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Abstract

Neurogenesis is the process of generating neurons that can functionally integrate into existing
neuronal circuits. In adult mammals, neurogenesis persists in specific niches such as the
subventricular zone (SVZ) and the dentate gyrus (DG) which are populated by neural
stem/precursor cells that produce neurons during homeostasis and injury. Processes such as
alternative polyadenylation seem to play a role in NSC lineage transitions. This study also
reports evidence of APA changes along the NSC lineage. Using an in vitro NSC lineage model,
| was able to show the impact of APA upon translation. Additionally, I identified APLP1 as a
potential APA regulator via the APLP1/CPEB4 axis. | observed the dysregulation of APA upon
APLP1 knockout. Further, | was able to identify alterations in the composition of cells within
the NSC lineage as a consequence of the APLP1 knockout. Dysregulation of neurogenesis can
result in many different neurodevelopmental disorders (NDDs) such as autism spectrum
disorder (ASD). ASD is characterized by deficits in social communication and the prevalence
of restricted and repetitive behaviours. | showed that APLP1 knockout mice presented an ASD-
like phenotype and hypothesized that APLP1/CPEB4 mediated APA may be responsible for
such a phenotype by dysregulating neurogenesis. Further, owing to the 3’UTR lengthening
trend observed in ASD brains, | explored the use of an APA phenotype for ASD diagnosis. The
current diagnosis of ASD relies primarily on clinical symptoms that assess behavioural deficits
and to some extent morphological abnormalities associated with NDDs. Early diagnosis is
essential to allow for necessary intervention at the right time. Molecular diagnosis of ASD is
limited to large genetic screens that can identify individual mutations that link to syndromic
ASD but fail to diagnose idiopathic ASD. Therefore, | investigated the changes in the APA
landscape between ASD patients and controls using whole blood and found great potential in

such an application.



Zusammenfassung

Neurogenese ist der Prozess der Bildung von Neuronen, die sich funktionell in bestehende
neuronale Schaltkreise integrieren konnen. Bei erwachsenen S&dugetieren findet die
Neurogenese in bestimmten Nischen wie der subventrikuldren Zone (SVZ) und dem Gyrus
dentatus (DG) statt, die von neuralen Stamm-/Vorlauferzellen bevolkert werden, die bei
Homoostase und Verletzungen Neuronen produzieren. Prozesse wie die alternative
Polyadenylierung scheinen eine Rolle bei NSV-Linienlbergangen zu spielen. In dieser Studie
werden auch Hinweise auf APA-Anderungen entlang der NSC-Linie gefunden. Mit Hilfe eines
in vitro NSC-Stammbaummodells konnte ich die Auswirkungen der APA auf die Translation
nachweisen. Auflerdem habe ich APLP1 als potenziellen APA-Regulator Uber die
APLP1/CPEB4-Achse identifiziert. Ich beobachtete die Dysregulation von APA nach
Ausschaltung von APLP1. AuRerdem konnte ich als Folge des APLP1-Knockouts
Veranderungen in der Zusammensetzung der Zellen innerhalb der NSC-Linie feststellen. Eine
Dysregulation der Neurogenese kann zu vielen verschiedenen neurologischen
Entwicklungsstérungen wie Autismus-Spektrum-Stérungen (ASD) fiihren. ASD st
gekennzeichnet durch Defizite in der sozialen Kommunikation und das Vorherrschen von
eingeschrankten und repetitiven Verhaltensweisen. Ich konnte zeigen, dass APLP1-Knockout-
Méuse einen ASD-ahnlichen Phéanotyp aufweisen, und stellte die Hypothese auf, dass die
APLP1/CPEB4-vermittelte APA fur diesen Phanotyp verantwortlich sein kdénnte, indem sie die
Neurogenese dysreguliert. Aufgrund der in ASD-Gehirnen beobachteten Tendenz zur
Verlangerung der 3'UTR untersuchte ich aullerdem die Verwendung eines APA-Phanotyps fur
die ASD-Diagnose. Die derzeitige Diagnose von ASD stitzt sich in erster Linie auf klinische
Symptome, die Verhaltensdefizite und bis zu einem gewissen Grad morphologische
Anomalien im Zusammenhang mit NDDs bewerten. Eine friihzeitige Diagnose ist von
entscheidender Bedeutung, um die notwendigen Malinahmen zum richtigen Zeitpunkt
ergreifen zu kénnen. Die molekulare Diagnose von ASD beschrénkt sich auf grolRe genetische
Untersuchungen, mit denen einzelne Mutationen identifiziert werden konnen, die mit
syndromaler ASD in Verbindung stehen, die aber keine idiopathische ASD diagnostizieren
konnen. Daher untersuchte ich die Verdnderungen in der APA-Landschaft zwischen ASD-
Patienten und Kontrollpersonen anhand von Vollblut und stellte fest, dass eine solche

Anwendung groles Potenzial hat.



1. Introduction
1.1. Neurogenesis in the adult mammalian brain

Neurogenesis involves the production of functional neurons in the brain that arise from
specialized stem/precursor cells. While most tissues in adults have a resident pool of stem cells
that are essential for homeostasis or repair, for long the brain was believed to be an exception.
Traditionally neurogenesis was believed to have been restricted to only embryonic and early
post-natal developmental stages. However, the evidence of mammalian adult neurogenesis has
been demonstrated across various studies over the years (Altman & Das, 1965; Eriksson et al.,
1998; Ming & Song, 2005; Reynolds & Weiss, 1992; Richards et al., 1992). In the Adult murine

brain, there are two primary niches that house neural stem cells (NSCs), namely, the

ventricular-subventricular zone (V-SVZ) of the lateral ventricle and the sub granular zone
(SGZ) in the dentate gyrus of the hippocampus (Ming & Song, 2005). The larger of the two is
the SVZ, in which neural stem cells (NSCs) are interspersed between ependymal cells lining
the wall of the lateral ventricle.
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Figure 1.1: Neurogenic niches in the adult mouse brain. The Dentate Gyrus (DG) of the
hippocampus and the Ventricular-Sub Ventricular Zone (V-SVZ) along the lateral wall of the
lateral ventricle (LV). The V-SVZ houses neural stem cells (NSCs) that are interspersed
between ependymal cells (ECs). NSCs exists in different activation states; Quiescent (dormant
gl & primed g2) & Active (non-proliferating al & proliferating a2) in contact with the blood
vessels (BV). Transitioning through transit amplifying progenitors (TAPs) they differentiate
into early neuroblasts (ENBs) that migrate through the rostral migratory stream (RMS) to the
olfactory bulb (OB), further differentiating into late neuroblast (LNBs) and finally mature into
granule cells (GCs) and periglomerular cells (PGCs) that integrate into the olfaction circuitry.
Right panel: Overview of neurogenic niches and the migration, maturation, and integration
into the olfaction circuitry. Left panel: Schematic representation of the V-SVZ niche.

