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protein phosphatase 4 catalytic subunit
proline rich transmembrane protein 2
proteasome 26S subunit, non-ATPase 7
phosphatase and tensin homolog

= STEP61/protein tyrosine phosphatase, non-receptor type 5
pumilio RNA binding family member 2
quinolinate phosphoribosyltransferase

ras homolog family member A

regulating synaptic membrane exocytosis 1
roundabout guidance receptor 2

sodium voltage-gated channel alpha subunit 2
syndecan 2

semaphorin 5A

seizure related 6 homolog like 2

SH3 and multiple ankyrin repeat domains 1
SH3 and multiple ankyrin repeat domains 2
SH3 and multiple ankyrin repeat domains 3
solute carrier family 17 member 7

solute carrier family 17 member 8

solute carrier family 18 member A3

solute carrier family 1 member 6

solute carrier family 32 member 1

solute carrier family 5 member 7

solute carrier family 6 member 1

solute carrier family 6 member 2

= DAT1/dopamine transporter 1

solute carrier family 6 member 4

solute carrier family 7 member 3

SWI/SNF related, matrix associated, actin dependent regulator of chromatin,
subfamily a, member 4

synuclein alpha

syntrophin gamma 2

SRY-box 2

sialophorin

serine/arginine repetitive matrix 4

signal transducer and activator of transcription 1
= PTPN5/protein tyrosine phosphatase, non-receptor type 5
sulfotransferase family 1A member 3
sulfotransferase family 1A member 4
synaptic Ras GTPase activating protein 1
TAO kinase 2

T-box 6

= TGFB1l/transforming growth factor beta 1
tyrosine hydroxylase

transmembrane protein 219

tryptophan hydroxylase 1

tryptophan hydroxylase 2

TSC complex subunit 1

TSC complex subunit 2

ubiquitin protein ligase E3A

ubiquitin specific peptidase 15

V-set and transmembrane domain containing 2A
yippee like 3
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Zusammenfassung

Hintergrund:

Autismus-Spektrum-Storungen (ASS) umfassen eine Reihe von genetisch komplexen Stérungen mit hoher
Erblichkeit. Als zugrundeliegender Pathomechanismus von ASS werden unter anderem Veranderungen der
neuronalen Entwicklung diskutiert. ASS ist definiert durch Einschrankungen in der sozialen Interaktion und
Kommunikation sowie durch repetitives und stereotypes Verhalten. Genkopiepolymorphismen (englisch
,COpy number variations“/CNVs), also Deletionen oder Duplikationen einer chromosomalen Region,
wurden wiederholt in Probanden mit ASS identifiziert. Dabei gelten Deletionen im Allgemeinen als
verheerender, da sich die Reduktion der Gen-Dosis meist starker auf den Phanotypen auswirkt als eine
Hochregulierung (Chang et al., 2015). Die in ASS mit am haufigsten von CNVs betroffene Region liegt auf
Chromosom 16p11.2 und umspannt mit einer GrofRe von ~600kb insgesamt 29 Gene (Woodbury-Smith and
Scherer, 2018). Einige dieser Gene wurden bereits funktionell charakterisiert. Zum Beispiel konnte das Gen
KCTD13 in einer Zebrafischstudie als verantwortliches Gen fiir Verdnderungen der KopfgroRe identifiziert
werden; ein Phanotyp welcher auch bei humanen Tragern eines 16p11.2 CNVs beobachtet wurde (Golzio et
al., 2012; Steinman et al., 2016). Wahrend Trager einer 16p11.2 Deletion sowie das Zebrafisch-Modell mit
reduzierter KCTD13-Gendosis haufig eine Makrozephalie entwickeln, wird in Duplikationstragern bzw.
Zebrafischen mit hochreguliertem KCTD13 von einer Mikrozephalie berichtet. Dennoch kdnnen die
bisherigen Einzelgenstudien nicht alle Aspekte erklaren, die durch CNVs der Region 16p11.2 hervorgerufen
werden. Ziel dieser Studie war es daher, ein weiteres neuronal assoziiertes Kandidatengen dieser Region zu

identifizieren und im Anschluss funktionell im Kontext der neuronalen Differenzierung zu charakterisieren.

Methoden:

Zunachst wurde die SH-SY5Y Neuroblastomzelllinie auf ihre Eigenschaften als Modell fiir die neuronale
in-vitro Differenzierung untersucht. Wahrend der 11-tdgigen Differenzierung mittels Retinsdure (RA) und
dem Zytokin ,brain derived neurotrophic factor” (BDNF) wurden die Zellen mittels Microarray auf

Transkriptomebene und mittels Sholl-Analyse (Ristanovi¢ et al., 2006) auf morphologischer Ebene

bY
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charakterisiert. Drei komplementare statistische Methoden wurden verwendet, um differenziell regulierte
Gene zu identifizieren (Chiocchetti et al., 2016). Mittels ,weighted gene co-expression network analysis”
(WGCNA) wurden Gene zu ko-regulierten Modulen zusammengefasst. Zusatzlich wurden auf RNA-
(Real-time reverse Transkriptase/RT-PCR) und Protein-Ebene (Western Blot) Marker der Zellteilung bzw.
der neuronalen Differenzierung analysiert. Die Expression der 16p11.2 Gene wurde in Hinblick auf die
Expressionshohe sowie deren Verdnderung Uber die Zeit miteinander verglichen. Mittels real-time PCR
wurde eine vermutliche de novo Deletion der Region 16p11.2 in der DNA eines Probanden mit ASS
untersucht und gegen die DNA seiner gesunden Eltern verglichen. Als erster Schritt der funktionellen
Validierung wurde (ber real-time RT-PCR die Gendosis-abhangige Expression von QPRT in
lymphoblastoiden Zelllinien (englisch ,lymphoblastoid cell lines“/LCLs) des Deletions-Tragers sowie dessen
Eltern analysiert. In SH-SY5Y Zellen wurde die Expression des Kandidatengens QPRT auf Korrelation mit
neuromorphologischen Parametern getestet. Die Funktion von QPRT wurde in SH-SY5Y auf drei Ebenen
gehemmt: (i) mittels knock down (KD) durch siRNA, (ii) durch chemische Inhibition mit Phthalsdure und
(iii) Gber gezielten knock out (KO) durch CRISPR/Cas9 gesteuerte Geneditierung. Die Morphologie von
differenzierenden KD-Zellen wurde mittels Sholl-Analyse untersucht und gegen Kontrollzellen verglichen.
Zellen mit chemischer Inhibition oder KO des Kandidatengens wurden {ber Viabilitats-Assays
charakterisiert. Stimulationen durch Quinolinsdure (QUIN), dem Substrat von QPRT, wurden in Wildtyp-
Zellen durchgefiihrt und (ber Viabilitats-Assays gemessen, um die durch den KO bedingte vermutete
Anreicherung von QUIN zu imitieren. In KO-Zellen wurde zudem versucht die Exzitotoxizitat von QUIN
durch Antagonisten und Inhibitoren der QUIN-Zielstrukturen zu hemmen, um so den KO-Effekt zu
kompensieren. Zusatzlich wurden in den KO-Zellen die Metaboliten des QPRT-assoziierten
Tryptophanstoffwechsels mittels Gaschromatographie/Massenspektrometrie sowie Ultrahochleistungs-
flussigkeitschromatographie untersucht. Zudem wurde eine Transkriptom-Analyse mittels ,,next generation
RNA-sequencing” iber ,massive analysis of cDNA ends” (MACE) durchgefiihrt. MACE-Daten wurden erneut
mittels WGCNA zu Gruppen ko-regulierter Gene zusammengefasst, welche in Hinblick auf deren Rollen

innerhalb biologischer Prozesse analysiert wurden. GleichermalRen wurden die infolge des QPRT-KO
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differenziell regulierten Gene auf ein iberdurchschnittlich haufiges Vorkommen in definierten biologischen
Prozessen (,gene ontology”/GO) und in Autismuskandidatengenen getestet. SchlieRlich wurden
differenziell regulierte Gene auf ihren Zusammenhang mit Gehirn-Regionen und Prozessen des humanen

Gehirns basierend auf Kang et al., 2011 untersucht.

Ergebnisse:

Die neuronale Differenzierung des SH-SY5Y Zellmodells wurde auf RNA- und Protein-Ebene durch eine
Reduktion des Zellteilungsmarkers CDK1 und eine Hochregulierung des neuronalen Markers MAPT
bestatigt. Das hier verwendete Differenzierungsprotokoll fiihrte zu Zellen typisch fir eine
Entwicklungsstufe, welche Neuronen in vivo 16-19 Wochen nach Konzeption erreichen. Obwohl die
Kulturen generell aus Mischungen verschiedener Zelltypen bestanden, exprimierten die Zellen
Uberwiegend kortikale Marker. Mittels der Transkriptomdaten lieen sich 20 Module von ko-regulierten
Genen identifizieren. Module, die im Laufe der Differenzierung hochreguliert wurden, waren assoziiert mit
neuronalen Prozessen wie ,synaptic transmission“. Von den 20 identifizierten Modulen enthielten
6 Uberdurchschnittlich viele ASS-Risikogene. Von allen Genen der 16pl11.2 Region zeigte das Gen
Quinolinat-Phosphoribosyltransferase (QPRT) im Vergleich zu den anderen Genen des Locus eine hohe
Expression und die starkste sowie robusteste Regulierung tiber den Verlauf der neuronalen Differenzierung
in vitro. Im Probanden konnte eine de novo Deletion von 16p11.2 bestdtigt werden. Ebenso war die
Expression von QPRT in den LCLs vermindert, also Gendosis-abhangig reguliert. In SH-SY5Y Zellen
korrelierte die Expression von QPRT signifikant mit der Entwicklung der neuritischen Komplexitat wahrend
der Differenzierung. Auch die QPRT-beinhaltende Gruppe ko-regulierter Gene zeigte eine signifikante
Korrelation mit diesem morphologischen Parameter. Wir vermuteten daher einen kausalen Zusammenhang
zwischen QPRT und der Neuromorphologie differenzierender SH-SY5Y Zellen und testeten im weiteren
Verlauf der Studie, wie sich eine Reduktion oder die vollstindige Abwesenheit von QPRT auf die
Differenzierung der Zellen auswirkt. Die Reduktion von QPRT fiihrte zu einer milden Verdnderung der

neuronalen Morphologie von differenzierten SH-SY5Y Zellen, indem die maximale Komplexitat der Neuriten
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in KD-Zellen im Vergleich zu Kontroll-Zellen naher am Soma gemessen wurde. Die chemische Inhibition
sowie der KO von QPRT fiihrten zum Zelltod bei differenzierenden aber nicht bei proliferierenden Zellen.
QPRT codiert fur ein Enzym, welches am Tryptophan-Stoffwechsel beteiligt ist und dabei Quinolinsdure
(QUIN) abbaut. QUIN wirkt exzitotoxisch, indem es an NMDA-Rezeptoren bindet und diese liber-aktiviert.
Das Fehlen von QPRT sollte daher liber eine Akkumulation von QUIN zum neuronalen Zelltod fiihren
(Fukuoka et al., 1998; Braidy et al., 2009). Eine Behandlung des SH-SY5Y Wildtyps mit QUIN fiihrte jedoch
weder in proliferierenden noch in differenzierenden Zellen zum Zelltod. Auch die Behandlung der KO-Zellen
mit Chemikalien, welche den vermutlich durch QUIN hervorgerufenen Phanotypen mildern sollten, zeigte
keinen Effekt. Keiner der nachweisbaren Metaboliten des Tryptophan-Stoffwechsels zeigte Unterschiede
zwischen KO und Kontrollen. Auf Transkriptom-Ebene waren dagegen Gene vom KO betroffen, welche mit
Prozessen der neuronalen Entwicklung, mit synaptischen Strukturen sowie der Regulierung des Zellzyklus
im Zusammenhang stehen. Unter den differenziell regulierten Genen waren tUberdurchschnittlich viele ASS
Risikogene wie zum Beispiel GABRB3, welches fiir eine Untereinheit des GABA-Rezeptors codiert.
Ko-regulierte Netzwerke dieser Gene standen im Zusammenhang mit der Entwicklung des dorsolateralen

prafrontalen Cortex, des Hippocampus und der Amygdala, welche bei ASS funktionell verandert sind.

Diskussion und Conclusio:

Die hier angewendete Differenzierungsmethode fiihrte zu Neuronen mit einer Entwicklungsstufe welche
adaquat ist, um friilhe Prozesse der kortikalen Entwicklung abzubilden. Komplexe Interaktionen zwischen
den Zellen sowie Prozesse nach der 19. Schwangerschaftswoche kdnnen jedoch nicht abgebildet werden. Je
nach Anforderung ist das Modell somit fiir funktionelle Studien neuronaler Prozesse geeignet, auch wenn
sich nicht alle Aspekte reifer Neuronen analysieren lassen.

Des Weiteren zeigten wir in dieser Studie einen kausalen Zusammenhang zwischen QPRT und der
neuronalen Differenzierung in vitro. Wahrend eine Reduktion von QPRT nur einen milden Einfluss auf die
neuronale Morphologie zeigte, fiihrten die chemische Inhibition sowie der genetische KO zum Zelltod

differenzierender Zellen. Der vermutete Mechanismus Uber QUIN-Akkumulation konnte in diesem
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Zellmodell nicht bestatigt werden. In der hier untersuchten Neuroblastom-Zelllinie SH-SY5Y zeigte der KO
von QPRT einen Einfluss auf die Regulation von ASS-assoziierten Genen sowie Gen-Netzwerken
synaptischer Vorgdnge. Interessant ist hierbei, dass besonders ASS-assoziierte Gene, welche in der
postsynaptischen Dichte agieren, differenziell reguliert sind. In der Literatur ist zudem eine Interaktion
zwischen QPRT und NLGN3 bekannt (Shen et al., 2015). NLGN3 ist beteiligt an der Synaptogenese sowie an
der Interaktion von Gliazellen und Neuronen. Nachgewiesen wurde NLGN3 sowohl in GABAergen als auch
in glutamatergen Postsynapsen (Budreck and Scheiffele, 2007), sodass wir annehmen, dass es bei einer
Reduktion von QPRT zu einer gestoérten Ausbildung, Stabilitdt oder Funktion der Neuriten bzw. Synapsen
kommt. Dies kdnnte letztendlich zu einem Exzitations-Inhibitions-Ungleichgewicht fiihren (Rubenstein and
Merzenich, 2003) — ein Prozess, der sowohl fiir die Krankheitsentstehung von ASS als auch fir Epilepsie
beschrieben wurde (Bozzi et al., 2017). Bei einem kompletten Verlust von QPRT kdnnte diese Instabilitdt so
weit fihren, dass verschiedene Apoptose-Mechanismen angeregt werden, wie zum Beispiel durch eine
reduzierte oder inhibierte Aufnahme von Wachstumsfaktoren oder durch eine pathologische Verdanderung
des Zellzyklus (Fricker et al., 2018). Als Limitierung der Studie sei genannt, dass sich im verwendeten
Zellmodell keine funktionellen Synapsen abbilden lassen und somit die Identifikation der synaptischen
Prozesse als potenzielle Zielmechanismen von QPRT in geeigneteren Zellmodellen bestatigt werden muss.
Jedoch konnten wir den Zusammenhang zwischen QPRT und der neuronalen Entwicklung mittels KD,
chemischer Inhibition und KO auf drei verschiedenen Ebenen zeigen.

Aufgrund der Befunde der Literatur und unseren hier prasentierten Ergebnissen vermuten wir eine duale
Rolle fiir QPRT: Zum einen kann eine Reduktion von QPRT zu den hier gezeigten neuromorphologischen
Veranderungen unabhdngig von QUIN fihren, z.B. durch eine Stérung des Zellzyklus, und zum anderen
kann es zu der in der Literatur beschriebenen Anreicherung von QUIN kommen, welche in Folge zum
neuronalen Zelltod fiihren kann. Unsere Ergebnisse heben in Summe die Rolle von QPRT in der

Krankheitsentstehung von ASS, insbesondere in Tragern einer 16p11.2 Deletion, hervor.
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1 Abstract

Autism spectrum disorders (ASD) comprise a set of highly heritable and genetically complex disorders with
a heterogenous phenotype defined by impairments in social interaction and communication as well as
repetitive and stereotyped behaviors. Copy number variations (CNVs) were recurrently identified in
individuals diagnosed with ASD, with deletions and duplications of Chrl6p11.2 being one of the most
frequent. Among other processes, altered neuronal development has been discussed as pathomechanism
underlying ASD. Here, we aimed at investigating the expression of 16p11.2 genes during neuronal
differentiation and functionally characterizing the highest regulated gene of this CNV, namely quinolinate
phosphoribosyltransferase (QPRT), an enzyme of the tryptophan catabolism, for its role in SH-SY5Y
differentiation.

First, we confirmed at transcriptomic and neuromorphological level that the SH-SY5Y neuroblastoma cell
line is suitable to study neuronal differentiation at a basic level in vitro. The obtained neuronal cells were
most likely of cortical identity and reminiscent of brain tissue developed for 16-19 weeks post-conception.
We further observed that of the 29 genes within the 16p11.2 region QPRT showed a high expression and
the strongest regulation during in-vitro neuronal differentiation. We further confirmed the CNV of a
potential 16p11.2 deletion carrier and his parents and report a gene dosage dependent change of QPRT in
lymphoblastoid cell lines (LCLs) generated from the same individuals. In SH-SY5Y cells, QPRT expression
significantly correlated with neurite maturation. To functionally characterize QPRT, its function was
inhibited using (i) siRNA-induced knock down (KD), (ii) chemical inhibition, and (iii) complete CRISPR/Cas9-
mediated knock out (KO). The siRNA-induced reduction of QPRT altered neuronal morphology of
differentiated SH-SY5Y cells. Chemical inhibition as well as complete KO were lethal upon induction of
neuronal differentiation but did not affect proliferation. Metabolite analysis showed that the QPRT-
associated tryptophan pathway was not affected by the KO. Additionally, QPRT-KO cells underwent whole
transcriptome analysis and genes differentially expressed were identified to be linked to
neurodevelopmental processes and synaptic structures. Differentially regulated genes were enriched for

ASD candidates. Co-regulated gene networks were implicated in the development of the dorsolateral
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prefrontal cortex, the hippocampus, and the amygdala, which have been reported to be functionally
altered in ASD.

