with DiGeorge syndrome are at higher risk
of developing SZ as adults (Murphy, Jones, and Owen 1999), as well as
ASD, ADHD, anxiety, depression and ID (Phillip & Basset, 2011; Fabbro et
al., 2012; Schneider et al., 2014; Fung et al., 2015; McDonald-McGinn et al.,
2015; Cascella & Muzio, 2015; Clements et al., 2017). Currently, the only
CNV associated with neuropsychiatric disorders that disrupts a single gene
are deletions on chromosome 2p16. These deletions disrupt NRXN1, a gene
involved in synapse formation and synaptic plasticity, and are associated
with TS (Huang et al., 2017), ID, SZ and ASD (Castronovo et al., 2020),
which also suggests that synaptic dysregulation is a common feature in these

disorders.
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1.3.2.3.2 Exome sequencing

Exome sequencing has allowed for rare coding variants to be studied in
the context of neuropsychiatric disorders, and both CNV analysis and exome
sequencing have highlighted the importance of de novo mutations in the
aetiology of these conditions (Sanders et al., 2012; Sanders et al., 2015;
Fromer et al., 2014). Several studies have identified rare de novo loss of
function (LOF) mutations associated with SZ (Takata et al., 2014; Singh et
al., 2022; Howrigan et al., 2020; Rees et al., 2020), ASD (lossifov et al.,
2014; Sanders et al., 2015; Takata et al., 2018; Satterstrom et al., 2020), BD
(Nishioka et al., 2021) and ID (Singh et al., 2016; Kummeling et al., 2020).
Moreover, rare truncating mutations have also been associated with ASD,
BD, SZ, ID and ADHD (Krumm et al., 2015; Ganna et al., 2018).

Rare de novo heterozygous loss-of-function (LoF) mutations in the
SETD1A gene, a histone methylase with developmental roles, are associated
with a high risk for the development of SZ (Takata et al., 2014; Singh et al.,
2016), learning difficulties and developmental disorders (Singh et al., 2016).
Mutations in SETD1A are also associated with early-onset epilepsy (Yu et
al., 2019), disruption of speech development (Eising et al., 2019) and global
developmental delay (Kummeling et al., 2020). Recently, an exome
sequencing study encompassing 24,248 SZ patients and 97,332 controls by
the Schizophrenia Exome Sequencing Meta-Analysis (SCHEMA) Consortium
reported 10 genes with ultra-rare LOF mutations that surpassed the genome-
wide significance threshold of association in SZ (Singh et al., 2022). Of note,
despite the level of significance of the association, the proportion of patients

carrying these variants will be extremely small.
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1.3.2.4 Common risk variation in neuropsychiatric disorders

1.3.2.4.1 Genome-wide association studies

Genome-wide association studies (GWAS) are a type of case versus
control association study using large cohorts of thousands of individuals that
enables a systematic, hypothesis-free and unbiased population-based
evaluation of individual DNA variants in relation to a given trait. GWAS are
widely used to study complex diseases because they incorporate the merits
of association (power to detect small effects) with that of linkage (no
requirement for specific knowledge of pathogenesis). In GWAS, common
genetic variants, mostly single nucleotide polymorphisms (SNPs, defined as
point mutations with a population frequency of at least 1%), located
throughout the entire genome, are tested for association with a trait or
disease (Newton-Cheh & Hirschhorn, 2005). If a variant is more frequent in
cases than controls, the variant is said to be associated with the disease and
marks a region of the genome that influences risk. Associated SNPs reported
in these studies typically have individual odds ratios (OR) < 1.2 for
neuropsychiatric disorders (for review, see: Cichon et al., 2009).

In order to prevent false positives, GWAS imposes a stringent statistical
significance threshold of p < 5 x 108 through Bonferroni correction for 1
million independent tests (Dudbridge & Gusnanto, 2008). This threshold
considers both the number of SNPs tested and the linkage disequilibrium
(LD) between SNPs. The stringent threshold of genome-wide significance,
and the small effect sizes of the risk SNPs, mean that the statistical power to
detect association requires very large sample sizes. The need for large
sample sizes precipitated the creation of collaborative consortia, such as the
Psychiatric Genomics Consortium (PGC), with the aim of uniting genetic
researchers in order to combine genotypes from many thousands of patients

and controls.
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