The NSCs exist in a continuum of activation states namely, dormant (q1), primed (q2), active

(al) & proliferating (a2). Upon signals from the niche, activated NSCs either self-renew to



replenish the NSC pool or differentiate into neuroblasts (NBs) via an intermediate stage called
the transit-amplifying progenitors (TAPs). These differentiated neuroblasts (NBs) then migrate
through the rostral migratory stream (RMS) into the olfactory bulb (OB) where they mature
into functional neurons (Figure 1.1). These neurons finally integrate into the complex olfactory
network that is essential for fine-tuning odour discrimination throughout the lifetime of the
animal. Although, adult neurogenesis in the human brain has been debated (Kempermann et
al., 2018), various studies show evidence of neurogenesis (Eriksson et al 1998, Spalding et al
2013, Ernst et al 2014, Boldrini et al., 2018). One study in particular, has shown new-born
neurons in the striatum with the V-SVZ NSCs as the likely source (Ernst et al., 2014).

1.2. The Mammalian olfactory system

The murine olfactory system has two primary components; the main olfactory system
responsible for the sense of smell and the vomeronasal system that is important for
communication through pheromones. The olfactory placode (OP) together with the cranial
neural crest (NC) cells are responsible for the dual origin of the olfactory organ (Katoh et al.,
2011). During development, the invagination of the OP is responsible for the formation of the
olfactory epithelium (OE) which further forms the turbinates of the main OE and the
vomeronasal organ (VNO). The OP produces the olfactory sensory neurons (OSNs) and its
supporting non-neuronal cells while the migratory NC cells provide for the structural aspects
of the nose (Huilgol & Tole, 2016; Lyons-Warren et al., 2021). The apical surface of the nasal
cavity is populated by the extensions of the OSNs as they mature to facilitate odour detection.
Their OE-wrapped axons are projected via the olfactory nerve to the Olfactory Bulb (OB). The
VNO produces pheromone receptor expressing cells whose projections reach the accessory
olfactory bulb (AOB) (Huilgol & Tole, 2016; Lyons-Warren et al., 2021).

1.3. Olfactory Processing

The mammalian olfactory bulb is involved in processing the sense of smell and receives input
from the olfactory sensory neurons (OSNs) lining the olfactory epithelium (OE) (Mombaerts,
2001). Specialized olfactory receptors (OR) expressed on the OSNs are capable of detecting
odorants with each OSN expressing only a single OR from a repertoire of OR genes (>1000)
(Barnes et al., 2020; Buck & Axel, 1991). Specialized structures in the OB called glomeruli
receive input from the OE. All OSNs that converge into a single glomerulus in the OB express
the same OR type (Mombaerts, 1999, 2001; Treloar et al., 2002; Zou et al., 2004).
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Figure 1.2: Schematic representation of the olfaction circuitry. Different colours of the
Olfactory sensory neuron (OSNSs) represent the expression of one olfactory receptor (OR).
Different colours of the glomeruli in the glomerular layer (GL) represent the corresponding
input from one type of OSNs. OE, Olfactory Epithelium; PGCs, periglomerular cells; MCs,
mitral cells; MCL, mitral cell layer; GCs, granule cells; GCL, granule cell layer; LOT, lateral
olfactory tract; OE, olfactory epithelium. (Created with BioRender.com)

Based on the patterns of glomerular activation a spatial map that reflects odour identity is
represented in the OB (Bozza et al., 2004; Chong et al., 2020; Smear et al., 2013; Soucy et al.,
2009). Glomerular activation is further fine-tuned via inhibitory and excitatory inputs from
local interneurons (periglomerular cells; PGCs) in the glomerular layer (GL). These inputs are
further processed by various olfactory bulb projection neurons like mitral & tufted cells
(M/TCs) and their reciprocal lateral interaction with GABAergic granule cells (GCs) (Harvey
& Heinbockel, 2018; Shao et al., 2019). This highly processed olfactory input is then sent to
the olfactory cortex via the M/TC axons through the lateral olfactory tract (LOT) for further

processing that finally translates to the sense of smell (Klingler, 2017).

1.4. Neural Circuitry

Developmental studies have identified key stages in circuit formation namely, axon elongation,
recognition of target regions/neurons and formation of synapses (Seng et al., 2022). The

elongating axon navigates its way through the brain to reach the intended target region
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mediated by various molecular cues that allows for precise pathfinding (Bashaw & Klein, 2010;
Seng et al., 2022). These signalling molecules comprise of four predominant families namely,
slit, ephrin, netrin & semaphorins that are produced in the adjoining tissue while their receptors
are expressed on the elongating axon (Seng et al., 2022). Based on the effect they have on the
growth cone these cues can be characterized as either attractants or repellents and they work in
tandem to guide the elongating axon (Poliak et al., 2015). Upon reaching their final projection
region, recognition of appropriate neurons amid a cluster of different cells is essential to forge
precise neuronal interactions within the existing circuitry. A combination of synaptic cell
surface receptors and adhesion molecules such as Cadherins, Immunoglobulins & leucine-rich-
repeats (LRRS), presented by both the elongating axon and surrounding neurons assist with
precise target identification (Sanes & Zipursky, 2020). While the formation of neuronal circuits
is predominantly a feature of the developing embryonic brain, it persists postnatally too. In
rodents, circuit formation in the maturing brain is observed up to about 2 months after birth
(Seng et al., 2022). In the adult brain this is studied primarily in the context of neurological
disorders (such as ASD) & injury (McFadden & Minshew, 2013; Rodemer et al., 2020).
Regeneration and sprouting are two mechanisms by which circuit formation takes place in the
adult brain. While regeneration occurs upon injury of affected neuron, sprouting implies axonal
growth from uninjured neurons, a characteristic of neurological disorders (Tuszynski &
Steward, 2012). Sprouting is observed in multiple neuronal cell types and the resulting axons
can either be routed locally or systemically (long range projecting neurons) across the brain. It
is capable of producing both typical as well as atypical axonal projections that either concur or
deviate from conventional developmental projection profiles respectively. They are also
capable of producing functional synapses that may form quite rapidly (reviewed in (Seng et al.,
2022)). Adult born neurons such as the ones produced by the subventricular zone (SVZ) & the
dentate gyrus of the hippocampus eventually need to integrate into the existing neuronal
circuitry. In the SVZ the differentiated neuroblasts that migrate through the RMS finally
differentiate into two types of interneurons: periglomerular cells (PGCs) and granule cells
(GCs) that eventually integrate into the olfaction circuitry (Doetsch et al., 1999; Lois &
Alvarez-Buylla, 1994; Winner et al., 2002). Therefore, these differentiated neurons have the
ability to re-wire healthy adult circuits through the formation of input/output synapses, axons
& dendrites. In the OB, PGCs and GCs form functional synapses with the mitral and the tufted
cells; the projection neurons of the OB (Gheusi et al., 2012). These adult-born neurons upon
integration aid in the fine-tuning of various neuronal circuitry that affect behaviour. For