Thus, in this study QPRT was causally related to in-vitro neuronal differentiation and affected the regulation
of genes and gene-networks previously implicated in ASD. Functionally, these genes converge on synaptic
processes, alterations of which are suggested to lead to an imbalance of excitation and inhibition which
ultimately induces neuronal cell death. Therefore, our data suggest that QPRT may play an important role

in the pathogenesis of ASD in Chr16p11.2 deletion carriers.
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2 Introduction

2.1 Autism spectrum disorder (ASD)

Autism spectrum disorders (ASD) are complex, neuropsychiatric disorders persisting over the whole
lifespan and presenting with a variety of symptoms, especially impairing social interaction. Aberrant
neuronal development is discussed as major pathomechanism for ASD. The aetiology of ASD has a strong
genetic component with heritability estimates of 64-91% (Tick et al., 2016). An example for recurrent
genetic alterations observed in ASD are copy number variations (CNVs) of the chromosomal region 16p11.2

(Woodbury-Smith and Scherer, 2018).

2.1.1 Phenotype and diagnostics

The core symptoms of ASD consist of impairments in social interaction and communication, repetitive and
stereotyped behavior, and in some cases delayed or absent language development as well as intellectual
disability (ID; American Psychiatric Association, 2013). The phenotype of ASD is heterogeneous regarding
IQ, comorbid psychiatric disorders, and language as well as motor abilities. This heterogeneity in part may
arise from the diverse genetic backgrounds and multiple genetic hits that are discussed to additively lead to
a diagnosis of ASD. In most of the cases the “responsible” mutation leading to ASD cannot be identified as
the disorder is assumed to be caused by a combination of various, in most cases unknown, mutations that
shape the phenotypes (Bourgeron, 2015; also see section 2.1.3).

While “the autisms” were put into different diagnoses in DSM-IV (American Psychiatric Association, 1994)
and ICD-10 (WHO, 1992), namely autistic disorder, Asperger syndrome, childhood disintegrative disorder
(CDD) and pervasive developmental disorder - not otherwise specified (PDD-NOS), the spectrum of
disorders was merged to one diagnosis in DSM-5, i.e. “autism spectrum disorder” (American Psychiatric
Association, 2013). Further, DSM-5 categorizes ASD in two behavioral domains, (i) difficulties in social
communication and social interaction and (ii) unusually restricted, repetitive behaviors and interests. It

could be argued that Asperger syndrome, where individuals often present with a higher 1Q, differs from the
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other former subtypes of ASD. However, the sensitivity and specificity of the diagnostic tools is too low to
discriminate between them accurately.

To date, ASD is diagnosed by behavior observation. It is assumed that ASD is arising during embryonic
development but the first symptoms including delayed language development and problems of social
interaction usually can be observed around the age of 1-2 years. Trained psychiatrists and clinical
psychoclogists often use the questionnaire ADI-R (Autism Diagnostic Interview — Revised) to obtain a
detailed parent/caregiver report on the development of the offspring (Lord et al.,, 1994; Poustka et al.,
1996, Rutter et al., 2003, 2003). In addition, the child’s behavior can be assessed in a highly structured way
by the ADOS (Autism Diagnosis Observation Schedule). Here, the clinician is directly interacting and playing
with the child to observe the child’s interaction, communication, and stereotyped, repetitive behavior (Lord
et al., 1989; Bolte and Poustka, 2004; Lord et al., 2012).

ASD often presents with comorbidities, e.g. attention deficit hyperactivity disorder (ADHD). Simonoff and
colleagues investigated a sample of 112 children with ASD and identified a single comorbidity in 70% of
participants and two or more comorbid disorders in 41% (Simonoff et al., 2008). The most common
comorbid disorders were social anxiety disorder, ADHD and oppositional defiant disorder. Interestingly,
ASD individuals with comorbid ADHD had a second comorbid diagnosis in 84% of the cases (Simonoff et al.,
2008). Epilepsy is diagnosed in 6-27% of children with ASD while 5-37% of epileptic children are diagnosed

with ASD (Bozzi et al., 2017).

2.1.2 Epidemiology

In 2012, the estimated prevalence for ASD as assessed using DSM-IV among 8-year-old children was set to
1in 68 or 14.6 in 1,000 in the United States (Christensen et al., 2016). The authors reported a higher
estimated evidence for boys (23.6 in 1,000) than for girls (5.3 in 1,000) reflecting the usual male to female
ratio of 4 to 1 described in ASD (Woodbury-Smith and Scherer, 2018). A meta-analysis of 36 epidemiological
studies resulted in an ASD prevalence of 2.8-94/10,000 with the median of 17/10,000 (Elsabbagh et al.,

2012).
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Early studies of autistic symptoms in the United States using DSM-IIl reported a prevalence of 3.26 in
10,000 individuals aged 2-18 years (Burd et al., 1987), indicating an increase of ASD diagnoses during the
last decades (Weintraub, 2011; Lai et al., 2014).

It is uncertain to which extent this rise of ASD diagnoses reflects a real increase of ASD cases. One possible
reason for more ASD diagnoses is the higher awareness for the disorder. As estimated in Weintraub, 2011,
the combination of well-informed parents and well-trained pediatricians can explain 15% of the increase.
Another explanation for the increase in ASD diagnoses can arise from their overlap with differential
diagnoses including ID or developmental delay (DD). For example, a decrease of ID diagnoses could be
observed while ASD diagnoses increased (Polyak et al., 2015). Overall, diagnostic accretion is able to explain
25% of the increase of ASD (Weintraub, 2011).

In general, the symptoms of ASD remain over the whole lifespan. For indivuals diagnosed with ASD in
childhood long-term studies confirmed the stability of ASD symptoms, especially problems in social
interaction, with a tendency of better outcomes for Asperger than for a diagnosis of autistic disorder. In
general adults, also those with a professional career, still needed support in their everyday life (Billstedt et

al., 2007).

2.1.3 Aetiology and heritability

Although the exact mechanisms are still elusive, ASD is suggested to be caused by genetic alterations
probably interacting with environmental factors. A review of environmental risk factors for ASD suggests a
possible contribution of e.g. non-causative association, gene-related effects (environmental factors
increasing the risk of gene mutations, e.g. vitamin D deficiency) or oxidative stress (Modabbernia et al.,
2017). Another well-studied non-genetic risk factor for ASD is valproic acid (VPA), an antiepileptic and
mood stabilizing drug with teratogenic action. A population-based study in Denmark analyzed the incidence
of children with ASD for mothers with epilepsy (Christensen et al., 2013). While 4.15% of children born to
mothers treated with VPA during pregnancy were diagnosed with ASD, the ASD rate was 1.02% for children

whose mothers did not take VPA during pregnancy.
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Twin studies analyzing the concordance rates of ASD diagnoses between monozygotic (identical) and
dizygotic (fraternal) twin pairs have been used to estimate the variance explained by genetic (heritability)
and environmental factors. To date, 13 twin studies have been conducted for ASD, 7 of which were
included in a recent meta-analysis (Tick et al., 2016). The meta-analysis reports correlations of 0.98 (95%
Confidence Interval Cl, 0.96-0.99) for monozygotic twins. For dizygotic twins the authors report correlations
of 0.53 (95% Cl, 0.44-0.60) at an ASD prevalence rate of 5% and 0.67 (95% Cl, 0.61-0.72) at a rate of 1%.
Modelling genetic as well as shared and non-shared environmental effects, heritability estimates were set
to 64-91% in the meta-analysis (Tick et al.,, 2016), while shared environmental effects only reached
significance when the prevalence rate was decreased from 5 to 1% (7-35%). Thus, environmental effects

are not able to explain the majority of the variance in ASD (Tick et al., 2016).

2.1.4 Molecular genetic findings

In general, the genetics of ASD is very complex, i.e. polygenic, but there are rare cases of so called
syndromal autism. In these monogenic disorders the mutation of a single gene leads to an autistic
phenotype (see 2.1.4.1). Cases where the individual mutations impacting on the observed phenotype are
unknown are also referred to as “idiopathic” autism. Various types of molecular genetic studies have been
and are currently performed to elucidate the underlying contributors, with the earliest ones being
conducted in the form of family-based linkage analysis (see 2.1.4.2) to identify genetic regions linked to the
disorder. Later approaches of genetic studies including the whole genomic sequence (see 2.1.4.3) are
grouped into (i) genome-wide association studies (GWAS) of single nucleotide polymorphisms (SNPs),
(ii) genome-wide copy number variation (CNV) studies and (iii) next generation sequencing (NGS) studies

mainly analyzing single nucleotide variation (SNVs).

2.1.4.1 Monogenic forms
Monogenic, Mendelian or syndromic forms of ASD include fragile X syndrome where CGG repeats in the
promotor of fragile X mental retardation 1 (FMR1) lead to silencing of the gene resulting in the syndrome

(Sztainberg and Zoghbi, 2016; also see Figure 1). Approximately 43% of individuals diagnosed with fragile X
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syndrome are also diagnosed with ASD (La Torre-Ubieta et al., 2016). Another example is the heterozygous
loss (CNV or loss of function mutation) of the gene SH3 and multiple ankyrin repeat domains 3 (SHANK3)
inducing Phelan-McDermid syndrome, where 80% of carriers are also diagnosed with ASD (La Torre-Ubieta
et al., 2016). Up to 50% of individuals suffering from tuberous sclerosis, caused by mutations in the genes
TSC1 or TSC2, are also diagnosed with ASD (Smalley, 1998). Mutations of the tumor suppressor gene
phosphatase and tensin homolog (PTEN) are associated with macrocephaly and ASD (Butler et al., 2005;
McBride et al., 2010). In a small set of individuals (N=18) diagnosed with ASD and macrocephaly 17% of

probands were shown to have mutations in PTEN (Butler et al., 2005).

2.1.4.2 Linkage

Linkage analyses were originally conducted in family-based approaches to identify genetic loci that are in
linkage disequilibrium with a disease or phenotypic trait. These analyses test if within a given large pedigree
the recombination rate between a known genetic marker and an unknown disease locus is below the
expectations of Mendelian laws, i.e. they are located close to each other and inherited together. Linkage of
two markers is defined by the LOD (logarithm of the odds) score, i.e. the log ratio between the odds of a
marker being co-inherited with the disease and the odds of a random co-inheritance. The resulting linkage
regions defined by high LOD or maximum LOD scores (MLS) can contain several candidate genes which are
then investigated further.

As reviewed in Freitag et al., 2010, the following regions have been found to be linked to ASD in at least
two independent studies: 2g21-33, 3¢25-27, 3p25, 4932, 6q14-21, 722, 7q31-36, 11p12-13 and 17q11-21
(Freitag et al., 2010). The region 79g22-32 has been confirmed in a meta-analysis while suggestive evidence
for linkage to 10p12-q11.1 and 17p11.2-q12 were reported (Freitag et al., 2010). Another region reported
by two independent linkage studies (Weiss et al., 2009; Werling et al., 2014) is located in Chr20p13.

A study by Liu and colleagues demonstrated that the selection of informative subphenotypes to define a
homogeneous set of ASD families could help in detecting susceptibility loci in ASD (Liu et al., 2008). When

analyzing data of a subset of probands with an 1Q 2 70 they found linkage to Chr15g13.3-q14, a region also
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linked to SZ. The authors also investigated ASD families with a delayed onset of first phrases and found

linkage to Chr11p15.4-p15.3 (Liu et al., 2008).

2.1.4.3 Genome-wide studies

2.1.4.3.1 Principles of genome-wide study types

In general, these hypothesis-free study types allow identifying new variation as well as comparing the
frequencies of known variants across the investigated groups (rare or common). Further, depending on the
study design, genome-wide studies enable to identify de novo mutations that are suggested to be of higher
penetrance than variants inherited from non-affected parents. Different types and study designs are

summarized in the following.

2.1.4.3.1.1 Genome-wide association studies (GWAS)

Utilizing array-based technologies GWAS are used to scan the genome for associated SNPs. GWAS can be
performed in a case/control or in a family- or trio-based approach. The case/control approach compares
the frequencies of SNPs between cases and controls. Trio (parents-offspring) based analyses test the
increased inheritance of variants by comparing the genomes of affected children to that of their parents
making use of the transmission disequilibrium test (TDT, Spielman et al., 1993). If a locus is in transmission
disequilibrium, i.e. transmitted more often to the affected children than assumed by Mendelian laws, this
locus is associated with the disease. An advantage of family-based genome-wide studies is their
insusceptibility to population stratification (i.e. different populations can have different allele frequencies
due to their ancestries) which needs to be accounted for in case-control association studies. For variation at
the level of a single nucleotide at a specific site of the genome, we distinguish between SNPs and SNVs.
Usually, a SNP is an annotated variation occurring in the general population with a frequency of >1% in
contrast to SNVs which are private or very rare (minor allele frequency MAF < 1%) mutations that are not

annotated.
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2.1.4.3.1.2 Genome-wide CNV studies

Genome-wide CNV studies are also performed using microarray-based technologies such as whole-genome
comparative genomic hybridization arrays (Array-CGH) or bead-arrays to identify a reduction or an increase
in gene dosage based on the intensity of the probes on the respective array. The minimum size of reliably
called CNVs depends on the resolution of the used array, i.e. the distance between the individual probes, as
well as on the used detection software(s). In family-based approaches, genome-wide CNV studies enable
the differentiation between de novo or inherited copy number deletions (loss of one of the two genomic
copies) or duplications (gain of one or more copies). De novo CNV variation arises spontaneously in the
parental germline during meiosis and is an important aspect in elucidating the etiology of ASD, as these
variants only occur in the affected children but not in their parents. Also, genome-wide CNV analyses can
be conducted in a case/control manner, which allows estimating frequencies of specific CNVs in cases

compared to controls.

2.1.4.3.1.3 Next generation sequencing (NGS) studies

A rather new approach to perform genome-wide studies implies NGS which is able to identify indels, SNVs
and in some cases also CNVs. There are two common types of NGS: whole genome sequencing (WGS) and
whole exome sequencing (WES). The latter is the cheaper and faster approach as it is only sequencing the
~1% coding part of the genome. Although the coding part of the genome contains a majority of the
pathogenic mutations it has to be considered that WES is not able to identify mutations in intergenic
regulatory sequences which also have been shown to be disease-related. NGS is again a hypothesis-free
approach without preselection of specific genetic regions which makes it a powerful tool for the
identification of new mutations as well as comparing their frequencies between cases and controls or

detecting de novo variation in a family-based approach.

2.1.4.3.2 Genetic architecture of ASD: findings from genome-wide studies
Overall, the sum of inherited variants is contributing to the variation of the human genome to a much

higher extent than de novo variation (see Figure 1; Gaugler et al., 2014) and rare variants are thought to
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have a higher effect on the etiology of ASD than common variation (An and Claudianos, 2016). Common
variants are defined at a frequency of > 1% and are thought to have a small effect size but increase genetic
liability for ASD in combination (Figure 1). Although smaller in effect, common variants may account for

~40% of the genetic risk for ASD (An and Claudianos, 2016). As further reviewed in An and Claudianos,

2016, de novo variation in ASD includes large chromosomal variations, CNVs (> 1kb), small
insertions/deletions (indels; 2-1,000bp) and SNVs (1 bp).
Looking at the total population of individuals diagnosed with ASD, syndromic forms

(monogenic/Mendelian; see section 2.1.4.1) account for 3.40% of the cases (Gaugler et al., 2014). Overall,
6% of ASD individuals harbor known ASD-associated genetic mutations. Regarding variation in ASD liability,
49% can be explained by common inherited variants, 4% by non-additive genetic effects, 3% by rare
inherited and 3% by de novo genetic effects (Gaugler et al., 2014; La Torre-Ubieta et al., 2016). In addition,
the penetrance of the rare genetic events like SNVs is modulated by the individual’s genetic risk score

(Weiner et al., 2017).

A Figure 1 Contribution of rare and common
variation to disease susceptibility in ASD.

Rare variants are suggested to have a high
penetrance as observed in mendelian diseases
where in the case of fragile X syndrome a
mutation of the gene FMRI is causing the
disease. There is also rare variation with a low
penetrance, e.g. single nucleotide variants
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(SNVs). Common variation usually has a lower
penetrance, e.g. single nucleotide polymorphisms
(SNPs) which can be identified via genome wide
association studies (GWAS). Variants with a low
frequency and intermediate penetrance occur in
the form of e.g. genic copy number variations
(CNVs). Common variation with high penetrance
is very unlikely in the etiology of complex
diseases. Image modified from McCarthy et al.,
2008; Manolio et al., 2009.

Early GWAS of ASD included findings of chromosomal regions 5p14.1 (Ma et al., 2009; Wang et al., 2009),
the gene semaphorin 5A (SEMA5A) located in Chr5p15 (Weiss et al., 2009), as well as the regions Chr5g21.1

and Chr15g22.1-g22.2 (Salyakina et al., 2010). In 2011, Hussman and colleagues introduced the method of
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GWAS-NR. It utilizes a noise reduction method increasing the power to detect true association in GWAS
which is especially useful for investigations of complex diseases like ASD (Hussman et al., 2011). In addition
to the identified associated SNPs, the multiple flanking SNPs in linkage disequilibrium (LD) are taken into
account. Applying their proposed method, they resulted in 860 candidate genes and reported a significant
proportion of these genes to be implicated in the regulation of the directional protrusion of axons and
dendrites to their appropriate synaptic targets. The most significant finding was a block in LD with ASD
spanning the region Chr2p24.1 (Chr2 204444539-20446116; p = 1.8E-06) with ASD proximal to the gene
pumilio RNA binding family member 2 (PUM2), encoding for a translational repressor during embryonic
development and cell differentiation (Hussman et al., 2011).

Additional studies, one including two Chinese cohorts and three European data sets reported genome-wide
significant association of variants within the ASD-linked region Chrlp13.2 (Xia et al., 2014) and the SNP
rs4141463 in MACRO domain containing 2 (MACRODZ2; Anney et al., 2010), respectively.

A meta-analysis conducted by the Psychiatric Genetics Consortium (PGC) using GWAS data of ASD patients
identified a genome-wide significant locus at 10924.32 (Anney et al., 2017). This region includes PITX3,
coding for a transcription factor playing a role in neuronal differentiation, and CUEDC2, a gene associated
with social skills. Furthermore, the authors replicated findings of loci implicated in schizophrenia (SZ)
supporting previous reports of a strong genetic correlation of ASD and SZ.

Another GWAS testing for asscociation with ADI-R questionnaire items identified eight genome-wide
significant SNPs. Among the most prominent were SNPs of the gene potassium voltage-gated channel
subfamily D member 2 (KCND2), nitric oxide synthase 2 (NOS2), or the neural EGFL like 1 (NELL1; Connolly et
al., 2013).