example, in the OB these integrated interneurons contribute to odour discrimination,
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associative learning & memory (Gheusi et al., 2012; Grelat et al., 2018; Li et al., 2018; Malvaut
& Saghatelyan, 2016).

1.5. Functional consequences of SVZ Neurogenesis

The ability to smell is quite important in mammals already at birth. For example, the initiation
of suckling in new-borns requires the recognition of maternal odour signatures (Bartocci et al.,
2000; Kaitz et al., 1987; Kendrick et al., 1997; Vaglio, 2009; Winberg & Porter, 1998). A
functional OB circuitry, albeit an elementary one, is therefore required even at the early
postnatal stages (Logan et al., 2012). Further postnatal developmental changes in the OB
circuitry continues to persist throughout adult life that allows for fine-tuning olfaction (Cecchi
et al., 2001; Gheusi et al., 2000; Jurkowski et al., 2020). The ability of mammals in responding
to novel environmental stimuli is augmented via continuous regeneration and replacement of
granule cells that help reinforce odorant-environment association (Alvarez-Buylla & Garcia-
Verdugo, 2002; D. A. Lim & Alvarez-Buylla, 2016). Further, studies in mice have shown that
alterations of SVZ neurogenesis via hormone treatment have an effect on sexual function (Lau
et al., 2011). In particular, hormones such as estrogen may affect survivability of newly
generated neurons from the SVZ and potentially regulating sexual behaviour (Brock et al.,
2010; Burek et al., 1995; Heberden, 2017; Hidalgo et al., 1995; Ponti et al., 2018).

1.6. What are neurodevelopmental disorders?

Neurodevelopmental disorders (NDDs) are chronic heterogenous disorders that disrupt the
functioning of the central nervous system (CNS) during development, primarily affecting
cognitive abilities, motor skills, communication and/or behaviour (Ismail & Shapiro, 2019;
Mullin et al., 2013; Sahin et al., 2018). These disorders can be either genetic or acquired during
childhood before the individual attains the age of 22. Based on specific functional or
behavioural impairments, NDDs are further classified into intellectual disability, autism
spectrum disorder (ASD), communication disorders, attention deficit hyperactivity disorder
(ADHD) and neurodevelopmental motor disorders (American Psychiatric Association, 2013).
These different NDDs are known to co-occur with each other quite frequently. As an example,
children diagnosed with ASD are often also diagnosed with intellectual disability (Mefford et
al., 2012; Wilkins & Matson, 2009). The co-occurrence of NDDs with different paediatric
mental health disorders is also common (Granlund et al., 2021). The current criteria for
diagnosis (DSM-5) outlines groups of symptoms and behaviour patterns that categorize various

NDDs (American Psychiatric Association, 2013). Some of the factors that contribute to the
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cause of NDDs include genetic predisposition, metabolic defects, trauma, toxic exposure,
nutrition among others.

Table 1.1: Major groups of neurodevelopmental disorders from the DSM-5 classification

Disorders Major symptoms

Cognitive impairments in functions related to communication (language, reading, writing,
knowledge and interpretation), self-help (hobbies, personal care, financial management etc.)
and social skills (communication, judgment, compassion, empathy, harmony)

Intellectual disabilities (1D)

Difficulties associated with social communication either in language speech or phonetic
fluency.

Difficulties in social communication in addition to restricted interests and repetitive
behaviours

Communication disorders
Autism spectrum disorder (ASD)

Attention deficit hyperactivity
disorder (ADHD)

Inability to focus and be attentive during a task while having bursts of hyperactivity/
impulsivity

Specific learning disorder (SLD) Learning difficulties in skills associated with spelling, writing or reading.

Difficulties in performing tasks involving coordinated motor skills or behaviours associated
with repetitive motion.

Involuntary rapid, sudden, repeating and arhythmic motor movements or vocalizations (for

ex. Tourette’s syndrome)

Motor disorders

Tic disorders

1.7. Autism spectrum disorders

Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders primarily
characterized by behavioural deficits in social interaction and communication as well as
manifestations of repetitive and restrictive behaviour (Table 1.1; Alonso-Gonzalez et al., 2019).
Table 1.2: DSM-5 severity levels for autism spectrum disorders (ASD)

Severity Level for ASD Social Communication Restricted Interests & Repetitive Behaviours (RRBs)

Deficits in social communication become Ritualistic and repetitive behaviour patterns interfere with

Grade 1
‘Individuals needing
some support

Grade 2
Individuals needing
substantial
support

Grade 3
Individuals needing
very substantial
support’

pronounced impairments without some level
of support. Patients show difficulty in initiating
and overall decreased interest in social
interactions.

Characterized by clear and observable deficits
in social communication skills (both verbal and
nonverbal); Despite the support provided,
social impairments are quite apparent. Their
ability to initiate social interactions is limited
and their response to social overtures from
others is often reduced or even abnormal.

Deficits in verbal and nonverbal
communication observed in individuals are
severe which in turn results in severe
impairments in their functioning. They display
very limited initiation of and/or response to
social interactions.

their ability function in one or
more contexts. Rigidness to change restricts any attempts to
stop repetitive behaviour or divert from restricted interests.

The manifestation of repetitive behaviours and restricted
interests are frequent enough that it is quite noticeable to
the casual observer. These behaviours restrict and interfere
with the individuals functioning in many different contexts.
When interrupted during their RRBs the individuals are
often distressed or frustrated and it is harder to distract
them from fixated interests.

The repetitive behaviours preoccupation and restricted
interests in such individuals severely interfere with their
overall functioning. They display significant distress when
their routines or rituals are interrupted and makes it
extremely difficult to redirect their attention from their
fixated interests.

ASD is one of the most common neurodevelopmental disorders that is diagnosed in children
with a higher proportion of affected males in comparison to females (American Psychiatric
Association, 2013; Doernberg & Hollander, 2016; Scandurra et al., 2019). ASD is a
multifactorial disorder with a variety of factors such as environment, genetics and physiology

that contribute to the disease. Understanding its aetiology is therefore particularly challenging
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with patients manifesting a broad spectrum of symptoms. ASD is reportedly a comorbidity of
other psychiatric or neurological disorders such as ADHD, anxiety, depression, epilepsy etc.
Studies have shown that altered brain development during early stages and neural
reorganization potentially results in ASD (Bauman & Kemper, 2005; O’Reilly et al.,
2017). The functional consequences of such alterations are often seen in the form of impeded
learning abilities, difficulties in working independently, difficulty in adapting to change and

novelty (American Psychiatric Association, 2013).

1.8. The ASD phenotype

Impairments in social interaction and communication include both verbal and non-verbal
communication. Verbal/language deficits range from pedantic and or echoed speech, poor
speech comprehension, to language delays that result in a complete lack of speech. The
manifestation of these deficits depends on age, language ability and intellectual level.
Impairment in non-verbal communication include atypical, reduced, or non-existent usage of
eye-contact (compared to culturally accepted), functional gesturing, intonations of speech,
facial expression etc. The ability to engage with people and communicate feelings and thoughts
(social-emotional reciprocity) is documented to be impeded in children with ASD. In adults,
the ability to understand social cues, process and respond to them is often observed to be
diminished. Repetitive or stereotyped behaviours include repetitive object use (lining up toys
or stacking), repetitive speech or simple motor stereotypies like hand flapping etc. Restrictive
behaviour commonly results from rigidity to change and therefore a strong adherence to prior
and familiar routines, interests, or activities. These symptoms persist since early childhood and
impede everyday functioning (American Psychiatric Association, 2013). In addition to the
behaviour phenotype, other clinical features have been associated with ASD. One of the
characteristic features of ASD or ASD-like behaviour is changes in head circumference
(Microcephaly or Macrocephaly) (Betancur, 2011; Cohen, 2003; Lenroot & Yeung, 2013;
Raznahan et al., 2013). Studies have shown the association of an increased head circumference
(Macrocephaly) with various genetic syndromes that also present ASD-like behaviour (Cohen,
2003; Raznahan et al., 2013). On the other hand, genetic studies have shown that various
syndromes associated with microcephaly manifest ASD-like behaviour (Betancur, 2011). In
addition to head circumference other morphological features have been associated with ASD
(H. Ozgen et al., 2010, 2013; Heval Ozgen et al., 2011). These features are broadly classified
into major and minor abnormalities (Merks et al., 2008; H. Ozgen et al., 2013). Major

abnormalities can be malformations due to defects in development or other deformation while
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minor abnormalities are as small morphological variations that do not present any serious
medical problems or even cosmetic issues to the affected individual but can be used as a
diagnostic feature (Aase, 1990; Miles et al., 2005; Miles & Hillman, 2000; H. Ozgen et al.,
2010, 2013).

1.9. Dysregulation of Neurogenesis in ASD

Deficits in neurogenesis related to ASD have been previously reported (Gilbert & Man, 2017;
Parikshak et al., 2013). Functional genomic analysis studies investigating ASD-risk associated
genes have reported disruption of processes such as neurogenesis along with synapse formation
in early stages of developmental in ASD (Parikshak et al., 2013). Genes such as WDFY3, LIS1,
NDE1, TBR1, FMR1, CHDS8 etc, that are involved in controlling neurogenesis and
development have been shown to be associated with ASD (Gilbert & Man, 2017; Parikshak et
al., 2013; Willsey et al., 2013). These findings do suggest that neurogenesis seems to be
dysregulated during development in ASD and could play an important role in ASD
pathogenesis. Such a dysregulation of neurogenesis could lead to the production of defective
neurons that could interfere in the normal signalling of the brain. Studies have reported
imbalances in the excitatory/inhibitory (E/I) ratio to be a common feature of ASD that then
affects various neuronal processes involved in learning and memory, cognition, motor

regulation and sensory processes such as olfaction (Uzunova et al., 2016).

1.10.  Olfactory deficits in ASD

Many neurological disorders such as Parkinson’s, Alzheimer’s disease Epilepsy & Autism
Spectrum Disorder have been associated with various olfactory deficits (Doty, 2012; Jung et
al., 2019; Khurshid et al., 2019; Okumura et al., 2020; Tonacci et al., 2017). In many
neurodevelopmental disorders in particular a critical characteristic has been shown to be
olfactory dysfunction (Hornix et al., 2019; Lyons-Warren et al., 2021). For example,
individuals with ASD have been reported to show atypical sensory reactivities especially
deficits in olfactory processing (Okumura et al., 2020; Tonacci et al., 2017). DSM-5 has
included defects in sensory sensitivity such as hyposmia and hyperosmia as a diagnostic

criterion for ASD (American Psychiatric Association, 2013; Crow et al., 2020).
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1.11.  The pathogenesis of ASD