By combining PGC GWAS data of ASD and SZ the authors identified 12 novel loci which may elucidate a
common neurodevelopmental phenotype of the disorders, e.g. the previously ASD implicated genes
forkhead box P1 (FOXP1) or ATPase plasma membrane Ca2’ transporting 2 (ATP2B2). Also, they found ASD
to be associated with neurodevelopmental genes like MACROD2, HDAC4, EXT1 or ASTN2 (Anney et al.,

2017; also see List of genes discussed in this study). Furthermore, a cross-disorder analysis including ASD,
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ADHD, schizophrenia, bipolar disorder and major depressive disorder identified genome-wide significant
hits in the chromosomal regions 3p21, 10924, as well as SNPs in calcium voltage-gated channel subunit
alphal C (CACNAI1C) and calcium voltage-gated channel auxiliary subunit beta 2 (CACNB2; Smoller et al.,

2013).

2.1.4.3.2.2 Genome-wide CNV studies

A study in 2008 reported most of the CNVs found in ASD individuals to be inherited and only 7% to be
de novo in families having one child with ASD or 2% in families with two or more children diagnosed with
ASD (Marshall et al., 2008). This study reported 13 loci with recurrent or overlapping CNVs: 2q14.1, 2q32.1,
6022.31, 7936.2, 8q11.23, 9p24.1, 11p12, 13¢21.32, 15q11.2-q13.3, 16p12.2, 16p1l.2, 22q11l.2 and
22q13.31 (Marshall et al., 2008). Having a closer look at the genes located in all the recurrent CNV regions
the authors reported the genes to converge on synaptic functions, e.g. the postsynaptic density genes
SH3 and multiple ankyrin repeat domains 3 (SHANK3; located at 22q13.3), neuroligin 4 (NLGN4X; at
Xp22.31) and neurexin 1 (NRXN1; at 2p16.3; Marshall et al., 2008). Another CNV study focusing on rare
variation in ASD reported a higher global burden of genic CNVs in individuals diagnosed with ASD when
compared to controls (Pinto et al., 2010). This effect was even clearer when the authors looked at known
ASD or ID implicated regions. The study also reported new ASD candidate genes, e.g. SH3 and multiple
ankyrin repeat domains 2 (SHANK2) located in 11g13.3 or synaptic Ras GTPase activating protein 1
(SYNGAP1) located in 6p21.32, as well as an enrichment of CNVs disrupting functional gene sets, e.g.
involved in cell proliferation, projection or motility (Pinto et al., 2010).

Levy and colleagues studied rare genomic CNVs in a cohort of N=858 children diagnosed with ASD and
N=863 unaffected siblings (Levy et al., 2011). Affected individuals had a higher burden of de novo CNV
events (75 de novo events in 68 probands; 7.9% of all probands) than their non-affected siblings (19 de
novo events in 17 siblings; 2% of all siblings) and male affected individuals had more de novo deletions than
duplications (39 to 22, p=0.04; Levy et al., 2011). Furthermore, as previously identified by Pinto et al., 2010,
the de novo CNVs in affected individuals were significantly more often hitting genes when compared to

their healthy siblings (61/75 in affected, 9/19 in siblings, p=0.006; Levy et al., 2011). This effect became
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even stronger when they only considered deletions. While most of the de novo events were unique, the
authors also reported 16 recurrent events, 10 of which were located in the previously reported genomic
region Chr16p11.2 (6 deletions and 4 duplications). As 9 of these CNVs were found in males, the authors
assume a gender bias in the penetrance of ASD at 16p11.2 (Levy et al., 2011). The other loci recurrently hit
by de novo CNVs in this study were 7q11.23, 16p13.2 and the previously reported region 15q11.2. Another
study of rare CNVS in ASD confirmed the findings regarding recurrent CNVs of 16p11.2, 7q11.23 and
16p13.2 (Sanders et al., 2011). Furthermore, this study reported additional rare recurrent events at
chromosomal regions 1921.1, 15q13.2-q13.3 and 16q23.3 with a disruption of cadherin 13 (CDH13; Sanders
et al., 2011). Another comprehensive study focusing on rare CNVs confirmed an excess of genic CNVs in
ASD individuals when compared to controls (Pinto et al., 2014). The identified de novo CNVs or loss-of-
function single-nucleotide variants were associated with neuronal signaling and development, synapse
function and chromatin regulation (Pinto et al., 2014).

In 2015, a study by Sanders and colleagues replicated the findings of increased de novo CNVs in affected
individuals when compared to controls which in this case was observed for both, deletions and duplications
(Sanders et al., 2015). Also, this study confirmed a former observation of the group of a higher burden of de
novo CNVs in female probands when compared to affected males (ratio: 1.6, 95% Cl: 0.9-2.3, p = 0.04;
Sanders et al., 2015). A review of copy number variation in neurodevelopmental disorders highlights and
summarizes the importance of the genomic regions 1q21.1, 3929, 15q11.2, 15q13.3, 16p11.2, 16p13.1 and
22911 (Torres et al., 2016). According to the latest estimate, CNVs of the region Chr16p11.2 are among the
most recurrent ones with a frequency of 0.8% in ASD (Woodbury-Smith and Scherer, 2018).

A CNV meta-analysis of five different cohorts including individuals with SZ, bipolar disease (BP), ADHD,
depression and ASD identified novel associations with duplication of Chr9p24 showing an especially strong
association with ASD. The region is harboring the genes dedicator of cytokinesis 8 (DOCK8) and KN motif
and Ankyrin repeat domains 1 (KANK1; Glessner et al., 2017). Based on their findings the authors suggest a

common genetic component in the pathogenesis of neurodevelopmental disorders.
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Regarding overall genetic influences shaping the phenotype of ASD, it was shown that stronger functional
insults induced by truncating de novo CNVs in combination with truncating SNVs of network genes lead to
more severe intellectual, social and behavioral phenotypes (Chang et al., 2015). Specifically investigating
CNVs affecting network genes the authors found deletion carriers to have lower IQs (64.8) than duplication
carriers (83.9). Affected genes associated with more severe phenotypes, i.e. lower IQ or higher ADI-R

scores, showed significantly higher expression in the brain (Chang et al., 2015).

2.1.4.3.2.3 NGS studies

To date, around 50 NGS studies have been performed in ASD research. Most of the NGS studies between
2011 and 2015 are reviewed in Sener et al., 2016. The studies with the highest impact in the field are
summarized in the following section:

Sanders et al., 2012 sequenced 238 families of the Simons Simplex Collection (SSC) on whole exome level
and identified highly disruptive de novo mutations in brain-expressed genes in the affected individuals.
Overall, the authors identified 279 de novo mutations in coding regions. In one gene, synuclein alpha
(SNCA), they found nonsense de novo mutations in two different affected individuals (Sanders et al., 2012).
Another big study performed WES on 343 families with one affected child and at least one unaffected
sibling (lossifov et al., 2012). The authors reported twice as many de novo gene disrupting mutations in
affected individuals when comparing to the unaffected siblings (59 to 28). Many of those mutations were
associated with the gene FMR1 coding for fragile X mental retardation protein (FMRP).

WES studies published in 2014 included the following three studies with the biggest sample sizes: lossifov
et al., 2014, Rubeis et al., 2014 and Dong et al., 2014. lossifov and associates sequenced ~2,500 simplex
families including ~1,900 unaffected siblings (lossifov et al., 2014). The authors reported de novo likely
gene-disrupting mutations to be enriched for chromatin modifiers, as well as genes associated with FMRP
and genes expressed during embryology. Rubeis et al., 2014 performed WES on ~3,800 individuals
diagnosed with ASD as well as ~9,900 ancestry-matched or parental controls. The identified variants
converged on the developmental pathways of chromatin remodeling, transcription and splicing as well as

synaptic function. In another study, 787 families were whole exome sequenced and report ASD to be
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associated with de novo indels inducing frameshifts (Dong et al., 2014). Furthermore, the authors identified
multiple de novo indels in the genes lysine methyltransferase 2E (KMTZ2E), a chromatin regulator, and
regulating synaptic membrane exocytosis 1 (RIMS1) regulating the release of synaptic vesicles. Again, this
study confirmed the role of synaptic function, chromatin modification and FMRP targets in ASD.

To investigate postzygotic mosaic mutations (PZM) another study exome-sequenced 282 trios (Lim et al.,
2017b). PZM develop after fertilization and can lead to distinct cell populations in one individual. They
gained interest in the context of ASD as PZM have the potential to give rise to the diverse phenotypes
observed in ASD. The authors reported 7.5% of the identified de novo mutations to be PZM, 83.3% of which
were not described before. The affected genes were enriched for expression in the amygdala, a region
reported to be implicated in ASD before (Amaral et al., 2008). Furthermore, the authors reported the genes
kruppel like factor 16 (KLF16) and Myb/SANT DNA binding domain containing 2 (MSANTD2) to show
genome wide significant enrichment for PMZs and support previous findings for the ASD candidate genes
sodium voltage-gated channel alpha subunit 2 (SCN2A), heterogeneous nuclear ribonucleoprotein U
(HNRNPU) and SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily A,
member 4 (SMARCA4; Lim et al., 2017b).

In another study, WES of 116 trios revealed recurrent de novo loss of function mutations in ubiquitin
specific peptidase 15 (USP15; Chen et al., 2017). Furthermore, the authors could support evidence for the
previously reported genes FOXP1 (O'Roak et al., 2011) and lysine demethylase 5B (KDM5B; lossifov et al.,
2014). Again, this study reported the identified genes to be involved in FMRP signaling, synaptic formation
and transcriptional regulation. In 2017, Yuen and colleagues performed WGS of ~5,200 samples from
families with ASD and identified 18 novel ASD candidate genes, e.g. mediator complex subunit 13 (MED13)

or PHD finger protein 3 (PHF3; C Yuen et al., 2017).

2.1.4.4 Summary on the molecular genetics of ASD
Meta-analysis of ASD twin studies estimated the heritability of the disorder to range between 64-91% (Tick
et al., 2016). Early genetic studies identified regions linked to ASD, e.g. the recurrently identified region

7q22-32 (Freitag et al., 2010). Results of SNP-based GWAS include the genome-wide significant locus
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10q24.32, harboring the genes PITX3, coding for a transcription factor playing a role in neuronal
differentiation, and CUEDC2, associated with social skills (Anney et al.,, 2017). CNV studies identified
recurrent CNVs in ASD with deletions and duplications of the region Chr16p11.2 being the most recurrent
ones with a frequency of 0.8% (Woodbury-Smith and Scherer, 2018). Overall, when compared to healthy
controls, CNVs in individuals with ASD are more often de novo and spanning genes (Levy et al., 2011).
Further, these de novo CNVs as well as loss-of-function single-nucleotide variants were associated with
neuronal signaling and development, synapse function and chromatin regulation (Pinto et al., 2014). Finally,
NGS-GWA studies repeatedly identified genes involved in synaptic function, FMRP signaling, transcription
and chromatin remodeling to be associated with ASD. Overall, common variants may account for ~40% of
the genetic risk for ASD (An and Claudianos, 2016) while the rare monogenic forms of ASD, e.g. fragile X
syndrome, account for 3.4% of ASD cases (Gaugler et al., 2014).

The etiology of ASD is currently estimated to involve 200 to 1,000 potential risk genes (Berg and
Geschwind, 2012). There are several databases supplying lists of candidate genes to give an overview of the
multitude of reported risk genes, e.g. AutismKB (http://autismkb.cbi.pku.edu.cn/) or SFARI gene
(https://gene.sfari.org/). The latter is organized by the Simons Foundation Autism Research Initiative
(SFARI) and uses more stringent criteria than AutismKB. SFARI gene to date reports ~1,000 ASD candidate
genes sorted into different categories according to their evidence. Categories are ranged from 1 (most
evidence) to 6. Category 1 harbors a small set of genes, including the syndromic candidate FMR1 (see also

2.1.4.1).

2.2 Neurobiology and current animal or cell models of ASD

To date, the pathomechanisms behind ASD are not fully understood, but there are several reports of an
aberrant neuronal development in individuals with ASD. These findings mostly result from studies of post
mortem brain tissue or from imaging studies of individuals diagnosed with ASD (see 2.2.1 and 2.2.2). As
access to post mortem brain tissue is limited and the process of neuronal development cannot be assessed

in vivo in humans it was and is still used to be studied in model organisms or cell lines (see 2.2.4).
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2.2.1 Neuropathology

Early studies reported abnormalities in limbic structures, including smaller and more densely packed
neurons in the hippocampus and the amygdala (Kemper and Bauman, 1993). Furthermore, dendritic
branching was found to be reduced in the hippocampus of individuals with ASD (Raymond et al., 1996). The
limbic system is known to be important for emotional processing - a process affected in ASD (Lartseva et al.,
2014). Purkinje cells, located in the cerebellum, were found to be smaller and fewer in ASD in several
studies (reviewed in Chen et al., 2015). The cerebellum is important for motor control, fitting to findings of
a weak motor coordination in ASD patients (Fournier et al., 2010). Furthermore, recent findings also
suggest a role of the cerebellum in social and emotional processing, language and cognition (Chen et al.,
2015). Reports of studies of the cerebral cortex range from no differences between controls and ASD to an
altered cytoarchitecture in ASD. For example, in ASD an aberrant minicolumnar organization was shown to
lead to a decreased inter-areal connectivity (Casanova et al., 2006). Furthermore, layers of the prefrontal

and temporal cortex were found to be disorganized (Stoner et al., 2014).

2.2.2 Neuroanatomy

The enhancing neuroimaging genetics through meta-analysis (ENIGMA) ASD working group performed a
meta-analysis over magnetic resonance imaging (MRI) scans of 1,571 indivuals with ASD and 1,651 healthy
controls (2-64 years; van Rooij et al.,, 2018). The authors reported ASD to be associated with smaller
subcortical volumes of the pallidum, putamen, amygdala and nucleus accumbens. In addition, individuals
with ASD exhibited increased cortical thickness in the frontal cortex and decreased thickness in the
temporal cortex. Further analysis of cortical thickness dependent on the age of the subjects revealed
strongest alterations in ASD around adolescence while the other subcortical partitions did not show age-

related effects (van Rooij et al., 2018).

2.2.3 Genetic basis of altered neurobiology

At genetic level (also see 2.1.4), multiple studies report ASD candidate genes to converge on genes

controlling neurogenesis, growth and neuron migration, axon growth or guidance, dendrite arborization as
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well as genes regulating synaptogenesis and synaptic function (Krishnan et al., 2016; reviewed in La Torre-
Ubieta et al., 2016). As reviewed in Chiocchetti et al., 2014, ASD-associated genetic variants were enriched
in glutamatergic pathways, affecting receptor signaling, metabolism and transport. By analyzing ASD risk
genes in the context of human brain development, another study identified new ASD risk genes in addition
to genes involved in synaptic transmission, as mentioned above (Krishnan et al., 2016). Furthermore, the
authors assigned ASD-associated genetic changes to developmental stages and regions of the brain
(Krishnan et al., 2016). As also published by other groups before, they found ASD risk genes to affect the
development of the fetal prefrontal, temporal and cerebellar cortex (Krishnan et al., 2016).

A further aspect highly discussed in the neuropathology of ASD is the excitatory/inhibitory (E/I) balance
(Dickinson et al., 2016). Different genetic causes of ASD are suggested to converge on a dysfunction of
excitatory and inhibitory neuronal circuits in various brain regions resulting in a perturbation of the E/I
balance (Bozzi et al., 2017). Depending on the underlying genetics, this E/I imbalance is resulting from an
interplay of dysfunctions of the GABAergic, glutamatergic, metabolic and immune system as well as the
environment and can ultimately lead to cognitive impairment, altered social behavior as well as an
increased seizure susceptibility (Bozzi et al.,, 2017). The recurrent overlap of ASD and epilepsy with an
underlying E/I imbalance suggests a common neurobiological basis of the two disorders (Bozzi et al., 2017;

also see section 2.1.1).

2.2.4 Current animal and cell models

While there are several examples for animal models, e.g. zebrafish, most researchers will resort to mouse
models (see 2.2.4.1) to study the development and phenotypes of ASD. These models are useful for
functionally investigating candidate genes or chromosomal regions including rescue experiments to reverse
the altered phenotype. This knowledge can then be translated to humans and help in understanding the
pathomechanism and finding potential treatments. Further, functional studies of ASD-associated genes or

genomic regions are performed in human-derived cellular models (see 2.2.4.2).
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2.2.4.1 Mouse models

Numerous mouse models were generated to study ASD at molecular, cellular and behavioral level.
Although not to the same level or extent, mice do exhibit several behavioral features of humans which can
be measured in well-established tests. Repetitive behavior as seen in individuals diagnosed with ASD can be
assessed in mice using the marble-burying test or by monitoring grooming habits. Another important factor
in ASD, sociability, is measured in mice using the three-chamber test where the mouse under study can
decide to spend time in an empty chamber or a chamber with an unfamiliar mouse (Moy et al., 2004).
While a wild type mouse will spend more time in the chamber with the unfamiliar mouse, mouse models
for ASD will prefer staying in the empty chamber.

CNTNAP2-KO mice show a decreased number of interneurons and an abnormal neuronal migration. These
mice show an impairment of social interaction and communication, repetitive behavior, seizures and
hyperactivity. The phenotypes of grooming and hyperactivity could be rescued by administration of
risperidone (Pefiagarikano et al., 2011). In addition to this CNTNAP2-KO mouse there are several mouse
models for single genes, e.g. T-box brain 1 (TBR1) heterozygous KO (Huang et al., 2014), FMR1-KO (Yan et
al., 2005b; Bernardet and Crusio, 2006; Lim et al., 2014), TSC1 heterozygous KO (Tsai et al., 2012) or PTEN-
KO (Kwon et al., 2006). Several studies in mouse have been performed for the synaptic adhesion molecule
families neurexin and neuroligin: NRXN1A-KO (Etherton et al., 2009; Grayton et al., 2013), NLGN3-KO
(Baudouin et al., 2012) and NLGN4-KO (Jamain et al., 2008). The main findings of those studies as reviewed
in La Torre-Ubieta et al., 2016 include alterations of glutamatergic as well as GABAergic signaling and a
reduction of brain volume. The SHANK genes, a family of synaptic scaffolding molecules, have been
extensively studied in mice: SHANK2 exon 7 KO (Schmeisser et al., 2012), SHANK2 exon 6-7 KO (Won et al.,
2012; Lee et al., 2015), SHANK3B-KO (Peca et al., 2011), SHANK3 exons 4-9 KO (Wang et al., 2011), and
SHANK3 heterozygous KO (Bozdagi et al., 2010). These knock outs mainly impact on NMDA-R function (La
Torre-Ubieta et al.,, 2016). The autistic-like phenotype induced by KO of SHANK2 exon 6-7 could be
improved by restoring NMDA-R function (Won et al.,, 2012). For further reading on mouse models

presenting with neuronal phenotypes see La Torre-Ubieta et al., 2016.
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Rather than knocking out a single gene, other studies generated mice harboring a deletion or duplication of
a bigger chromosomal region, e.g. 15q11-13. Mice with a duplication of this region showed an altered
serotonergic signaling and increased spine dynamics and presented with impaired social interaction and
communication as well as behavioral inflexibility (Nakatani et al., 2009; Isshiki et al., 2014). The mouse
model harboring a hemideletion of the chromosomal region 16p11.2 will be further discussed below (see

2.3.2.1; Grissom et al., 2017).

2.2.4.2 Human-derived in vitro cellular models

Regarding the direct investigation in humans, there are limited options of analyzing the brain tissue of ASD
individuals post mortem. For in vitro studies using neuronal cell lines (e.g. SH-SY5Y; see 2.2.4.2.1), patient-
specific mutations can be introduced into the cells, e.g. using CRISPR/Cas9, followed by subsequent
functional analysis. Also, newer methods, especially the development of induced pluripotent stem cells
(iPSCs; see 2.2.4.2.2), allow modeling the disorder in cell lines directly generated from patients’ fibroblasts

or blood.

2.2.4.2.1 SH-SY5Y

The neuroblastoma cell line SH-SY5Y, also used in our study here, is a well-studied and characterized,
commercially available cell line with a relatively cheap and fast neuronal differentiation protocol of two
weeks. The cells were originally isolated from a metastatic bone tumor biopsy of a four-year-old girl with
neuroblastoma. These cells were subcloned three times, resulting in the SH-SY5Y subclone. The
cytogenomic profile of SH-SY5Y was analyzed thoroughly (Yusuf et al., 2013) which makes it easier to focus
on the gene under study. The most important findings include a chromosome 7 trisomy and a duplication of
chromosome 1q (Yusuf et al., 2013).

Our group has previously performed functional analysis of newly identified CNTNAP2 promoter variants in
SH-SY5Y cells (Chiocchetti et al., 2015). Using electrophoretic mobility shift assays, a method to study DNA-
protein binding, we found the promoter variants to result in weaker or stronger binding of nuclear factors,

respectively. Furthermore, the effects differed between SH-SY5Y and the embryonic kidney cell line
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HEK293T, suggesting a cell type specific expression of nuclear proteins. Luciferase assays were performed
to measure transcriptional activation resulting from the different promoter variants. Again, the different
variants led to reduced or increased transcriptional activation, respectively. Our results led to the
conclusion that CNTNAP2 promoter variants impact on ASD liability via an alteration of transcription factor
binding sites (Chiocchetti et al., 2015). In another study, the ASD candidate gene forkhead box P2 (FOXP2)
was overexpressed in SH-SY5Y to analyze the effects on gene networks (Oswald et al.,, 2017). At
transcriptional level, the authors report differentially regulated genes to be enriched for ontology terms
including e.g. cellular signaling and communication, cellular migration and differentiation as well as terms
including the words “neuron” or “axogenesis”. The study emphasized the role of FOXP2 in nervous system
development overlapping with pathways previously reported to be altered in ASD (Oswald et al., 2017).
Furthermore, SH-SY5Y cells were modified to harbor an extra copy of Chrl5q to study the imprinting effects
of the ASD-associated chromosomal region 15q11-13 (Meguro-Horike et al., 2011). The generated SH(15M)
cell line was differentiated using phorbol myristate acetate, an activator of protein kinase C. When
compared to differentiated wild type SH-SY5Y, mRNA expression of a subset of genes located in 15q11-13
showed a decreased expression (e.g. NDN, GABRB3, CHRNA?7) in contrast to the expected increase due to
the duplication. The authors could not find methylation differences in the promoters of the respective
genes, rather they hypothesize higher order inter- or intra-chromosomal epigenetic alterations to lead to
the observed decreased expression at transcriptional level in the 15 duplication syndrome (Meguro-
Horike et al., 2011). A follow up study made use of the same cell lines, SH-SY5Y wild type and SH(15M): Via
siRNA-mediated knock down of UBE3A the authors found UBE3A, located in 15q11-13, to impact on genes
implicated in gene regulation, DNA binding and brain morphology. Furthermore, the alterations of UBE3A
levels influenced the methylation levels of up to half of known imprinted genes (Lopez et al., 2017).

Although SH-SYSY is a feasible, highly cited in vitro model in neuropsychiatric research its suitability and
assignability to in vivo neuronal differentiation is often questioned. Therefore, in this work here we also

analyzed the transcriptome of differentiating SH-SY5Y cells and confirmed their ability to differentiate into
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mature neurons (Chiocchetti et al., 2016). Thus, the here applied differentiation method of SH-SY5Y cells

allows us to study genes relevant during early cortical development in the context of ASD.

2.2.4.2.2 Human induced pluripotent stem cells (hiPSCs)

iPSCs are patient-specific pluripotent stem cells that can be generated from e.g. fibroblasts taken from a
skin punch, from whole blood or from deciduous teeth. The primary cells are cultured and then
reprogrammed by introducing the four “Yamanaka factors” Oct3/4, Sox2, c-Myc, and KIf4 (Takahashi and
Yamanaka, 2006). After the verification of successful reprogramming, the cells can be differentiated into
other cell types, e.g. neurons.

iPSCs have been generated from carriers of the monogenic ASD-associated fragile X syndrome (Muotri,
2016). In different studies, neurons differentiated from these cells showed aberrant differentiation or
reduced neuritogenesis (Urbach et al., 2010; Sheridan et al., 2011; Doers et al., 2014; summarized by
Muotri, 2016). Another syndromic iPSC model investigated the genomic region 22q13.3 including SHANK3,
where a deletion leads to Phelan-McDermid syndrome (Shcheglovitov et al., 2013). Neurons generated
from these iPSCs exhibited an altered excitatory electrophysiology and a reduction of synapses — effects
that could be reversed by an overexpression of SHANK3 (Shcheglovitov et al., 2013).

Due to the huge amount of probable phenotype-causing candidate genes studying iPSCs generated from
non-syndromic ASD is more challenging. Mariani and colleagues generated iPSCs from members of four
families with a carrier of ASD with increased head circumference (Mariani et al.,, 2015). The authors
differentiated the generated iPSCs to three-dimensional neural cultures, i.e. organoids, and report
alterations of cell proliferation, neuronal differentiation and synaptic assembly in the cells generated from
individuals diagnosed with ASD. Furthermore, neurons originating from ASD individuals showed an increase
of GABAergic progenitor and neuronal cells resulting from an up-regulation of FOXG1 (Mariani et al., 2015;
La Torre-Ubieta et al., 2016). Another study generated and investigated iPSCs from carriers of 16p11.2
deletions and duplications compared to those generated from controls (Deshpande et al., 2017). This study

will be discussed in more detail below (see 2.3.2.2).

22



Dissertation Denise Haslinger Introduction

Although modeling ASD in human iPS cells is a rather new approach a multitude of studies have been
published and to date were summarized in the following reviews: Muotri, 2016, Ben-Reuven and Reiner,
2016, and La Torre-Ubieta et al., 2016.

Despite the huge progress and advantages of using patient-specific neurons generated from iPSCs to
investigate mechanisms underlying ASD there are limitations and disadvantages: First of all, the generation
of iPSCs and their differentiation is very time consuming and expensive. Establishing iPSC lines from
fibroblasts and their characterization usually takes several months, and depending on the differentiation
protocol used, it can take two additional months to receive mature neurons that can be used for functional
analyses (Xia et al., 2016). On the one hand it is beneficial to use cells that have the same genetic
background as the probands; on the other hand, when using cell lines of different individuals, their

individual genetic backgrounds can falsify the effect of the gene or genetic variant under study.

2.3 ASD-associated region 16p11.2

2.3.1 Penetrance and phenotype of 16p11.2 CNVs

The ASD-associated chromosomal region 16p11.2 spans ~600kb including 29 genes. As mentioned before,
duplications and deletions of 16p11.2 can be identified in 0.8% of ASD cases (Woodbury-Smith and Scherer,
2018) making it one of the most recurrent CNV regions in ASD. While the frequencies of each, 16p11.2
deletion and duplication, is < 0.1% in the general population, it is 0.2% in ASD (Woodbury-Smith and
Scherer, 2018). The penetrance of 16p11.2 CNVs was reported to be variable: In a study investigating 85
individuals with a deletion of 16p11.2 and 153 non-carrier familial controls, 93% of deletion carriers had at
least one diagnosis of a psychiatric disorder compared to only 21% of the related healthy controls (Hanson
et al., 2015). As measured by ADI-R and ADOS, 24% of the carriers were diagnosed with ASD. The deletion
carriers not diagnosed with ASD had higher rates of autism-related characteristics, e.g. social and
behavioral difficulties measured by the Social Responsiveness Scale (SRS; Hanson et al., 2015). Also, as
mentioned before (see section 2.1.4.3), Levy et al., 2011 suggested a higher penetrance of 16p11.2 in males

than in females.
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Besides their implication in ASD, CNVs of this region are also associated with ID, DD, SZ, congenital anomaly
(Torres et al., 2016) and seizures or epilepsy (Shinawi et al., 2010). Notably, the phenotypic outcomes of
deletions compared to that of duplications differ in some aspects (see Table 1). While the deletion usually
induces macrocephaly, carriers of 16p11.2 duplications present with microcephaly (Steinman et al., 2016).
A deletion of this region is associated with a nine times higher likelihood of developing ASD, the duplication
is associated with a nine times higher risk of both ASD and SZ (Stein, 2015). Seizures are reported in 40% of
carriers of a 16p11.2 deletion and in 30% of duplication carriers suggesting a shared underlying etiology of
ASD and epilepsy (Shinawi et al., 2010). Interestingly, deletions of the 16p11.2 locus are also associated
with obesity (Maillard et al., 2015) and BP (McCarthy et al., 2009). While DD or ID can occur in some cases
of 16p11.2 duplication carriers, they are more common in deletions. The duplication affects expressive and
receptive language skills comparably, while in the deletion state expressive language skills are more
severely affected (https://ghr.nlm.nih.gov/condition/16p112-deletion-syndrome; https://ghr.nlm.nih.gov

/condition/16p112-duplication).

2.3.2 Functional studies of the whole CNV or single genes located in 16p11.2

2.3.2.1 Animal models for 16p11.2 CNVs

2.3.2.1.1 Zebrafish and mouse models for single genes located in 16p11.2

A study in zebrafish showed that morpholino mediated loss of function (LOF) of 21 out of 22 tested
homologous genes of 16p11.2 resulted in measurable phenotypes and that most of the tested genes were
required for nervous system development including brain morphology, eye development, axonal density or
organization as well as motor response (Table 1; Blaker-Lee et al., 2012). At least two of these genes,
aldolase A, fructose-bisphosphate (ALDOA) and kinesin family member 22 (KIF22), were deletion dosage
sensors, i.e. resulting in a phenotype after reducing their expression by 50% using shRNA (Blaker-Lee et al.,
2012). Double heterozygous knock outs of the Chr16p11.2 homologs double C2 domain alpha (DOC2A) and
family with sequence similarity 57, member Ba (FAM57BA) induced hyperactivity, increased seizure

susceptibility as well as body length and head size in zebrafish (McCammon et al.,, 2017). Golzio and
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colleagues overexpressed each of the 29 human transcripts of the region Chrl6p11.2 in zebrafish and
report KCTD13 to be the major driver for the differing head sizes observed in carriers of 16p11.2 CNVs
(Golzio et al., 2012). The authors suggest overexpression of KCTD13 in zebrafish as well as mouse embryos
to induce microcephaly via a decreased proliferation of neuronal progenitors accompanied by an increase
of apoptosis in the developing brain. A repression of KCTD13 in contrast led to macrocephaly due to an
increase of proliferation with no change of apoptosis (Golzio et al.,, 2012). In a more recent study, the
deletion of KCTD13 in zebrafish and mice did neither lead to a change in cell proliferation nor could the
authors observe a significant effect on zebrafish brain size (Escamilla et al., 2017). Although the authors
could not confirm the association of KCTD13 with head size, they report its deletion to reduce synaptic
transmission in mice via an increase of RhoA, a member of the Rho family GTPases which are important for
the reorganization of the actin cytoskeleton, regulation of cell shape and motility (Escamilla et al., 2017). In
mouse hippocampal slices, the reduction of synaptic transmission could be reversed by inhibiting RhoA
(Escamilla et al., 2017).

As a contribution of neuronal polarity in the etiology of ASD has been proposed before (Rasband, 2010), a
study aimed at elucidating the role of single genes located in Chr16p11.2 in neuronal polarity in mouse (Li
et al., 2013). Using shRNA induced knock down, the authors analyzed the effect of a decreased gene
product of 25 16p11.2 genes. They found DOC2A, KIF22 and T-box 6 (TBX6) to be required for neuronal
polarity in mouse hippocampal cultures in that the knock down cells showed an increased number of
multiple axon neurons and a decreased number of single axon neurons (Li et al., 2013; summarized in Table
1). While DOC2A knock out mice did not show an apparent phenotype, neurons of hippocampal CA1 slices
exhibited altered electrophysiological properties supporting the potential role of DOC2A in the release of
synaptic vesicles (Sakaguchi et al., 1999).

Down-regulation of 16p11.2 gene TAO kinase 2 (TAOK2) in mouse cortical pyramidal neurons was found to
impair axonal projections and basal dendrite formation in vivo without affecting apical dendrites (Calderon
de Anda et al., 2012; also see Table 1). A recent study analyzed behavioral and neuronal parameters in mice

harboring a heterozygous or complete knock out of TAOK2 (Richter et al., 2018). The mice expressed gene-
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dosage dependent impairments in cognition, anxiety and social interaction as well as changes of brain size
and neural connectivity, deficits in cortical layering, dendrite and synapse formation and reduced excitatory
neurotransmission (Richter et al., 2018). Furthermore, via whole exome sequencing the authors identified
three de novo mutations in TAOK2. Functional analyses of these variants in mouse and human cells
revealed their implication in protein stability with differing roles in kinase activity, dendrite growth and
synapse development. The authors further reported loss of TAOK2 to result in a reduced activation of RhoA
accompanied by an impairment of synapse development. This effect could be rescued by pharmacological
activation of RhoA (Richter et al., 2018). A hemizygous deletion of major vault protein (MVP), implicated in
the regulation of cellular transport mechanisms, led to impaired strengthening of open-eye responses after
monocular deprivation, i.e. reduced ocular dominance plasticity. The authors report a decreased frequency
of mEPSCs in pyramidal neurons after extended monocular deprivation suggesting a reduction of functional
synapses (Ip et al., 2018). Further, this study identified MVP as a regulator of the homeostatic component
of experience-dependent plasticity via the regulation of STAT1 and ERK signaling (Ip et al., 2018).

In this study here, the 16p11.2 gene quinolinate phosphoribosyltransferase (QPRT) will be of central
interest. To our knowledge, this gene has not been investigated in the context of ASD or the CNV region
16p11.2 before. QPRT is coding for an enzyme of the kynurenine pathway, the catabolism of tryptophan
resulting in the production of NAD'. The role of QPRT is to catabolize quinolinic acid (QUIN), a potent
neuronal excitotoxin acting as NMDA-R agonist. So far, in a KO mouse model, QPRT has only been
functionally investigated for its role in Parkinson’s disease (Fukuoka et al., 2012; Campbell et al., 2014) and
niacin deficiency (Terakata et al.,, 2012). These QPRT-KO mice suffered from neurodegeneration in the
striatum suggested to be induced by an accumulation of QUIN (Fukuoka et al., 1998) and further showed a
significant increase of urinary QUIN excretion (Terakata et al., 2012; see Table 1). While the KO mice did not
show alterations of histological features in the cerebrum, heart, liver, kidney, stomach or spleen, the
authors observed that the inner circular layer of the smooth muscle cells of the small intestine was missing
in QPRT-KO mice (Terakata et al., 2012). Interestingly, elevated QUIN levels were also found in plasma

samples of children with ASD (Lim et al., 2015).
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2.3.2.1.2 Mouse models for the whole 16p11.2 CNV

Horev and colleagues generated and investigated mouse models for a heterozygous 16p11.2 deletion and
duplication (Horev et al., 2011; also see Table 1). The mice showed dosage dependent changes of gene
expression, viability, brain architecture and behavior, with the deletion leading to a stronger phenotype
than the duplication. Regarding brain architecture, the authors reported the relative volume (percentage of
total brain volume) of 8 brain regions to be increased upon deletion of 16p11.2: basal forebrain, superior
colliculus, fornix, hypothalamus, mammillothalamic tract, medial septum, midbrain, and periaquaeductal
grey (Horev et al., 2011). For mice carrying the 16p11.2 deletion the authors report a postnatal death rate
of 50%. By studying the deletion mice described in Horev et al.,, 2011, another group reported the
homologous heterozygous 16p11.2 deletion to lead to an altered cortical cyto-architecture and a reduced
brain size — the opposite effect as observed in human deletion carriers (Pucilowska et al., 2015). This was
accompanied by a reduction of downstream extracellular signaling related kinase/mitogen activated
protein kinase (ERK/MAPK) effectors (Pucilowska et al., 2015). In contrast, mice carrying a microduplication
of the region showed increased dendritic arborization of cortical pyramidal neurons (Blizinsky et al., 2016).
Via network analysis of protein-protein-interactions the authors identified the gene coding for MAPK3 as an
interesting hub gene (Blizinsky et al., 2016).

Another study performed in mice showed a hemideletion of Chrl6p11.2 to induce a male-specific
phenotype where male mice only showed a deficit in reward-directed learning and maintaining motivation
to work for a sucrose reward accompanied by male-specific overexpression of dopamine receptor D2
(DRD2) and adenosine receptor 2a (ADORA2A) in the striatum (Grissom et al., 2017). The authors
investigated ERK signaling in the striatum and again found differences of protein expression between male
and female 16p11.2 hemideletion mice. As discussed by the authors, ERK1/MAPK3 is coding for an enzyme
diminishing synaptic plasticity in the striatum and playing a role in striatal-mediated learning and memory
(Mazzucchelli et al., 2002) while ERK2/MAPK1 enhances striatal synaptic plasticity (Grissom et al., 2017).
Grissom and colleagues identified a hyperphosphorylation of ERK1 in male mice after a sucrose reward.