The prevalence of ASD internationally as reported by WHO is around 0.76% (Baxter et al.,
2015). However, it is estimated that the actual prevalence of ASD is much higher, as this
estimate takes into account only 16% of the global population of children (Baxter et al., 2015).
As of 2016, the CDC has reported a 2.5% prevalence of ASD in the United States (US) (Kogan
et al., 2018). According to some estimates the prevalence of ASD has doubled from 2002 to
2012 (Baio et al., 2018). Additionally, males seem to be affected more than females in a 3:1
ratio, however the symptoms may be more camouflaged in females (Corbett et al., 2021,
Loomes et al., 2017). This suggest that there is a growing burden of ASD and understanding
the disease pathogenesis is key to addressing this issue. The pathogenesis of ASD has not been
fully understood, despite increased research interest in the field. Broadly, ASD can be classified
into either secondary or idiopathic (Casanova et al., 2020). Cases where the specific cause
leading to ASD has been identified are termed as secondary ASD. These include conditions
such as Fragile X syndrome (FXS), down syndrome, tuberous sclerosis, and a few congenital
infections (Casanova et al.,, 2020; Moss et al., 2013; Wheeler et al.,, 2015). Genetic
abnormalities could be caused by either single gene mutations (5%) like FMR1, SHANKS or
MECP2, copy number variations (CNVs; 10%) produced by translocations, duplications or
deletions, or by accumulation of poly-genic risk factors contributing to different aspects of the
overall ASD phenotype (Varghese et al., 2017). Of the known genetic causes attributed to ASD,
de novo mutations causing ASD makeup 20-30% (De Rubeis & Buxbaum, 2015; Pinto et al.,
2014). Various collaborative studies in the recent past have uncovered numerous novel risk
genes for ASD through whole-exome sequencing (lossifov et al., 2014; O’ Roak et al., 2012;
Sanders et al., 2012; Satterstrom et al., 2020). On the other hand, cases where the causes are
unknown are grouped as idiopathic ASD. These are the most predominant type of ASD with
about 85%, while the lees prevalent secondary ASD constitute about 15% of the cases
(Casanova et al., 2020). Environmental factors such as prenatal toxin exposure and maternal
immune activation have been suggested as risk factors for idiopathic ASD. Being able to
differentiate between secondary and idiopathic ASD provides a better understanding of the
appropriate treatment protocols (both pharmacological and behavioural) to be administered
(Devlin & Scherer, 2012).
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1.12. Diagnosis of ASD

As there are no reliable biomarkers for diagnosing ASD currently, it relies on behavioural tests
conducted by clinicians. They assess symptoms arising typically between 12 and 24 months of
age and persisting throughout the affected individual’s lifetime. Broadly the ASD spectrum
identifies two major behavioural domains; a) defects in social communication and b) restricted,
repetitive or unusual sensory motor behaviours. Despite ASD being highly heterogeneous,
these behaviours are a pretty common feature across culture, ethnicity and/or socioeconomic
groups (Khan et al., 2012). Different standardized diagnostic tools such as Screening Tool for
Autism in Toddlers and Young Children (STAT), Autism Diagnostic Observation Schedule
(ADOS) allow clinicians to be able monitor and categorize specific behaviour patterns in
children suspected of ASD (Lord et al., 2018). The clinicians are then able to rate the observed
symptoms on a variety of scales such as Social Responsiveness Scale (SRS), Childhood Autism
Rating Scale (CARS), Social Communication Questionnaire (SCQ) and even some adaptive
scales to assess functional behaviour for everyday living (Kenworthy et al., 2010; Lord et al.,
2018; Weitlauf et al., 2014). Further, patient patients related to repetitive behaviour and level
to expression through language, cognitive and motor abilities is always taken into account for
diagnosing ASD. Syndromic ASD on the other hand can be tested for genetic markers. While
it may not be able to accurately diagnose for ASD it can screen for known genetic causes
implicated in ASD. Such form of testing is more advantageous if there is a family history of
syndromic ASD. As is the feature of NDDs, ASD is usually accompanied by other disorders
like ID, FXS, epilepsy, ADHD etc and are often tested for such diseases.

1.13. Relevance of alternative polyadenylation in Neurogenesis

Advances in sequencing technologies provided researchers more power to resolve cellular
heterogeneity at single cell resolution. As previously stated NSCs exist in a continuum and
transitioning between these states is regulated by both extrinsic (niche factors) as well as
intrinsic factors (such as transcriptional/translational programs) (Kalamakis et al., 2019;
reviewed by Bond et al., 2015). Distinct molecular signatures have been associated with each
state. For example, a metabolic switch from a glycolysis to oxidative phosphorylation is
observed when cells transition from quiescent to a more differentiated state (QNSCs to NBs)
while, activation of NSCs is characterized by an upregulation in ribosome biogenesis and cell
cycle transcriptional programs (Baser et al., 2019; Kalamakis et al., 2019; Llorens-Bobadilla

et al., 2015). At the level of translation, a dynamic regulation of global protein synthesis is
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reported along the NSC differentiation lineage (Baser et al., 2019). The onset of differentiation
is accompanied by an uncoupling of transcription and translation that involves repression of a
subset of mMRNAs that include stem cell related genes. Transcripts of these genes contain a
pyrimidine rich motif in the 5’UTR region that is regulated by mTORCI1 activity (Baser et al.,
2019). These data highlight the importance of post-transcriptional regulation in cell state
transitions. The 3’UTR has regulatory elements such as binding sites for miRNAs and RNA-
binding proteins (Figure 1.3). Alternative polyadenylation (APA) allows for recognition of
different poly A signals (PAS) within the 3’UTR of a transcript and thereby facilitate the
inclusion or exclusion of regulatory elements that affect mRNA translation, stability, and
localization (Di Giammartino et al., 2011; Matoulkova et al., 2012; Miura et al., 2014). About
two-thirds of all human genes are affected by APA (Derti et al.,, 2012). Increasing
morphological and organismal complexity has been shown to correlate with 3'UTR lengthening
(C.Y.Chenetal., 2012). Neuronal cells require a complex regulatory network. The longer the
3’UTRs the allow for a more controlled translational regulation (Pereira-Castro & Moreira,
2021) . Studies have shown a global lengthening of 3’UTRs during differentiation while
dedifferentiation and cancer initiation have been associated with 3’UTR shortening (Ji&Tian,

2009; Ji et al, 2009; Mayr & Bartel, 2009).
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Figure 1.3: Overview of the different elements in 3’UTRs that can facilitate different
regulatory processes that affect translation, stability, and localization of the mRNA molecule.

1.14. Relevance of APA in neurons

Neurons differ from other cell types in that their cellular structures are highly
compartmentalized. This confers functional specificity within each individual compartment via
structures such as the intricate branching observed in axons & dendrites and synaptic
transmission. The latter in particular requires an efficient mechanism that can locally process
information. mMRNA localization at synapses and subsequent local translation are feature of
synaptic compartmentalization that give neurons the ability to swiftly respond to incoming
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information. This forms the basis of various critical process in the brain such as learning,
memory, axon guidance formation of dendrites and synapses etc. In neurons, thousands of
MRNA transcripts are locally compartmentalized, and this can be facilitated via sequences in
their 3°UTRS. Processes such as APA can regulate the translation efficiency and stability of
these transcripts. Therefore, understanding of APA within these localized compartments can
provide insight into local vs global translation in neurons. Studies have shown that APA is
regulated differently during the different developmental stages and in different 3°UTR isoform
are expressed in a tissue specific manner within the same organism (Tushev et al., 2018).
Specifically, the 3’UTR isoforms expressed in the brain are larger than those expressed in other
tissues (Miura et al., 2013).

1.15. Alternative polyadenylation machinery

The APA machinery is a complex of many different proteins that are essential in the processing
of mMRNA. There are 4 main components to the APA machinery namely, cleavage and
polyadenylation factor (CSPF), cleavage stimulating factor (CSTF), cleavage factor | (CFI)
and CFIl (A. J. Gruber & Zavolan, 2019). In addition to this these proteins others such as
poly(A) polymerase (PAP), symplekin etc also play a role in APA (Figure 1.4).

mRNA Processing
Machinery

mRNA

Figure 1.4: Components of the mRNA processing machinery. This complex contains 4 major
components: CPSF, CSTF, CFI & CFII. Additionally, it contains the RNA polymerase I
(RNAP 11) and the poly(A) polymerase (PAP). These proteins recognize various regulatory
sequences on the mRNA such as the poly(A) signal (PAS; AAUAAA), the UGUA motif bound
by CFIm25 (NUDT21), U-rich motif and the G/U-rich motifs. (Created with BioRender.com)
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The recognition site for the cleavage and polyadenylation also call poly(A) signal (PAS) is the
canonical hexamer AAUAAA located around 20 bp upstream from the cleavage site, which is
conserved across metazoans (Proudfoot & Brownlee, 1976). The recognition of the PAS occurs
co-transcriptionally via the recruitment of the CPSF sub-complex (CPSF 1-4) (Dantonel et al.,
1997; Shi et al., 2009). Apart from the canonical PAS other variants resembling it in sequence
and function have been identified (Beaudoing et al., 2000; A. J. Gruber et al., 2016). Upon
recognition of the correct PAS, CPSF3 performs an endo-nucleolytic cleavage about 20 bps
downstream of PAS (Mandel et al., 2006; Wang et al., 2018). Once the cleavage is done the
poly(A) polymerase now proceeds to add the poly(A) tail. The binding of the poly(A) tail by
the poly(A) binding protein 1 (PABPNL1) regulates the poly(A) tail length by disrupting the
interaction between PAP and CPSF (Eckmann et al., 2011). In addition to the PAS there are
other regulatory elements that are present in its vicinity to facilitate PAS selection. A U-rich
region present upstream of the cleavage site and downstream of PAS facilitates the binding of
CPSF sub complex subunit FIP1L1 (Kaufmann et al., 2004). Additionally, a G/U-rich region
that is also present downstream of PAS and the cleavage site facilitates the binding of the CSTF
subcomplex (CSTF1-3) influences location of the cleavage site (MacDonald et al., 1994).
Finally, a UGA motif that is located about 40 bp upstream of the site of cleavage facilitated the
binding of NUDT21 (also called CPSF5/CFIm 25) (Yang et al., 2010). NUDT21 is part of the
tetramer protein complex CFIm that contains 2 smaller NUDT21 subunits and 2 larger subunits
of CPSF6 (also called CFIm 68) and may or may not contain CPSF7 (CFIm 59) (Yang et al.,
2011). The CFII complex is the least characterized among the complexes that make up the APA
machinery. CFII consists of two polyadenylation factors CLP1, that is essential for the cleavage
activity of CFIl and PCF11, that has RNA binding affinity to G-rich regions (Schéafer et al.,
2018). All these components of the polyadenylation machinery work in tandem to process the
MRNA and regulate APA.
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2. Materials & Methods

2.1.Experimental animals

All animal experiments were carried out in compliance with the regulations and guidelines
prescribed by the Regierungsprasidium Karlsruhe, Germany. The animals were housed in a
satellite facility at the German Cancer Research Centre (DKFZ) that maintained a 12-h/12-h
light/dark cycle along with controlled temperature and humidity. The animals had constant
access to food and water and the cages housing them were prepared with standard bedding
along with enrichment. They were housed either alone or in groups (max =3 adults). The wild
type mice used in this study were C57BL/6N male mice unless otherwise specified.
Additionally, for knockout experiments APLP1 -/- mice (Heber et al., 2000) and the CPEB4
exon4 KO (TgCPEB4A4) mice (Parras et al., 2018b) were used. For behavioural experiments
the WT littermates of APLP1-/- mice were used as controls.

2.2.5VZ dissection & tissue dissociation

The protocol to micro-dissect the lateral wall of the v-SVZ has been performed as previously
described by Mirzadeh et al, with slight modifications (Mirzadeh et al., 2010). In brief, the
mouse brain was extracted after opening the skull and transferred to a petri dish containing
dissection solution. Excess tissue such as the olfactory bulb and the cerebellum (till lambda)
was removed after which the two hemispheres were separated. A caudal (posterior) incision
was made to separate the hippocampus from the cortex and the lateral wall of the ventricle was
revealed by pulling the hippocampus rostrally. The medial wall along with the hippocampus
was incised out at the point of intersection with the lateral wall. Now using an angled
microdissection scissors and about 200 um beneath the ventricular surface the SVZ is carefully
cut out. The micro-dissected SVZs were then processed to prepare a single cell suspension
using either the MACS Neural Tissue Dissociation Kit (T; Trypsin) or the (P; Papain) kit
(Table 2.1).