Female mice did not only lack this ERK1 hyperphosphorylation but also showed lower baseline levels of
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total ERK1 protein. Furthermore, female mice showed an overexpression of ERK2. While levels of mitogen-
activated ERK (MEK2), an enzyme phosphorylating ERK1 and ERK2, where not altered upon hemideletion of
16p11.2, again male mice only showed a down-regulation of striatum-enriched protein-tyrosine
phosphatase (StEP61), an enzyme dephosphorylating ERK proteins. While it is known that striatal activation
in response to rewards differs between males and females, the underlying mechanism is not fully
understood (Spreckelmeyer et al., 2009) but could be associated with the sex specific ERK expression and
phosphorylation as described in Grissom et al., 2017.

Another study of a 16p11.2 deletion mouse model reports hyperactivity of deletion mice when compared
to control mice (Angelakos et al., 2017). Furthermore, when assessing sleep, male mice were found to sleep
less and with shorter non-rapid-eye-movement phases, resembling sleep disturbances observed in humans
diagnosed with ASD and ADHD (Angelakos et al., 2017). These gender biases revealed in mouse studies, i.e.
male mice to be more severely affected by copy number changes of 16p11.2, mirror the findings from
studies in individuals diagnosed with ASD: Of 10 identified 16p11.2 CNVs 9 occurred in male ASD individuals

(Levy et al., 2011; also mentioned earlier in this chapter).

2.3.2.2 Human-derived cellular models for the whole 16p11.2 CNV

The genes located in Chrl6p11.2 showed gene dosage dependent expression in lymphoblastoid cell lines
(LCLs) of CNV carriers, leading to differential expression of genes implicated in biological processes such as
synaptic function or chromatin modification (Blumenthal et al., 2014).

To elucidate the underlying mechanism of the opposite effects on brain size of Chr16p11.2 deletions and
duplications in humans a recent study generated iPSCs from 16p11.2 deletion and duplication carriers as
well as from controls (Deshpande et al., 2017). The authors differentiated the generated iPS cells into
forebrain neuronal progenitor cells (NPCs) and neurons until 14 weeks post differentiation. They reported
no differences of NPC proliferation of the tested cell lines and excluded proliferation as mechanism for a
change of total brain size. Neuronal morphology differed according to CNV status — neurons generated
from deletion carriers showed an increased soma size and total dendrite length as well as a higher dendritic

complexity (Table 1). While neurons generated from duplication carriers showed opposite effects regarding
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soma size and total dendrite length (i.e. both decreased) the authors did not observe an effect on the
dendritic complexity of these cells. The cells showed alterations in their electrophysiological properties: In
general deletion neurons needed higher voltages to fire an action potential, while neurons generated from
duplication carriers did not differ from controls in all but one property— they seemed to compensate their
reduced somatic size by increasing the outward potassium current in order to stabilize intrinsic excitability
(Deshpande et al., 2017). Although deletion and duplication neurons had less synapses they showed higher
synaptic strength when compared to control cells and seemed to be able to compensate some but not all of
their deficits. Some of the genes located in Chr16p11.2 are encoding proteins interacting with PI3K/AKT and
Ras/MAPK, two important cell growth pathways. The alterations of morphology and synapse density are
likely to affect neuronal function and formation of networks which in turn could contribute to the

neuropathology observed in 16p11.2 deletion and duplication carriers (Deshpande et al., 2017).

Although the chromosomal region 16p11.2 as well as a selection of single genes located in this region have
been studied before, not all of the observed phenotypes resulting from deletion or duplication of this
region could be fully explained by these findings. Therefore, further studies are needed to elucidate the

individual contribution of single genes located in Chri6p11.2.
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Table 1 Studies of the chromosomal region 16p11.2 (whole CNV and single genes)

Whole CNV

Deletion, heterozygous

Duplication, heterozygous

30

Patients

Human cell
lines

Mouse
models

ASD (Woodbury-Smith and Scherer, 2018)
BP, DD, ID, obesity, epilepsy (Stein, 2015)
macrocephaly (Steinman et al., 2016)
expressive language skills are more
severely affected
(https://ghr.nlm.nih.gov/condition/16p112-
deletion-syndrome)

1 soma size

1 total dendrite length

1 dendritic complexity

1 synaptic strength
(Deshpande et al., 2017)

strong phenotype, e.g. motor delay,
attention deficit, feeding defect

50% postnatal death

1 relative volume of 8 brain regions (Horev
etal., 2011)

microcephaly

altered cortical cyto-architecture

| downstream extracellular signaling related
kinase (ERK/MAPK) effectors (Pucilowska
et al., 2015)

| brain volume

| body weight

1 DRD2 positive striatal medium spiny
neurons with synaptic defects
hyperactivity, problems in movement
control, lack of habituation

(Portmann et al., 2014)

deficit in reward-directed learning and
maintaining motivation to work for sucrose
reward in & mice only

& striatal 1 of DRD2 and ADORA2A

4 1 ERK signaling (Grissom et al., 2017)

hyperactivity
& sleep disturbances (Angelakos et al.,
2017)

ASD (Woodbury-Smith and Scherer, 2018)
schizophrenia, epilepsy (DD, ID) (Stein,
2015)

microcephaly (Steinman et al., 2016)
expressive and receptive language skills
affected comparably
(https://ghr.nlm.nih.gov/condition/16p112-
duplication)

| soma size

| total dendrite length

- dendritic complexity

1 synaptic strength
(Deshpande et al., 2017)

mild phenotype, e.g. motor delay, attention
deficit, feeding defect (Horev et al., 2011)

1 dendritic arborization of cortical pyramidal
neurons;
hub gene MAPK3 (Blizinsky et al., 2016)
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Table 1 continued

Single gene

Deletion

Duplication

QPRT Mouse

KO:

neurodegeneration in striatum induced by
accumulation of QUIN (Fukuoka et al., 1998)

1 of urinary QUIN excretion (Terakata et al., 2012)

NA

KCTD13 Zebrafish

Mouse

morpholino LOF:
altered brain morphology (Blaker-Lee et al., 2012)

morpholino KD:
macrocephaly (Golzio et al., 2012)

KO and HT KD:

- brain size

- neurogenesis

1 RhoA

| synaptic transmission (Escamilla et al., 2017)

in utero shRNA KD:
1 proliferation of neuronal progenitors, suggesting
macrocephaly (Golzio et al., 2012)

KO and HT KD:

- brain size; - neurogenesis

1 RhoA with | of synaptic transmission

inhibition of RhoA restored synaptic transmission
(Escamilla et al., 2017)

MRNA overexpression:
microcephaly (Golzio et al., 2012)

NA

ALDOA Zebrafish

morpholino LOF:
altered brain morphology (Blaker-Lee et al., 2012)

shRNA KD
deletion dosage sensor (Blaker-Lee et al., 2012)

NA

KIF22 Zebrafish

morpholino LOF:
altered brain morphology (Blaker-Lee et al., 2012)

shRNA KD
deletion dosage sensor (Blaker-Lee et al., 2012)

NA

MVP Zebrafish

Mouse

morpholino LOF:
altered brain morphology (Blaker-Lee et al., 2012)

HT del:
| of functional synapses (Ip et al., 2018)

NA

NA

TBX6 Mouse

shRNA KD:
neuronal polarity in mouse hippocampal cultures
(Li etal., 2013)

NA
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Table 1 continued

TAOK2 Zebrafish morpholino LOF: NA
altered brain morphology (Blaker-Lee et al.,
2012)
Mouse shRNA KD in mouse cortical pyramidal neurons: NA
| axonal projections and basal dendrite
formation (Calderon de Anda et al., 2012)
gene-dosage dependent impairments in
cognition, anxiety and social interaction changes
of brain size and neural connectivity
| cortical layering, dendrite and synapse
formation
| reduced excitatory neurotransmission
| RhoA activation
pharmacological RhoA activation rescued
synapse development (Richter et al., 2018)
DOC2A Zebrafish morpholino LOF: NA
altered brain morphology (Blaker-Lee et al.,
2012)
Mouse sh KD: NA
neuronal polarity in mouse hippocampal cultures
(Li et al., 2013)
KO in neurons of hippocampal slices:
altered electrophysiological properties
(Sakaguchi et al., 1999)
DOC2A+ Zebrafish double HT KD: NA
FAM57B hyperactivity
1 seizure susceptibility
1 increased body length
1 head size (McCammon et al., 2017)
ASPHD1 Zebrafish morpholino LOF: NA
- each single gene altered brain morphology
BOLAZ (Blaker-Lee et al., 2012)
Cl60rf53
CDIPT
CORO1A
FAM57B
GDPD3
HIRIP3
INO8OE
MAPK3
MAZ
PPP4C
SEZ6L2
YPEL3

Abbrev.: ASD: Autism spectrum disorders. BP: Bipolar disorder. DD: Developmental delay. ID: Intellectual disability. KO: Knock out.
NA: Not analyzed. QUIN: Quinolinic acid. LOF: Loss of function. KD: Knock down. HT: Heterozygous. shRNA: Small hairpin RNA. For
gene descriptions see the List of genes discussed in this study.
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2.4 Summary and aims

The etiology of ASD is predominantly genetically determined and altered neuronal development has been
suggested as one of the major underlying pathomechanisms. Recent whole genome analyses have shown
that in ASD common and rare inherited as well as rare de novo variation contributes to ASD risk (Gaugler et
al.,, 2014). For example, de novo CNVs, especially deletions, have been recurrently shown to alter genic
regions in ASD individuals (Sanders et al., 2015), specifically spanning neurodevelopmental genes (Pinto et
al.,, 2014). One of the most recurrent CNVs in ASD resides within Chrl6p11.2 (Woodbury-Smith and
Scherer, 2018). The effects of deletions and duplications of this region have previously been studied in
zebrafish, mouse and human neuronal cell lines (see section 2.3.2 and Table 1). Taken together, the
findings converge on alterations of brain size as well as aberrations of neuronal cell morphology and
function including altered ERK signaling (Horev et al., 2011; Pucilowska et al., 2015; Blizinsky et al., 2016;
Deshpande et al., 2017; Grissom et al., 2017). While the functional validation of the entire CNV models the
genomic status of the patients, investigating gene dosage effects of single genes located in Chr16p11.2 is
useful to understand their individual contribution to the complex and diverse pathologies of ASD. Still, only
few genes of the Chrl6pll.2 region have been investigated for their specific role in human neuronal
differentiation. The neuroblastoma cellular model SH-SY5Y is a widely used and feasible model to study
neuronal differentiation in vitro but its suitability to depict the respective processes sufficiently has been

guestioned.

Therefore, the aims of this study were:

1. The characterization of the SH-SY5Y cellular model at transcriptomic and morphological level for its
qualification as model system for human in vitro neuronal differentiation.

2. The investigation of the genes located in the ASD-associated chromosomal region 16p11.2 for their
transcriptomic regulation during neuronal differentiation to select a 16p11.2 gene potentially involved

in the development of neuromorphology for functional validation.
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3.

34

Based on the results from aim 2, testing the hypotheses that the chosen candidate gene, quinolinate
phosphoribosyltransferase (QPRT) is implicated in neuronal differentiation, and that loss or reduced
expression of this gene is resulting in alterations of neuromorphological development.

3.1. Testing if the expression of QPRT shows correlation with the development of SH-SY5Y neuronal
morphology.

3.2. Comparing QPRT expression in lymphoblastoid cell lines of a 16p11.2 deletion carrier and his non-
carrier parents to check if QPRT is expressed in a gene dosage dependent manner.

3.3. Studying the functional effect of loss of QPRT in vitro by inhibiting QPRT function in SH-SY5Y cells
using (i) siRNA-induced KD, (ii) chemical inhibition, and (iii) complete CRISPR/Cas9-mediated KO
with subsequent analyses of cellular viability, neuronal morphology and metabolites.

3.4. Exploring the systems-wide gene interaction network of QPRT by analyzing the transcriptomic
signature of QPRT-KO cells.

3.5. Finally, to understand the role of QPRT in neuronal development, testing the genes associated
with QPRT-KO for enrichment among gene-networks implicated in human brain development

(Kang et al., 2011).
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3 Material and methods

The here described methods have in part been used and published in Chiocchetti, Haslinger et al., 2016 and

Haslinger et al., currently under review at Molecular Autism.

3.1 Genetic methods

3.1.1 DNA extraction

DNA of patient blood (S-Monovette EDTA, Sarstedt) or cell lines was extracted using the Masterpure DNA
extraction kit (Epicentre) following the manufacturer’s protocol. For DNA extraction of saliva (Oragene DNA
0G-500, DNA Genotek) we used the PreplT-L2P kit (DNA Genotek). In all cases, extracted DNA was solved in
TE buffer (Epicentre) and concentration was measured using the nanovolume application of a

Nanophotometer device (IMPLEN).

3.1.2 Real-time PCR

Here, we performed validation of one de novo Chr16p11.2 deletion identified in chip array data (lllumina
Human Omni Bead Express Chip, Life and Brain; unpublished data) provided by Dr. Andreas G. Chiocchetti
and Dr. Dalila Pinto (lcahn School of Medicine, USA). The cohort used for the chip array is described in
Waltes et al., 2014. To assess the relative copy numbers of DNA (CNV validation) we performed real-time
PCRs making use of the Universal Probe Library/UPL system (human, probes #1-90, Roche). Primer-probe
combinations (see 7.1.2) were designed on genomic DNA sequences in a 2in2out design covering close
regions spanning the CNV and 2 sites inside the CNV using the Roche Assay Design Center
(https://qpcr.probefinder.com). Primers were checked for hairpins (QC cutoff -2 < AG < 2; Tm < 40°C) as
well as homo- and heterodimers (AG = -8) wusing the IDT Oligo Analyzer tool
(https://eu.idtdna.com/calc/analyzer). Additionally, DNA primers were tested for specificity using the UCSC
in-silico PCR (https://genome.ucsc.edu/cgi-bin/hgPcr) and the NCBI nucleotide BLAST tool
(https://blast.ncbi.nlm.nih.gov). One PCR reaction in a well of a 96 well plate (BioCentrix, Steinbrenner)

contained 10ng DNA, 1x ABsolute QPCR Mix, ROX (Thermo Fisher Scientific), 200nM forward primer,
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200nM reverse primer (both Sigma Aldrich), 100nM UPL probe (Roche) and nuclease free H,O (Ambion,
Thermo Fisher) ad 20ul. Plates were run using a StepOne Plus device and the corresponding StepOne Plus
software with the following protocol: two initial holding steps, 2 min 50°C (enzyme activation) and 10 min
95°C (DNA denaturation) followed by 40 cycles of 15 seconds 95°C and 1 min 60°C. All assays were
performed in technical triplicates and analyzed using the StepOne Software v2.3 software and the

AACt

ExpressionSuite Software (Applied Biosystems). Copy number was estimated using the 2 method by
Livak and Schmittgen, 2001. Two genes, SNCA and CSF3R, were used as reference genes as they were
neither affected by CNVs in our sample nor in the Database of genomic variation
(http://projects.tcag.ca/variation; 7.1.2). DNA of one 16p11.2 deletion carrier was compared to that of his

parent and one unrelated control. As control sample we used DNA of an individual with a low number of

significant CNVs.

3.2 RNA methods

3.2.1 RNA extraction

RNA of cell lines was extracted using the Genelet RNA Purification Kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol including DNase treatment. Extracted RNA was eluted in nuclease free H,0
(Ambion, Thermo Fisher) and concentrations were measured using the nanovolume application of a

Nanophotometer (IMPLEN).

3.2.2 Real-time RT-PCR

To assess relative gene expression, we performed real-time reverse transcription/RT-PCR. RNA was
transcribed into cDNA using the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific) kit following the manufacturer’s instructions. Generated cDNA was subsequently analyzed using
the Universal Probe Library/UPL set (human, probes #1-90, Roche). Specific primer-probe combinations
(7.1.3) for genes of interest were designed as described above (3.1.2). One PCR reaction in a well of a 96
well plate (BioCentrix, Steinbrenner) contained 10ng cDNA, 1x ABsolute QPCR Mix, ROX (Thermo Fisher

Scientific), 200nM forward primer, 200nM reverse primer (both Sigma Aldrich), 100nM UPL probe (Roche)
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and nuclease free H,0 (Ambion, Thermo Fisher) ad 20pl. Plates were run and analyzed as described above
(3.1.2). The following housekeeping genes (7.1.3) were used for different assays in this study: GUSB,
GAPDH, POLR2F and PSMD?7, selected based on their overall stable expression as reported by literature and
based on our own observations. LCLs (see 3.4.1.1) were tested for QPRT expression compared to GUSB.
Microarray data of SH-SY5Y cells (see 3.4.1.2 and 3.2.3.1) were validated for the cell division marker CDK1,
the axonal marker MAPT, as well as selected ASD risk genes (SHANK3, NRXN1, CNTNAP2, DHCR7, GABRB3
and GRIK2), glutamatergic (GRIN1, GRIA2, GRM1 and GRM4) and dopaminergic (TH and DRD4) markers
with the housekeeping genes GAPDH and POL2RF. To confirm KO of QPRT at RNA level in SH-SY5Y cells we
analyzed QPRT compared to the expression of GUSB and GAPDH. For the validation of MACE data (see
3.2.3.2 and 3.4.2.4) we assessed expression of a total of 12 genes differentially expressed with a
log2FC > 2.5 between KOs and eCtrl (see Table 2) as well as the genes of interest QPRT, NMINAT2 (only
downstream enzyme of QPRT differentially regulated upon KO of QPRT) and NLGN3 (interaction partner of

QPRT; Shen et al., 2015).

3.2.3 Whole transcriptome analyses

3.2.3.1 mRNA microarray raw-data SH-SY5Y

For whole-transcriptome analysis of the wild type SH-SY5Y cell line, whole RNA of three biological replicates
of seven time points during neuronal differentiation (0/proliferating to 11 days of differentiation; see
3.4.1.2) was extracted as described in section 3.2.1. Samples passing quality check (RIN > 7) were analyzed
on HumanHT-12 v4 Expression BeadChips (lllumina) at Atlas Biolabs. Raw intensity data for each probe
were extracted using the GenomeStudio software v2011.1 (lllumina) and mean signal intensities per probe
were exported for further analysis. Microarray data are published in Chiocchetti et al., 2016 and can be

accessed through the gene expression omnibus repository (GEO) under the accession number GSE69838.

3.2.3.2 Massive analysis of cDNA ends (MACE)
To investigate the overall changes induced by QPRT-KO in SH-SY5Y cells (3.4.2.4) we performed a whole

transcriptome analysis using MACE. This method in contrast to microarrays allows the detection of low
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abundant transcripts and differentiation between alternative 3’UTRs with high accuracy (Zhernakov et al.,
2017). RNA was prepared as described in section 3.2.1. RNA integrity number (RIN) was analyzed using the
LabChip GX system and only samples with RINs > 9.7 underwent further analysis. MACE analysis including
quality control was outsourced to GenXPro. MACE data are available under the GEO accession number

GSE113734 and results will be published in Haslinger et al., currently under review at Molecular Autism.

3.3 Protein methods

3.3.1 Protein extraction, gel electrophoresis and Western blot

3.3.1.1 Confirmation of neuronal differentiation

For protein extraction for subsequent confirmation of neuronal differentiation, cell pellets of
0/proliferation to 11 days of differentiation were resuspended in 200ul NET2 buffer: 20mM tris pH 7.5,
150mM NaCl (both AppliChem), 0.05% IGEPAL (Sigma Aldrich) supplemented with 1 proteinase inhibitor
cocktail tablet for 10ml of total buffer (cOmplete ULTRA Tablets Mini Easypack, Roche). After a 15 min
incubation on ice, the cells underwent 5 repetitive freeze (-80°C) and thaw cycles. Cell debris was
centrifuged 15 min at 4°C at 17,000g. Protein concentration was measured using the Pierce BCA Protein
Assay Kit (Life Technologies) following the manufacturer’s protocol. Colorimetric measurements in cuvettes
were performed using a Nanophotometer (IMPLEN) at 562nm. Proteins were precipitated with 1x volume
20% TCA (Carl Roth) and washed three times for 10 min with 1ml of 100% EtOH on ice. Proteins were
pelleted for 10" at 4°C and 20,000g. Finally, air dried pellets were resuspended in 1x SDS-sample buffer
diluted from 4x SDS sample buffer: 0.0627M tris, 1% SDS (both AppliChem), 10% glycerol,
2% 2-mercaptoethanol (both Carl Roth) and 0.1% bromophenol-blue (AppliChem). The solution was
denatured for 5 min at 95°C. Samples were electrophoresed on a 12% SDS gel (resolving gel:
12% acrylamide/bis-acrylamide (37.5:1; Serva), 0.375M tris pH8.8, 0.1% SDS (both AppliChem), 0.05% APS,
0.1% TEMED (both Carl Roth); stacking gel: 4% acrylamide/bis-acrylamide (37.5:1; Serva), 0.125M tris
pH8.8, 0.1% SDS (both AppliChem), 0.1% APS, 0.2% TEMED (both Carl Roth)) using a Mini-PROTEAN Tetra

Cell (Bio-rad) with 1x running buffer (10x running buffer: 250mM tris, 1.92M glycine, 1% SDS (all
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AppliChem)). The gels were blotted in a semi dry approach (Trans-Blot Semi-Dry Transfer Cell, Bio-rad) on a
PVDF membrane (Immobilon-FL) for 1 hour applying 20V (anode buffer 1: 20%MeOH (Fisher Chemical),
300mM tris (AppliChem); anode buffer 2: 20%ml MeOH (Fisher Chemical), 25mM tris (AppliChem); cathode
buffer: 20% MeOH (Fisher Chemical), 40mM Aminohexanoic acid (Sigma Aldrich)). Successful blotting was
confirmed using Ponceau S-Solution (AppliChem) with subsequent PBST (1xDPBS (Thermo Fisher), 0.1%
Tween-20 (AppliChem)) washes until the Ponceau staining was completely removed. Membranes were
blocked for 1 hour with SuperBlock Blocking Buffer (Pierce). Primary antibodies were incubated overnight
in blocking buffer. Secondary antibodies were incubated 1 hour at room temperature. Blots were washed in
between three times for 5 min in DPBS + 0.05% Tween-20. Protein size and antibody specificity allowed
applying CDK1 and MAPT antibodies simultaneously (1:500 in SuperBlock; both rabbit; GeneTex). GAPDH
antibody (1:2,500 in SuperBlock; mouse; Santa Cruz) was applied after stripping of blots with 100mM
2-mercaptoethanol (Carl Roth), 2%SDS, 62.5mM tris pH 6.7 (AppliChem) for 30 min at 50°C. Secondary
antibodies (2nd goat anti-rabbit poly HRP or 2nd goat anti-mouse poly HRP; 1:5,000 in SuperBlock;
Pierce/Thermo Scientific) were visualized using the ECL Prime Western Blot Detection Reagent (GE

Healthcare). See section 7.1.1 for a list of all used antibodies.

3.3.1.2 Confirmation of QPRT knock down and knock out

For the subsequent analysis of QPRT dosage, cell pellets of QPRT-KD cells (see section 3.4.2.2) and QPRT-KO
(see section 3.4.2.4) were resuspended in 60-100pul (according to cell pellet size) RIPA buffer: 50mM tris
pH8, 150mM NaCl, 1% Triton X-100, 2mM MgCl, (all AppliChem), 0.5% Sodium Deoxycholate (Sigma
Aldrich) plus freshly added 0.1% SDS (AppliChem), 0.5ul-1ul/ml Universal Nuclease (Pierce) and 1
proteinase inhibitor cocktail tablet for 10ml of total buffer (cOmplete ULTRA Tablets Mini Easypack, Roche).
After 30 min incubation on ice, suspensions were centrifuged for 15 min at 4°C at 14,000 x g.
Concentrations of supernatants, containing total protein, were measured using the Pierce BCA Protein
Assay Kit (Life Technologies) following the manufacturer’s protocol. Colorimetric measurements in cuvettes
were performed using a Nanophotometer (IMPLEN) at 562nm. For RIPA extracts, 50-100ug of total protein

lysate were mixed with protein loading dye (60mM tris pH6.8, 1% SDS (both AppliChem), 5% glycerol,
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0.01mg/ml bromophenol blue (both Carl Roth)) and samples were adjusted to a final volume of 20ul with
water. Protein samples were denatured for 5 min at 95°C. Gel electrophoresis was performed at 100V until
all samples entered the stacking gel (5% acrylamide/bis-acrylamide (37.5:1; Serva), 0.1% SDS, 125mM tris
pH6.8 (both AppliChem), 0.1% APS, 0.1% TEMED (both Carl Roth)) and migrated into the resolving gel (12%
acrylamide/bis-acrylamide (37.5:1; Serva), 0.1% SDS, 250mM tris pH8.8 (both AppliChem), 0.1% APS, 0.04%
TEMED (both Carl Roth)). Thereafter, voltage was increased up to 140V. Using a semidry approach, proteins
were transferred to a nitrocellulose membrane (GE Healthcare) with 1mA/cm? for 1-2 hours. After Western
blotting (blotting buffer 125mM tris, 1.25mM glycine, 0.1% SDS (all AppliChem), 20% methanol (Fisher
Chemical)), membranes were incubated in SuperBlock (Pierce) for 1 hour at room temperature. After
application of first (anti-QPRT antibody, 1:1,000 in SuperBlock; mouse; Abcam) and secondary antibody
(anti-mouse 1gG HRP conjugate; 1:5,000 in SuperBlock; Santa Cruz) membranes were washed three times
with PBST for 10 min each. Proteins were detected using the ECL Prime Western Blot Detection Reagent
and the Amersham Hyperfilm ECL (both GE Healthcare). Prior to application of controls, blots were stripped
with 100mM 2-mercaptoethanol (Carl Roth), 2% SDS, 62.5mM tris pH6.7 (both AppliChem) for 30 min at
50°C and again blocked with SuperBlock for 1 h. f-Actin (Sigma Aldrich; mouse, 1:10,000 in SuperBlock) or
GAPDH (1:2,500 in SuperBlock; mouse; Santa Cruz) were applied for 1 hour at room temperature. The
subsequent steps including secondary antibody and visualization were performed as described above. See

section 7.1.1 for a list of all used antibodies.

3.4 Cell culture methods

3.4.1 Cell lines and growth conditions

3.4.1.1 Lymphoblastoid cell lines (LCLs): Transduction and growth conditions

LCLs were established as published in Neitzel, 1986. In short, a 50ml Leucosep™ (Greiner) reaction tube
with an inserted polyethylene filter was filled with 15ml of Ficoll (Biocoll) and centrifuged at 1,000 x g for
3 min to establish a density gradient. After 9ml of EDTA-treated blood were mixed with 9ml of HBSS (Life

Technologies) the solution was carefully poured onto the filter. To separate the lymphocytes from the
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erythrocytes, the Ficoll gradient was centrifuged at 1,000 x g for 10 min with minimal deceleration
afterwards. The lymphocytes, now in the foggy layer right above the filter, were transferred into 10ml HBSS
(Life Technologies) and washed three times by centrifugation at 1,000 x g for 5 min, 800 x g for 5 min and
700 x g for 5-10 min. The pellet was resuspended in 2-2.5ml of pre-warmed (37°C) culture medium, i.e.
RPMI medium supplemented with 20% FCS, 1X GlutaMAX (all Life Technologies) and 1%
penicillin/streptomycin (PAA). After transferring this suspension to a 25cm? flask, 10pl of cyclosporine A
(Sigma Aldrich; 1mg/ml dissolved in 100% EtOH) were added to inhibit the propagation of the
T-lymphocytes. Finally, 500ul of active Epstein-Barr virus (EBV) containing supernatant were added for the
generation of lymphoblastoid cell lines. The lymphoblastoid cell lines were cultured as suspension cultures
in flasks in an upright position. They were grown at 37°C with 5% CO, and 95% humidity. The cells were fed
by adding fresh medium at least once a week. The RPMI medium contained phenol red as pH indicator,
which changes from red to yellow according to the metabolism of the cells. After the cultures had turned to
yellow, they were fed every second day by adding medium. When the cells reached stable growth
(observable by cell clumps), they were further grown in standard medium containing 10% FCS instead of
20% FCS.

To investigate gene expression (see 3.2.2) in exponentially growing LCL cultures, 1 x 10° viable cells were
inoculated into standard medium. Volume was doubled each time cultures reached a density of
1 x 10° cells/ml until total volume was 40ml. Cells were harvested by centrifugation at 1,000 x g for 5 min
and washed with DPBS (Life Technologies) followed by a centrifugation at 1,500 x g for 5 min. Pellets were
stored at -80°C until further processing.

For validation of gene dosage at transcription level, RNA was extracted as described above (see 3.2.1). Real-
time RT-PCR for QPRT and the housekeeper GUSB was performed as described in section 3.2.2. For used

primers see 7.1.3.
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3.4.1.2 SH-SY5Y neuroblastoma cell line: Expansion and differentiation

SH-SY5Y identity was confirmed by DNA fingerprinting using AmpF8STR Profiler and AmpF8STR NGM Select
PCR Amplification Kits (Applied Biosystems) according to the manufacturer's protocol (performed by
Dr. Thomas Rothamel, Institute of Legal Medicine, Hannover Medical School).

For proliferation, cells were cultured in DMEM supplemented with 10% FCS, 1% sodium pyruvate (all Life
Technologies) and 1% penicillin/streptomycin (PAA). As described in Chiocchetti et al., 2016, cells were
differentiated using a continuous application of retinoic acid (RA) and brain derived neurotrophic factor
(BDNF). Differentiation media consisted of Neurobasal®-A medium supplemented with 1x GlutaMAX,
1x B-27 supplement (all Life Technologies), 10uM retinoic acid, 2mM cAMP (both Sigma Aldrich), 50ng/ml
hBDNF (Immunotools), 1% penicillin/streptomycin (PAA) and 20mM KCl (Sigma Aldrich). Cells were
differentiated for 11 days changing the medium every other day. The time points for extraction of mRNA or
protein and imaging were set to 24 hours after media changes: 0/undifferentiated, i.e. proliferating cells, 1,
3,5, 7,9 and 11 days of in vitro differentiation.

For subsequent microarray analysis, SH-SY5Y WT cells were seeded with a density of 5 x 10° cells/cm” and
differentiated for 11 days with harvesting time points as described above.

For MACE analysis, cell lines (three biological replicates of each WT, eCtrl and KO cells; see 3.4.2.4) were
seeded with a density of 2 x 10* cells/cm? in proliferation medium. After 3 days, media were changed to
differentiation and cells were differentiated for 3 days without media changes.

For subsequent protein extraction (see 3.3.1.1 and 3.3.1.2) cells were seeded with a density of
2 x 10" cells/cm? in T75 flasks.

Growth conditions for proliferating and differentiating cells in cell culture assays are defined in the

respective sections below (3.4.2).
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3.4.2 Cell culture assays

3.4.2.1 Transfection methods

For morphological analysis of SH-SYSY wild type (see section 3.4.2.3), 5 x 10° cells were seeded in a well of a
12 well plate and allowed to attach overnight. The following day cells were transfected with 1ug of the
respective plasmid and 4ul of Metafectene Pro (Biontex) per well of a 12 well plate following the
manufacturer’s protocol (DNA [ug] : reagent [ul] =1: 4).

The same transfection method was used for generation of CRISPR/Cas9 induced knock outs (see 3.4.2.4) in
SH-SY5Y cells using pSpCas9(BB)-2A-Puro (PX459) V2.0 (Plasmid #62988; Addgene). Here, we seeded
4.5 x 10° cells in a well of a 6 well plate (5 x 10* cells/cm?) and let them attach overnight. The following day
cells were transfected with 2ug of plasmid DNA plus 8ul of Metafectene Pro.

Lipofectamine RNAIMAX Reagent and OptiMEM (both Thermo Fisher Scientific) were used for co-
transfecting SH-SY5Y cells with siRNAs (see also 3.4.2.2) and the pcDNA3 mCherry LIC cloning vector (6B)
(Plasmid #30125, Addgene). In a 96 well format 1.7 x 10° cells per well were reversely transfected with
120ng of mCherry plasmid DNA and 5nM siRNA using Lipofectamine RNAi Max and OptiMEM (Thermo
Fisher). To confirm siRNA knock down at protein level, 5 x 10° WT cells were seeded and reversely

transfected in a 6cm dish. Cells were harvested for protein extraction (see 3.3.1.2) after 3 days.

3.4.2.2 Smallinterfering RNA (siRNA) mediated knockdown

To study the functional effect of a knock down of QPRT, we used 3 different siRNAs targeting QPRT
(Ambion Silencer Select siRNA, Thermo Fisher) and one non-targeting control siRNA, respectively: “siQ1”:
523898 (Lot# ASO20MTK), “siQ2”: s23899 (Lot# ASO20MTJ) and “siQ3”: s23900 (Lot# ASO20MTI); and the
Silencer® Select Negative Control 1 (Ambion, Thermo Fisher). Lyophilized pellets were diluted in nuclease-
free water (Ambion, Thermo Fisher) and stored at -20°C as 20uM stocks. The final concentration for
transfection was 5nM. To allow imaging and studying the morphology of single transfected cells only, cells

were co-transfected with pcDNA3 mCherry LIC cloning vector (6B) (Plasmid #30125, Addgene; for details on
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transfection see section 3.4.2.1). siRNA generated KD targeting the three different sites of QPRT was

proven on RNA level when compared to the non-targeting control.

3.4.2.3 Morphological analysis

To study morphological development of wild type SH-SY5Y cells during neuronal differentiation we
transfected proliferating cells with pmaxGFP (Lonza; see also section 3.4.2.1). One day after transfection,
cells were seeded 1:2 in co-cultures with untransfected cells with a density of 1 x 10* cells/cm? to allow
imaging of individual transfected cells. Cultures were differentiated for 11 days and imaged every other day
using a Motic AE31 fluorescence microscope (Motic).

Images of single cells were analyzed using custom macros in Imagel (see 7.2.1). In short: All images were
equalized, despeckled and background was subtracted using the rolling ball method prior to binarization
(Auto threshold “Otsu-dark”). Sholl analysis (Ristanovi¢ et al., 2006), a concentric circle method, was
performed using the respective Imagel plugin with manual selection of the cells’ center and with fitting
polynomial regression of the 5™ degree, as suggested by the manual (http://imagej.net/Sholl_Analysis).
Following morphological parameters were assessed: average number of intersections (number of
intersecting radii divided by the number of intersections analyzed; a measure describing neuritic
complexity), maximum intersections (maximum number of intersections for one radius), sum of
intersections (sum of all intersections of one cell), the enclosing radius (the outer radius intersecting the
cell, describing the longest distance between soma and neurites), the intersecting radii (number of radii
intersecting a cell, also distance between soma and neurites) and the maximum intersections radius (the
distance from the soma where most neurites are present, i.e. the site of the highest branching density).

To study the effects of siRNA-induced KD of QPRT in SH-SY5Y cells we transfected wild type cells as
described in sections 3.4.2.1 and 3.4.2.2. The day after transfection, differentiation medium was applied
and changed every other day. Cells were imaged after 11 days of differentiation using an ImageXPress
Micro XLS (Molecular Devices). Images were analyzed using the MetaXPress software and Imagel (Sholl

analysis) as described above.
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3.4.2.4 CRISPR/Cas9 mediated knockout

To study the functional effect of complete knock out of QPRT we used CRISPR/Cas9 genome engineering as
described elsewhere (Ran et al., 2013). In short, sgRNAs were designed using the tool crispr.mit.edu and
cloned into pSpCas9(BB)-2A-Puro (PX459) V2.0 (Plasmid #62988; Addgene). For knockouts, 2 sgRNAs (Sigma
Aldrich) targeting different sequences of QPRT were used in addition to one non-targeting control (see
7.1.4). Validated plasmids (Sanger-sequencing) were transfected into SH-SY5Y cells (see section 3.4.2.1)
followed by puromycin (Sigma Aldrich) selection using 750ng/ml for 7 to 14 days. Single cell clones were
isolated using 5ul of Trypsin-EDTA (Thermo Fisher Scientific) and expanded in 96 well plates. Homozygous
single cell clones for the 2 constructs were identified by Sanger sequencing and termed as following:
del268T (QPRT’ NM_014298; CR1/Ex2.1); ins395A (QPRT” NM_014298 ins395A; CR3/Ex2.2); eCtrl (empty

control vector). Both indels were in silico checked for frameshift-induced premature stop codons.