Table 2.1. Composition of enzyme mix 1 & 2 for NTD Kits with papain (P) and trypsin (T)

Enzyme Mix 1 Enzyme Mix 2
MACS Kit Buffer-X Enzyme Buffer-Y Enzyme A
NTDK (T) 1750 pl 200 pl (Trypsin) 20 pl 10 pl
NTDK (P) 1900 pl 50 pl (Papain) 20 pl 10 pl
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Figure 2.1: Dissection of SVZ: Schematic overview of dissection of the sub ventricular zone
and downstream processing, (Top) Microdissection of the SVZ and preparation of single cell
suspension using the gentleMACS system. (Middle) Preparation of cells for in vivo
applications; Flow cytometry Analysis and Sorting. (Bottom) Preparation of cells for in vitro

application; NSC neurosphere cultures. (Created with BioRender.com)

For experiments where replicate identity was to be preserved, the SVZ dissected from a single
mouse were processed individually in separate C-Tubes. The tissues were transferred to a
gentleMACS C-Tube that contained pre-warmed (37°C) enzyme mix 1 (Table). To this 30 pl
of enzyme mix 2 (Table 2.1) was added. The C-Tubes were sealed by tightening the cap and
then placed inverted onto the MACS Dissociator sleeves along with the temperature regulator
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jacket. The program 37C_NTDK 1 was run for 22 minutes while being incubated at 37°C. The
baffles attached to the cap facilitated mechanical dissociation while the enzyme mixes allowed
for enzymatic dissociation of the tissue. The resulting suspension was quickly spun down and
the enzymatic reaction was stopped by adding 15 ml FACS buffer (10% FCS in PBS) to it.
This suspension was then passed through a 70 um filter resulting in a single cell suspension
which was spun down to pellet the cells. This pellet was subsequently processed according to

the necessary downstream application (in vivo / in vitro applications)

2.3.Handling of in vivo animal experiments

2.3.1. FACS experiments

For FACS experiments the Trypsin Kit was used as the GLAST epitope, the lineage marker, is
sensitive to papain. For bulk sorting experiments the SVZs from up to 4 mice were processed
together. For all FACS experiments a separate mouse was used for controls such as unstained,
single colour (SC) and fluorescent minus one (FMO). The cell pellets (as described in section
3.2) from each C-tube were resuspended in 100 pl/mouse of Blocking Buffer (5% FcR
Blocking reagent in FACS Buffer) and transferred to 1,5 ml Eppendorf tubes. For each of the
controls, 20ul of cell suspension was used from the control mouse. An antibody staining was
performed for 20 minutes with the relevant antibodies used in the following dilutions: CD45-
APC-Cy7 (1:200), Ter119-APC-Cy7 (1:100), O4-APC-Vio770 (1:100), GLAST-PE (1:50),
EFGR-A488 (1:100), CD133-APC (1:75), PSA-NCAM, PE-Cy7 (1:50) and Sytox-Blue
(1:500). After staining the samples for 20 mins, three washes with FACS Buffer were
performed and the resulting pellets were and resuspended in FACS Buffer (100 pl/mouse or
control).

For scRNAseq experiments samples were sorted for the lineage marker GLAST, after depleting
for Oligos (O4), Erythrocytes (Terl19), Microglia (CD45) & Dead Cells (Sytox-Blue)
(Figure 3.2A). For FACS analysis of the SVZ niche, the depletion step was done as before (O4-
Ter119-CD54-SytoxBlue-), and the different cell types of the niche were characterized as
follows; GLAST+Prom1+ (NSCs), GLAST- Prom1- PSANCAM+ (NBs), GLAST- Prom1-
EGFR+ (TAPs) (Figure 3.2B). FACS sorting was performed on FACS Aria with a 100 um
nozzle at 20 psi, while for FACS analysis FACS Canto was used. For all analysis FACS Diva

software was used for analysis of the data.
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Figure 2.2: FACS gating strategies for sorting and analysis of the SVZ niche. A. Sorting
strategy for the enrichment of the NSC lineage (GLAST™) for scRNASeq. B. FACS analysis of
the SVZ niche cells to determine NSC numbers.

2.3.2. Preparing cells for 10x chromium based scRNA-Seq:

For in vivo preparations (Aplp1-/- vs. WT), single cell suspensions were prepared as described
above from SVZ (Section 2.2).

2.3.2.1.Hash-tagging of biological replicates for sequencing experiments

To preserve the biological replicate information, SVZs from each mouse was processed
separately in an individual C-Tube and the dissociation steps were carried out as described
before. The cells were stained as before for the SCRNASeq experiments with the addition of
unique hashtag antibody (BioLegend) to each individual mouse (1pg/100ul/mouse). The
hashtag antibodies were specific against both CD45 and MHC class 1 ensuring that a broad
range of cell types were targeted. Even in cell types with low expression levels of these two
epitopes, whose range of expression targets almost all cell types. After the antibody staining
and washing steps the replicates were combined into a single sample for downstream
applications. For FACS sorting experiments the gating strategy in Figure 3.2 was employed to
enrich for the neural stem cell lineage (CD45- O4- Ter119- GLAST+) cells.

2.3.2.2.Sequencing on the 10X platform

These sorted cells/single cell suspensions were then processed according to manufacturer’s

instruction for the 3” scRNASeq from 10x Genomics (v3.1). In Brief, the sorted cells were
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loaded on to the 10x chromium chip to generate the GEMs and were further processed to
generate 10x libraries. These libraries were sequenced on the NovaSeq 6000 PE 150 (for the
3’UTR analysis).

Labelling cells from different mice with unique
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Figure 2.3. Schematic workflow for hash-tagging individual biological samples to preserve
replicate identity. In brief, samples are stained with antibodies targeted against CD45 and
MHC Class I. These antibodies contain unique poly (A) tailed barcodes (hashtags). In
combination with a DropSeq method hash-tagged cells are processed for sScRNASeq where the
hashtags are reverse transcribed along with mRNA. Using SPRI bead-based size selection, the
shorter hashtags are separated from the cDNA. Both are them individually processed to
produce libraries which are then sequenced. (Created with BioRender.com)
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2.4.Handling of in vitro animal experiments

2.4.1. Culturing of NSC neurospheres

For in vitro experiments the SVZ was dissociated using a much hasher papain kit which
resulted in a better tissue dissociation. Although papain degraded the GLAST epitope, this was
replenished by the NSCs themselves upon culturing. The single cell suspension from the
processed SVZ was prepared as described in Section 3.2. and resulting pellet was resuspended
in 7 ml of Neurobasal Medium (NBM). The medium ensured the survival and proliferation of
primarily active NSCs while other cell types slowly died out. The entire suspension was seeded
into a T25 flask for culturing and was labelled “Passage 0 (P0). During this time NSCs began
to aggregate and proliferate as free-floating spherical clusters called neurospheres (Figure 3.1).
After about 5-7 days of culturing the now fully formed neurospheres were collected and
pelleted down. The neurospheres were then dissociated using 200 pul of Accutase to produce a
single cell suspension. This was transferred to a T75 flask for expansion and labelled
“Passage 17 (P1) and cultured till confluent. If the cells then needed to be expanded, they were
transferred to a T150 flask, else they were passaged (1:10) twice a week. NSCs cultures beyond
“Passage 10” (P10) were avoided as they eventually began to differentiate with increasing
passages. To preserve mouse identity, the SVZs from individual mice were processed
separately and further put into separate flask during culture and subsequent passaging.