3.4.2.5 Viability assays

Viability of SH-SY5Y cells was assessed using propidium iodide (Pl) viability-assays. Pl and Hoechst33342
(both Sigma Aldrich) were pre-diluted in DPBS and used with final concentrations of 1ug/ml and 10ug/ml
for the assay, respectively. Cells were incubated for 5 min at 37°C and imaged using the ImageXPress Micro
XLS microscope (Molecular Devices). Wells were imaged through the channels for DAPI, assessing cells with
Hoechst33342 stained DNA, i.e. the total cell population, and TRITC, assessing cells stained with P, i.e. dead
cells only as Pl is not able to cross the membrane of living cells. Acquired images were analyzed using the
MetaXPress macro “Cell Scoring” which uses the different fluorescence signals to analyze the percentage of
dead cells.

To measure the effect of chemical QPRT inhibition we seeded wild type SH-SY5Y cells with a density of
2.5 x 10” cells/cm?. After cells have attached overnight, media were changed to either fresh proliferation or
differentiation media containing O (reference), 5 or 10mM of the QPRT inhibitor phthalic acid (PA; Sigma
Aldrich; directly diluted in the respective media; (Braidy et al., 2011)) and incubated for 3 days followed by
Pl assays. Percentage of dead cells after application of 5 and 10mM PA was compared to the OmM

reference for proliferating and differentiating cells, respectively.
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To measure the effect of QPRT-KO on viability of differentiating SH-SY5Y, KO and eCtrl cells were seeded
with a density of 2.5 x 10* cells/cm?. The following day, media were changed to differentiation media. Pl
viability-assays were performed after 3 days.

To test if the observed cell death during differentiation in KO cells is driven by an accumulation of the QPRT
substrate quinolinic acid (QUIN; Sigma Aldrich), we exposed WT cells to this neurotoxin. Cells were seeded
with a density of 2.5 x 10* cells/cm?” and media were changed after 24 hours to either fresh proliferation or
differentiation media containing O (reference; vehicle H,0 only), 5 or 250uM of QUIN (Braidy et al., 2009)
and incubated for 3 days followed by Pl viability-assays. Percentage of dead cells after application of 5 and
250uM QUIN was compared to the OuM reference for proliferating and differentiating cells, respectively.
Finally, we aimed to rescue the effects of a potential QPRT-KO driven increase of QUIN by inhibiting
downstream pathways. Cells were seeded with a density of 2.5 x 10* cells/cm®. After 24 hours, media were
changed to differentiation media containing (i) O (reference; vehicle H,0 only), 6 and 12uM of the NMDA-R
antagonist MK801 (Sigma Aldrich; Petroni et al., 2013), (ii) O (reference; vehicle H,0 only), 0.5 and 1mM of
nitric oxide synthase 1 (NOS1) inhibitor L-NAME (Sigma Aldrich; Candemir et al., 2016) and (iii) O (reference;
vehicle H,0 only), 5 and 10mM of NAD" (Sigma Aldrich; Zheng et al., 2013). PI viability-assays were
performed after an incubation of 3 days. All rescue experiments were performed with differentiating QPRT-

KO cell lines compared to the eCtrl.

3.4.2.6 Metabolite analysis

To characterize QPRT-KO at the level of the kynurenine pathway, i.e. tryptophan catabolism, cell culture
supernatants were analyzed for metabolites by Dr. Edwin Lim and Prof. Gilles J. Guillemin (Macquarie
University, Faculty of Medicine and Health Sciences, Australia). They used their established and previously
published methods of ultra-high-performance liquid chromatography (UHPLC; for tryptophan, kynurenine,
3-hydroxykynurenine, 3-hydroxyanthranilic acid, anthranilic acid and kynurenic acid) and gas
chromatography-mass spectrometry (GC/MS; for picolinic acid and quinolinic acid). Cell lines were seeded
with a density of 2 x 10* cells/cm® and grown in proliferation or differentiation media for 3 days as

described above. Supernatants of replicates were harvested and stored at -80°C until further proceedings.
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UHPLC and GC/MS were performed as described previously by Dr. Lim (Lim et al., 2015; Lim et al., 20173;

see 7.2.2 in the appendix).

3.5 Statistics

If not stated otherwise, statistical analyses were performed using R version 3.2.3.

3.5.1 Group differences

Group differences between mRNA expression foldchange in LCLs of a deletion carrier compared to his non-
carrier parents were tested using t-test and considered significant at a p-value < 0.05. Group differences of
morphological parameters (siRNA assay) were tested using t-tests with Benjamini-Hochberg correcting for
multiple testing (10 tests). FDRs were considered significant below a threshold of FDR < 0.05. Group
differences between treated and untreated samples (e.g. Pl-assays) were tested using t-test; uncorrected
p-values are reported and considered significant at a p-value < 0.05. All samples were compared to their

respective control (e.g. non-targeting siRNA) or reference (e.g. OmM of inhibitor).

3.5.2 Correlations

Correlation between morphological parameters and gene expression, or eigengene expression, or between
real-time RT-PCR and microarray log2FC data was tested based on the Pearson's correlation coefficient.
Reported p-values are FDR corrected for 132 tests (6 morphological parameters, 20 gene modules, 2 gene

expressions).

3.5.3 Targeted mRNA expression

AACt

Data of real-time RT-PCR experiments were analyzed using the 2 method (Livak and Schmittgen, 2001).
Group differences were tested using t-test. For validation of RNA-Seq data (3.2.3.1 and 3.2.3.2), real-time

RT-PCR data and RNA-Seq normalized reads were tested for correlation as described above using Pearson

correlation.
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3.5.4 Transcriptome analyses

3.5.4.1 Microarray

To validate neuronal differentiation at transcriptomic level (also see 3.2.3.1) CoNteXT analysis has been
implemented (Stein et al., 2014; Chiocchetti et al., 2016). This framework is based on human post-mortem
brain data and allows estimating the developmental stage and regional identity of transcriptomic
signatures.

Biostatistical methods to identify regulated genes during neuronal differentiation were implemented by
Dr. Andreas G. Chiocchetti using three complementary biostatistical methods as described in Chiocchetti et
al., 2016: (i) differentially expressed genes (DEX), identifies genes by comparing two time points,
(ii) dynamic time warp analysis (DTW), identifies genes that are regulated across a temporal trajectory and
(iii) parallel independent component analysis (ICA), extracts individual processes and underlying genes.
Genes that were significant in all three analyses were defined as robustly regulated. In addition, we
performed weighted gene co-expression network analysis (WGCNA) to identify modules of co-regulated
genes (Langfelder and Horvath, 2007). The complete analysis has been published in Chiocchetti et al., 2016.
To understand which modules are associated with neuromorphological development of neurons we tested
for significant Pearson correlations between eigenvalues of individual networks and the respective

morphological parameters (see section 3.4.2.3).

3.5.4.2 MACE

Overall, 32,739 transcripts were targeted by MACE analysis (see 3.2.3.2) and defined as the gene universe
(Reference gene panel). Differentially expressed genes were identified using the "DESeq2" pipeline (Love et
al.,, 2014) by GenXPro. Only genes not differentially expressed between WT and eCtrl (FDR > 0.1) were
further checked for significant differential expression between eCtrl and the KO cell lines (FDR < 0.05 with
fold change in the same direction). Up- and down-regulated genes underwent GO term analysis using the

“topGO” package in R implementing the weight01 algorithm. This algorithm accounts for the hierarchical
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diacyclic graph structure of the GO-annotation, thus p-values extracted can be considered as corrected for
multiple testing (Alexa et al., 2006).

Genes surviving QC (more than 10 reads per gene in at least 6 of the 12 samples) were subjected to
weighted gene co-expression network analysis (WGCNA). For WGCNA, the signed adjacency was defined as
a=(0.5*(1+cor))stp, where stp is the soft thresholding power chosen to obtain a scale free network. Here,
a stp of 32 resulted in a scale free network based on a regression coefficient R? > 0.8 from a scale free
topology modeling approach. Modules (i.e. genes with high topological overlap) were defined using
hierarchical clustering (distance=distance of topological overlap, method=average linkage) and the
‘cutreeDynamic’ algorithm as published, with a minimum module size of N = 30 (Langfelder and Horvath,
2007). Modules were clustered (distance=Euclidean, linkage=complete) based on correlation distance

between their eigenvalues (eigengene values) and merged below a cluster height=0.1.

3.5.5 Gene list enrichment test in gene networks of brain development

To gain a deeper insight into the brain-specific effects of up- and down-regulated genes from MACE
analysis, we implemented part of the gene network analysis integrating brain expression data as developed
by Afsheen Yousaf, MSc in our department (Yousaf et al., 2018). This framework uses the Allen Brain Atlas
dataset of Kang and colleagues, who have identified 29 co-regulated gene sets using the spatio-temporal
transcriptome of the human brain from early embryonal development to late adulthood (Kang et al., 2011).
Each module corresponds to specific biological processes involved in brain development and ageing. We
tested these modules for enrichment with the sets of genes up- or down-regulated upon QPRT-KO in
SH-SY5Y cells using Fisher’s exact-tests. Expression patterns of the enriched modules were then visualized

using heatmaps of the eigenvalues of the respective modules for each human brain region over time.
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4 Results

Results presented in section 4.1 are part of the publication Chiocchetti, Haslinger et al., 2016. Results
presented in sections 4.2 and 4.3 are currently under review at Molecular Autism in the revised manuscript

Haslinger et al..

4.1 Characterization of the SH-SY5Y cell model

4.1.1 Confirmation and evaluation of neuronal differentiation

In the first step we evaluated in-vitro differentiation of the SH-SY5Y cell model. Cells exposed to
differentiation media with a combination of RA and BDNF for 11 days resulted in a stereotypical multipolar
neuronal morphology with one or two long axon-like processes and several shorter dendrite-like processes
as reported in the original publication (Encinas et al., 2000). Neuronal differentiation was confirmed by
known markers for cell cycle (cyclin dependent kinase 1/CDK1) and axonal outgrowth (microtubule
associated protein tau/MAPT), which were down-regulated and up-regulated respectively at protein level

(Western blot) as well as mRNA level (real-time RT-PCR in red and microarray data in turquoise; Figure 2).

Figure 2 Validation of neuronal differentiation.

UEDU;égz 7 ﬂ’%};gg Neuronal differentiation was confirmed at mRNA (top) and protein level
g 15 0 E 3 (bottom) by decreased expression of the cell division marker CDK1 and
§ (112 -1 g 2 increased expression of the neuronal marker MAPT. Abundance or gene
E 004! Lmn -2 3 1 expression (log2 fold change) normalized to time-point O (proliferation)
< -05{-gPCR -3 EJ 0 was analyzed using lllumina HumanHT-12 v4 Expression BeadChips
01 3 5 7 9 11 01 3 5 7 9 11 (ILMN, turquoise) and real-time RT-PCR (qPCR, red). Western blot
days of differentiation images are all from the same blot (reference protein: GAPDH). Figure

coki BE® # warT & g — modified from Chiocchetti, Haslinger et al., 2016.

GAPDH = = = = = = & GAPDH= = = = = = o

We performed real-time RT-PCR for ASD risk genes (SHANK3, NRXN1, CNTNAP2, DHCR7, GABRB3 and
GRIK2), glutamatergic receptors (GRIN1, GRIA2, GRM1 and GRM4) and dopaminergic markers (TH and
DRD4) that were previously reported to be regulated during neuronal differentiation (Konopka et al., 2012).
Analyzing the correlation of real-time RT-PCR and microarray data demonstrated the technical
reproducibility of microarray data with correlation coefficients ranging from 0.561 (GRIA2) to 0.984

(NRXN1; Figure 3).
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Figure 3 Validation of microarray data.

The correlation values of microarray (ILMN; turquoise) and real-time RT-PCR (qPCR; red) data are shown. Respective log2 fold changes (log2FC)
normalized to proliferating state (0 days of differentiation) of selected ASD risk genes (asterisk) and neuronal receptors are shown. For gene
descriptions also see List of genes discussed in this study. Figure modified from Chiocchetti, Haslinger et al., 2016.

Markers for neuronal subtypes, including cholinergic, dopaminergic, serotonergic, GABAergic as well as
glutamatergic neurons were expressed (Figure 4). The dopamine transporter 1 (DAT1/SLC6A3) was not
expressed at any stage. The dopaminergic marker tyrosine hydroxylase (TH; Figure 4) was not regulated,
while the cholinergic markers acetylcholinesterase (ACHE) and vesicular acetylcholine transporter (SLC18A3)
were up-regulated. The norepinephrine transporter (SLC6A2) showed down-regulation upon the induction
of differentiation. We also observed a modest up-regulation of the glutamatergic transporter vesicular
glutamate transporter 1 (SLC17A7) and the GABAergic transporter vesicular GABA transporter (SLC32A1).
Markers specific for motor neurons were expressed but not regulated during differentiation. Thus, the
implemented differentiation protocol yielded an unspecific mixture of neurons.

Finally, we aimed to confirm the differentiation stage achieved by our method: Similar to findings in human
brain (Cahoy et al., 2008), the SH-SY5Y neuronal transcriptome, i.e. the genes expressed above microarray
background in our cell model included 11,392 out of 20,318 genes targeted on the microarray (see dataset
published in Chiocchetti et al., 2016). The CoNTEXT framework (Stein et al., 2014) was implemented to
estimate differentiation stage and brain-regional identity of our cell model as published in Chiocchetti et
al., 2016. Expression signature of SH-SY5SY cells differentiated using continuous RA and BDNF was
reminiscent of brain tissue developed for at

least 16-19 weeks post-conception (Stages 5-8;

accuracy >96%) and was most likely to be of a cortical identity (accuracy > 90%; Figure 5).
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Figure 4 Expression of neuronal markers.
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Expression of neuronal markers for motor neurons, cholinergic, dopaminergic, serotonergic, GABAergic and glutamatergic markers during neuronal
differentiation are shown as log2 expression values (left panel) and as log2 fold change (FC) compared to undifferentiated cells (right panel). Up-
regulation of the cholinergic markers acetylcholinesterase (ACHE) and vesicular acetylcholine transporter (SLC18A3) as well as a mild up-regulation
of GABA vesicular transporter (SLC32A1) and vesicular glutamate transporter 1 (SLC17A7) was observed. The norepinephrine transporter (SLC6A2)
was down-regulated. For gene descriptions see List of genes discussed in this study. For gene descriptions also see List of genes discussed in this

study. Figure modified from Chiocchetti, Haslinger et al., 2016.
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Figure 5 Evaluation of neuronal differentiation.

CoNTEXT analysis revealed that mRNA expression of SH-SY5Y cells
differentiated with a continuous application of BDNF and RA was
most similar to the cortical area and reminiscent of 16-19 weeks
post conception (Stage 5) or above. GF: Growth factor. RA: Retinoic
acid. BDNF: Brain derived neurotrophic factor. HIP: Hippocampus.
AMY: Amygdala. THAL: Thalamus. STR: Striatum. CBC: Cerebellar
Cortex. Figure modified from Chiocchetti, Haslinger et al., 2016.
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4.1.2 Identification of genes implicated in neuronal differentiation

To robustly identify the subset of genes regulated during neural development three complementary
statistical approaches were implemented: Differential gene expression (DEX) analysis identifies genes by
comparing two time-points, dynamic time warping (DTW) analysis identifies genes that are regulated across
a temporal trajectory, and independent component analysis (ICA) extracts individual processes and
underlying genes (for details see Chiocchetti et al., 2016). Combining all genes identified through DEX, DTW
and ICA analyses yielded 6,262 genes implicated in neuronal differentiation. Of these, 299 were identified

in all three analyses (Figure 6).

ICA Figure 6 Differentially regulated genes during SH-SY5Y neuronal
differentiation.

209 Overlap of gene-sets identified through linear regression DEX (FDR < 0.05),

DTW and ICA (for details also see Chiocchetti et al., 2016). DEX: Differential

3 expression. DTW: Dynamic time warping. ICA: Parallel independent

209 component analysis. FDR: False discovery rate. Figure published in

Chiocchetti, Haslinger et al., 2016.

DEX

fdr<0.05 DTW

4.1.3 Co-expression network analysis

Weighted gene co-expression network analysis (WGCNA) identified 20 regulatory modules (Figure 7a). As
shown in detail in Chiocchetti et al., 2016, modules up-regulated early during neuronal differentiation were
enriched for processes involved in membrane remodeling (magenta), protein stabilization (lightcyan) or
axonal guidance (pink). Modules up-regulated during early phases of differentiation only were related to
inflammatory response (lightyellow) and cellular fatty acid metabolism (darkgrey). Late activated modules
were associated with synaptic transmission (blue) or dendrite development (darkgreen). In contrast, early
down-regulated modules were attributed to cell division (black) or mitochondrial organization (grey60,
brown). Modules inhibited at later stages also included genes associated with cell cycle regulation
(turquoise) and DNA metabolic processes (cyan, purple). Modules associated with splicing (darkturquoise)
or cell projection and transcriptional regulation were undulating over time. Modules enriched for ASD risk
genes as defined by overlaps with AutismKB or SFARI gene include the early up-regulated lightcyan, orange

and pink modules (Figure 7b).
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Figure 7 Regulation of WGCNA modules and risk gene enrichment analysis.

(a) WGCNA modules and their regulation over the time course of neuronal differentiation. Colors correspond to the 20 identified modules. (b) ASD
risk genes were tested for enrichment in the identified modules using gene lists extracted from AutismKB or SFARI gene. Log-transformed odds
ratios are shown if the respective false discovery rate (FDR) < 0.1. Asterisks mark significance: *FDR < 0.05; **FDR < 0.01. Figure modified from
Chiocchetti, Haslinger et al., 2016.

4.2 QPRT as candidate gene for functional validation

4.2.1 QPRT is differentially regulated during neuronal differentiation

To identify Chr16p11.2 genes implicated in neuronal differentiation, we tested the 29 genes located in
Chrl6pll.2 for overlaps with the 6,262 genes differentially regulated during SH-SY5Y neuronal
differentiation. We found 9 genes to be differentially regulated in one of the three approaches (SULT1A3 in
ICA; MVP, SEZ6L2, KCTD13, TMEMZ219, ALDOA, GDPD3 and CORO1A in DEX) and one gene in two
approaches (HIRIP3 in DEX and ICA). The gene QPRT was the only gene identified in all three approaches
and therefore considered as robustly differentially regulated during neuronal differentiation. QPRT is part
of the early up-regulated orange module involved in immune response (see Chiocchetti et al., 2016) and

enriched for ASD candidate genes (Figure 7b).
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Furthermore, of the genes located in the Chr16p11.2 region, QPRT was one of the highest expressed genes
during SH-SY5Y neuronal differentiation and the one with the highest regulatory fold change after induction

of differentiation (0/proliferation vs 2 days of differentiation: log2 FC = 0.22; p = 1.10E-03; Figure 8).