Table 2.2 : Composition of Neurobasal medium for NSC culture

Component Vo(laum
Neurobasal A Medium (Gibco) 500ml
B27 Supplement (50x) 10ml

L-Glutamine (200mM) 5ml

Pen-Strep (Pen: 10,000units/ml; Strep: 10,000 pg/ml) 5ml
Heparin, 2 pg/ml 500 pl

When growth factors were used:
bFGF (0.5 pg/ul in PBS) 20 pl
EGF (0.5 pg/ul in PBS) 20 pl

2.4.2. BMP4 induced quiescence in neural stem cells

Neural stem cells in culture are primarily active proliferating NSCs. In order to induce
quiescence in vitro NSCs were treated with Bone Morphogenic Protein-4 (BMP4) as described
in previous studies (Martynoga et al., 2013; Mira et al., 2010). To this end, NSCs were cultured
as adherent monolayers on pre-coated culture dishes or LabTek chamber slides. The coating

was done with Poly-D-Lysine (PDL; 1 pg/ml) overnight at 37°C with a subsequent Laminin
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coating (10pug/ml) for 2 hours at 37°C. NSCs were seeded at a density of 10,000 cells/cm? in
Neurobasal Medium and allowed to attach to the coated surface overnight. The next day the
culture medium was switched to a modified version of the Neurobasal Medium (NBM) in
which EGF was replaced by BMP4 (50 ng/ml, R&D Systems). Before adding the new
medium, the adherent cells were carefully washed twice with PBS to get rid of any residual
EGF from the wells that might hinder the induction of quiescence. The BMP4 treatment was
performed for 3 days with fresh medium exchanged every 2 days. Quiescence was confirmed
based on morphology, proliferation, and marker expression. Over the course of the BMP4
treatment the cells ceased to proliferate and demonstrated a “Fried Egg” morphology as

opposed to a spindle shape that active NSCs in culture have.

2.4.3. Immunofluorescence

To determine the induction of quiescence in vitro, both active and BMP4 treated NSCs were
probed for the expression of Ki67 as follows. After the BMP4 treatment (described in Section
3.4.2.) these adherent cell cultures were carefully washed twice with PBS to get rid of any
residual media. The cells were fixed with 4% PFA for 20 minutes under a fume hood. After
fixation the PFA was discarded, and the cells were washed 3 times with PBS. The cells were
stored at 4°C in PBS if antibody staining was not immediately performed. Prior to antibody
staining, a 45-minute blocking step was performed to get rid of non-specific/background
antibody (blocking buffer; 3% Horse Serum + 0.3% TritonX in PBS). Cells were incubated
overnight at 4°C with the primary antibody (anti-MKi67; rabbit, Novus, 1:200) diluted in
blocking buffer. The cells were then washed with PBS 4 times for 5 minutes each. The cells
were the stained with a fluorescently labelled anti-rabbit secondary antibody (Alexa 555;
1:1000) for 1 hour at room temperature in the dark. Appropriate secondary antibody controls
were used to determine background binding. Cells were washed again with PBS 4 times for 5
minutes each. For the final step the any residual PBS was removed from the wells and the
plastic chambers that separated the wells were detached according to manufacturer’s
instruction. The coverslip was mounted onto the slide by adding Fluoromount with DAPI over
the wells to ensure nuclei staining. The slides were allowed to dry in a dark place for at least

30 mins and stored at 4°C until microscopy.

2.4.4. Microscopy & image analysis

The microscopy images were captured using a Leica TCS SP5 microscope. For the validation

of the BMP4 experiment, a UV diode (405 nm) was used to probe for the DAPI signal (nucleus)
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and a helium-neon 561nm laser for the AlexaFluor®>® (MKi67) signal. A 40x oil immersion
objective was used for imaging. Appropriate antibody controls were used to determine the
threshold of background fluorescence signal for each channel to setup laser intensities for
sample imaging. For each field of view a 6-12 z-stack (1 pm/stack) was captured at a resolution
of 1024x1024 and an imaging frequency of 250 Hz. For each treatment type or biological
replicate 2-3 images were captured. The images were the analysed using the ImageJ software.
First a maximum projection image was created that combined all the z-stacks into a single
image. Using the cell counter plugin, the percentage of proliferating cells (DAPI*Ki67%) were
determined for each well. The standard deviation was calculated for the replicates and a

standard t-test was performed to determine differences between the treatment types.

2.4.5. sCRNA-Seq of in vitro NSCs

NSCs were cultured as described in Section 3.4.2. for the BMP4 experiment mimicking active
and quiescent NSCs in vitro. Adherent NSCs were detached using accutase that resulted in a
single cell suspension upon mild pipetting. Cell densities were estimated, and three biological
replicate/treatment type were equally pooled together to get a final density of 200 cells/pl.
20,000 cells per treatment type were loaded on to the 10x Chromium chip of the single cell 3’
v2 kit and the RT, cDNA and libraries were prepared according to manufacturer’s instructions.
The samples (BMP4 & EGF Treated) were indexed and run-in separate lanes on the HiSeq4000
with 100 bp Paired End Reads.

2.5.Behavioural experiments in mice

A battery of behavioural tests was conducted to investigate the APLP1-/- mice for autistic traits.
Gold standard tests to identify defects in speech and social behaviour such as Ultrasonic
vocalization, Sociability test and the three chamber tests were used. Apart from these, other
tests such as Elevated plus maze and open field test were used to rule out anxiety in these

animals.

2.5.1. Ultrasonic Vocalization (USV)

Previously described protocol for recording USVs was adapted. (33). For this experiment infant
mice were evaluated for the USVs at two different developmental points; namely postnatal day
(PD) 5 and 8. Firstly, the pups were isolated from their mother to illicit a vocalization response
that was recorded. An empty glass container (6 x 9.5 x 7.5 cm) was filled with bedding material

before placing the pups during the course of the USV recordings. This glass co