DOC2A Figure 8 Expression of 16p11.2 genes.

GDPD3 Pattern of expressed genes located in the
MAZ chromosomal region 16p11.2. QPRT shows high
C160rf54 expression and the highest regulatory fold
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E%)J(}gT see List of genes discussed in this study.
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4.2.2 QPRT correlates with neuronal morphology during neuronal differentiation

QPRT RNA expression during SH-SY5Y differentiation showed significat correlation between microarray and
real-time RT-PCR data (p = 0.88; p = 0.0098; Figure 9a). Further, we compared the expression data of QPRT
(ILMN and gPCR) as well as of the WGCNA modules and tested them for their correlation with
morphological parameters as assessed by Sholl analysis during 11 days of neuronal differentiation (Figure
9b). Both, QPRT expression and the eigenvalue of its associated module (MEorange as published in
Chiocchetti et al., 2016) significantly correlated with the average number of intersections, i. e. a measure
for neuritic complexity (QPRT microarray/ILMN: p = 0.86, FDR = 8.16E-05; QPRT RT-PCR/qPCR: p = 0.54, FDR
=0.020; MEorange: p = 0.93, FDR = 1.71E-07; Figure 9b).

In summary, we report a correlative association between QPRT expression and a measure for development
of neurite complexity during in vitro neuronal differentiation of wild type SH-SY5Y cells. To investigate if the
correlation of QPRT expression with neuritic complexity is causal or secondary, i.e. due to the progressive

neurite growth over time, we performed functional inhibition analysis of QPRT.
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Figure 9 Correlation of QPRT expression with morphological parameters.

(a) QPRT expression as assessed by microarray (ILMN) and real-time RT-PCR (qPRC) showed significant correlation during 11 days of neuronal
differentiation. (b) QPRT expression (ILMN and qPCR) as well as the regulation of the module harboring QPRT, MEorange, correlate signfigicantly
with the morphological parameter average intersections, reflecting the neuritic complexity. Asterisks mark the module eigengene (ME) of modules
enriched for ASD risk genes as defined by AutismKB. Average intersections: Sum of all intersections divided by the number of intersecting radii.
Maximum intersections: Maximum number of intersections. Sum intersections: Sum of all intersections per cell. Enclosing radius: Outer radius
intersecting the cell; indicating the cell’s total size. Intersecting radii: Number of radii intersecting one cell. Maximum intersections radius: Radial
distance of the maximum number of intersections from the cell body; indicates the site of a cells’ highest branching density. This figure has been
submitted to Molecular Autism as Haslinger et al. and is currently under review.

4.2.3 Validation of 16p11.2 CNVs

To test the hypothesis that a deletion of the 16p11.2 region affects expression of QPRT we screened
previously collected Illumina bead array data (unpublished data) and identified five individuals with
suggestive CNVs in 16p11.2. Here, we show validation of a de novo 16p11.2 deletion (Figure 10) in one
proband compared to his non-carrier parents and an unrelated control (Figure 11; unpublished data). For

this family, LCLs were available and used for functional validation of QPRT in the following.
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Figure 10 16p11.2 deletion.

Idiogram taken from the UCSC genome browser (https://genome.ucsc.edu). The black bar shows the patient-specific 16p11.2 deletion. Genes
located in the respective genomic region are listed below the bar, QPRT is surrounded by a black box. For gene descriptions see List of genes

discussed in this study.
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Figure 11 Validation of 16p11.2 deletion.
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Using real-time PCR, the deletion of Chrl6p11.2 was validated in one carrier when compared to his non-carrier parents and normalized to an
unrelated control. Outside primers (out_1 and out_2) were designed surrounding the deletion while in_1 to in_3 were located in the deleted region

as identified by Illumina bead arrays. RQ: Relative quantification.

4.2.4 Validation of QPRT expression in 16p11.2 deletion carrier

To replicate previous reports (Blumenthal et al., 2014) of altered QPRT expression in 16p11.2 CNV carriers

we compared QPRT expression in a patient specific LCL of a deletion carrier and his unaffected parents. We

confirmed a dosage-dependent expression of QPRT at mRNA level (16p11.2 deletion carrier vs. non-carrier

parents; logFC =-0.68, p = 0.014; Figure 12).
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4.3 Functional validation of QPRT in SH-SY5Y

4.3.1 siRNA mediated knock down (KD) of QPRT

All three siRNAs targeting three different sites of QPRT (named here siQ1-siQ3) induced a decrease in QPRT
protein as confirmed by Western Blot (Figure 13). At neuromorphological level, KD cell lines compared to
control cell lines (siCtrl) showed a significant decrease of the maximum intersections radius, in that the site
of highest branching density was shifted closer towards the soma (p siQ1: 0.027, siQ2: 0.001, siQ3: 3.8E-04;
Means[SD] siCtrl: 103.98[115.54]; siQ1: 56.50[80.53]; siQ2: 56.29[97.17]; siQ3: 41.51[76.70]). Overall cell
size or the enclosing radius, did not change (all p > 0.6; Means[SD] siCtrl: 349.60[223.68]; siQ1:
286.98[125.05]; siQ2: 270.06[135.62]; siQ3: 293.81[176.86]; Figure 13). In addition to the significant
reductions of the maximum intersections radius, KD cells also showed a trend for decreases of the overall
sum of intersections (p siQl: 0.396, siQ2: 0.064, siQ3: 0.064; Means[SD] siCtrl: 726.43[650.78]; siQ1l:
553.86[356.01]; siQ2: 470.85[307.45]; siQ3: 516.05[505.19]) or the average intersections per cell (p siQl:
0.957, siQ2: 0.132, siQ3: 0.054; Means[SD] siCtrl: 2.14[1.37]; siQl1: 1.99[0.77]; siQ2: 1.82[0.78]; siQ3:

1.76[0.94]).
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Figure 13 Morphological alterations upon reduction of QPRT.

SH-SY5Y cells were transfected with a non-targeting siRNA (siCtrl) and three different siRNAs targeting QPRT (siQ1-siQ3). After transfection, cells
were differentiated and analyzed at protein level (bottom) to confirm the KD of QPRT. Further, cells were morphologically analyzed utilizing Sholl
analysis at 11 days of differentiation. Upon QPRT-KD cells showed a significant decrease of the maximum intersections radius when compared to
the non-targeting control, i.e. the maximum complexity of neurites was significantly closer to the cell soma. None of the three KDs differed with
respect to enclosing radius when compared to the non-target control, i.e. the length of the neurites was not different. Maximum intersections
radius: Radial distance of the maximum number of intersections from the cell body; indicates the site of a cell’s highest branching density. Enclosing
radius: Outer radius intersecting the cell; indicates the cell’s total size. Sum intersections: Sum of all intersections per cell. Average intersections:
Sum of all intersections divided by the number of intersecting radii. All p-values were corrected for multiple testing using Benjamini-Hochberg
correction. This figure has been submitted to Molecular Autism as Haslinger et al. and is currently under review.
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4.3.2 Chemical inhibition of QPRT

Cells exposed to an inhibitor of QPRT, the chemical phthalic acid (PA), showed an increased cell death upon
start of differentiation, and thus no end-point morphological analysis was performed. Application of PA for
3 days led to a dosage dependent increase of cell death during differentiation (5mM PA: FC = 1.81,
p =0.019; 10mM PA: FC = 4.21, p = 0.039) but not during proliferation (5mM PA: FC = 0.73, p = 0.432;

10mM PA: FC = 0.68, p = 0.355; Figure 14). This finding suggested that loss of QPRT is causally linked to

differentiation deficits. Therefore - ) . Figure 14 Chemical inhibition of QPRT.
’ 12 = WT Prolif «WT Diff  * Application of the QPRT inhibitor
. i . n phthalic acid (PA) for 3 days led to a
we aimed at further eIUC|datmg the ¢=ﬂ12— significant increase of cell death in
31[] — differentiating wild type (WT) SH-SY5Y
. . - - o cells. In proliferating cells QPRT
functional role of QPRT mducmg a 3 8 inhibition did not change the rate of
2 6+ ¥ cell death. This figure has been
stable loss of QPRT. N n.s. n.s. submitted to Molecular Autism as
2 - Haslinger et al. and is currently under

0 - review.

no PA  5mMPA 10mM PA

4.3.3 CRISPR/Cas9 mediated knock out (KO) of QPRT

4.3.3.1 Generation and viability

Here, we generated two QPRT-KO cell lines, del268T and ins395A (NM_014298), both inducing frameshifts
leading to premature stop codons (Figure 15). Both showed a significant loss of QPRT expression at mRNA
level (proliferating cell lines: del268T: below detection limits, ins395A: FC = 0.17, p = 0.046; 2 days of
differentiation: del268T: FC = 0.13, p = 0.003; ins395A: FC = 0.15, p = 0.003; all compared to the empty
control vector (eCtrl; Figure 16) as well as descriptively at protein level in proliferating state (Figure 16).
While the eCtrl and both QPRT-KO cell lines were comparably growing during proliferation, both KO cell
lines died upon differentiation. After 3 days of differentiation we observed a significant increase of cell
death in the KO cell lines when compared to eCtrl cells harboring the empty control vector (eCtrl to
del268T: FC = 2.23, p = 8.2E-04; eCtrl to ins395A: FC = 1.76, p = 5.2E-04; Figure 17a), after 9 days of

differentiation merely no differentiating KO cells were detected under the microscope (Figure 17b).
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Figure 15 Sequencing of QPRT-KO cell lines.

Results confirmed the generation of indels (red triangles) leading to frameshifts. (a) del268T (QPRT/' NM_014298 del268T; Ex2.1; premature stop
codon at position 580) and (b) ins395A (QPRT/' NM_014298 ins395A; Ex2.2; premature stop codon at position 593). Sequencing of the eCtrl (empty
control vector) for both of the targeting regions did not show any mutations. This figure has been submitted to Molecular Autism as Haslinger et al.
and is currently under review.
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Figure 16 QPRT expression in generated KO and control cell lines.
Loss of QPRT was confirmed for both del268T and ins395A on RNA level (top) for cells after proliferation or 2 days of differentiation. For
proliferating cells, KO was furthermore descriptively confirmed at protein level (bottom). This figure has been submitted to Molecular Autism as

Haslinger et al. and is currently under review.
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Figure 17 Viability of QPRT-KO cell lines.

(a) Percentage of cell death was assessed by performing viability assays after 3 days of differentiation showing a significant increase of cell death in
both generated QPRT-KO cell lines. (b) KO of QPRT led to observable cell death during differentiation (9 days) but not during proliferation. This
figure has been submitted to Molecular Autism as Haslinger et al. and is currently under review.

63



Dissertation Denise Haslinger Results

4.3.3.2 Mimicking and rescue experiments using small compounds

We hypothesized that loss of QPRT might lead to increased levels of its neurotoxic substrate quinolinic acid
(QUIN). Thus, we exposed wild type cells to elevated QUIN levels. However, we did neither observe an
increase in cell death during proliferation (all p > 0.3 for 5uM and 250uM QUIN) nor during differentiation

(all p > 0.3 for 5uM and 250uM QUIN; Figure 18) compared to vehicle only (OuM).

16 - . Figure 18 Application of QUIN to proliferating and differentiating SH-SY5Y wild type cells.
—WT Prolrf Propidium iodide (PI) viability assays did not show a significant increase of cell death upon
14 {—m— WT Diff QUIN application during proliferation or differentiation. This figure has been submitted to
12 4 Molecular Autism as Haslinger et al. and is currently under review.
wn
©
o 10 4
o
3 0]
o 6
X 4
5 | i:_-_:jﬁ
0

0 5 250
MM QUIN
In addition, we tried to rescue the QPRT-KO effect by inhibiting the effector pathways downstream of
QUIN, i.e. inhibit a potentially induced neurotoxicity by hyperactivation of NMDA-R as well as replenish
NAD", the downstream metabolite of QPRT and the final outcome of the kynurenine pathway. Neither the
NMDA-R antagonist MK801 (both QPRT-KO compared to eCtrl: FC > 1.7 ,p < 3.9E-03 for OuM; FC > 1.6,
p < 0.04 for 6uM; FC > 1.6, p < 1.5E-03 for 12uM) nor inhibition of the NMDA-R downstream enzyme NOS1
by L-NAME (both QPRT-KO compared to eCtrl: FC > 1.3, p < 0.05 for OmM; FC > 1.3, p < 0.02 for 0.5mM;
FC > 1.5, p < 0.01 for ImM) nor supplying NAD", the downstream product of tryptophan catabolism (both
QPRT-KO compared to eCtrl: FC > 1.3, p < 9E-03 for OmM; FC > 1.3, p < 1.6E-03 for 5mM; del268T compared
to eCtrl: FC = 1.20, p = 0.1; ins395A compared to eCtrl: FC = 1.54, p = 0.009 for 10mM) resulted in a

significant reduction of cell death for both of the KO cell lines upon differentiation (Figure 19).
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Figure 19 Rescue experiments of QPRT-KO induced cell death.

Neither the NMDA-R antagonist MK801 nor the NOS1 inhibitor L-NAME could rescue the increased cell death. Furthermore, application of the more
downstream target NAD" could not rescue QPRT-KO-induced cell death during differentiation. This figure has been submitted to Molecular Autism
as Haslinger et al. and is currently under review.

4.3.3.3 Metabolite analysis

To test if loss of QPRT results in an altered metabolite profile of the kynurenine pathway we implemented
UHPLC and GC/MS analysis. We were able to detect tryptophan, kynurenine, kynurenic acid,
3-hydroxykynurenine, anthranilic acid and picolinic acid. Quinolinic acid (QUIN) could not be detected in
any of the samples, while 3-hydroxyanthranilic acid could only be detected in the differentiated (eCtrl and
both of the KO) cell lines only. However, no significant changes could be observed in any of the metabolites

when comparing both of the QPRT-KO cell lines to the control cell lines (Figure 20).
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Figure 20 Metabolite analysis of QPRT-KO cells.

Tryptophan, kynurenine, kynurenic acid, 3-hydroxykynurenine, anthranilic acid and picolinic acid were measurable in all tested samples. QUIN could
not be detected in any of the samples, while 3-hyddroxyanthranilic acid could be detected in the 3 days differentiated (eCtrl and both of the KO) cell
lines only. However, no significant changes could be observed in any of the metabolites when comparing both of the QPRT-KO cell lines to the
control cell lines. K/T ratio: Ratio of kynurenine and tryptophan. This figure has been submitted to Molecular Autism as Haslinger et al. and is
currently under review.
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4.3.3.4 MACE transcriptome analysis of QPRT-KO

Since in our cell model the effect of QPRT-KO on neuronal differentiation was not related to changes in the
kynurenine pathway or the neurotoxic effects of QUIN, we aimed to further elucidate the effect of the
knockout on differentiating cells implementing a transcriptome wide analysis. Overall, we were able to
measure expression of 32,739 transcripts. Statistical analysis identified 269 differentially regulated genes
(103 up-regulated and 166 down-regulated; Figure 21, see supplementary table provided separately on
disk) expressed in all three replicates of both KO cell lines, all with an FDR < 0.05. The 12 genes (Table 2)
with an absolute log2(FC) value > 2.5 were technically validated using real-time RT-PCR with an average
correlation between RNA sequencing data and real-time RT-PCR of p = 0.91 (SD = 0.10). QPRT-KO was also
confirmed (eCtrl vs del268T: log2FC = -2.44, FDR = 1.07E-207; eCtrl vs ins395A: log2FC = -3.17,
FDR =9.88E-291). Of the genes coding for components of the kynurenine pathway, only NMNAT2 was

significantly down-regulated upon QPRT-KO (eCtrl ’_;‘_’_l?_‘
Fr 1 T 1

vs del268T: log2FC = -0.70, FDR = 2.10E-07; eCtrl vs —

ins395A: log2FC = -1.51, FDR = 6.70E-28). The gene — 2

coding for the ASD implicated protein NLGN3 was

suggestively down-regulated in the del268T only
(eCtrl vs del268T: log2FC = -0.43, FDR = 6.58E-02;

eCtrl vs ins395A log2FC = -0.09, FDR = 9.15E-01)

genes

and was thus not considered to be regulated upon

[
o
Row Z-Score

KO of QPRT. — =

Figure 21 Heatmap of genes differentially expressed in QPRT-KO
cells.

Upon KO of QPRT 269 genes were significantly differentially expressed
between both of the KO and the eCtrl cell line (FDR < 0.05) but not ——
between the controls (wild type and eCtrl, FDR > 0.1). Overall,

ins395A descriptively showed stronger effects than del268T. This w 9 9 & O &8 9 O © a O
figure has been submitted to Molecular Autism as Haslinger et al. and S 3 § % % % E g E E & &
is currently under review. 2 8 & 8 § & © o o
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The genes up-regulated upon KO of QPRT were enriched (all p-values < 0.05, Figure 22) for the GO
annotated biological processes “neurotransmitter secretion”, “negative regulation of cell growth” and
“negative regulation of cytoskeleton organization” among others. Genes down-regulated in KO cell lines
showed enrichment for GO terms including “positive regulation of neuron differentiation”, “positive
regulation of dendritic spine development” as well as “synapse organization” (Figure 22). Furthermore,
down-regulated genes were also enriched for “ion transmembrane transport”, including “potassium
transport”, as well as for glutamatergic signaling like “glutamate secretion” and “regulation of glutamate
receptor signaling pathway” (Figure 22). We also observed significant enrichment for ASD genes among
highly differentially regulated candidates. Of the 269 differentially regulated genes 15 were listed in the
SFARI gene database (https://gene.sfari.org/database/human-gene) with an evidence score of 4 or better
(p = 9.2E-04, odds ratio OR[95% confidence interval] OR = 2.68[1.47-4.54]): CELF4, PCCB, APP, GALNT14,
SHANK1, SLC7A3, GABRB3, CTNNB1, SDC2, SNTG2, CHD2, CNTNAP2, ABAT, KCNQ3, PAX5 (all but PCCB and
CHD2 are down-regulated; for a list of gene descriptions see List of genes discussed in this study). When
looking at the 12 differentially regulated genes with a FC > 2.5, three down-regulated genes are reported in
SFARI: gamma-aminobutyric acid type A receptor beta 3 subunit (GABRB3), potassium voltage-gated
channel subfamily Q member 3 (KCQN3), syntrophin gamma 2 (SNTG2) and contactin associated protein like
2 (CNTNAP2). A total of eleven out of 166 down-regulated genes and one gene of 103 up-regulated genes
showed a |log2FC| > 2.5 (Table 2). Literature search for these twelve highly regulated genes revealed that
six had been published in the context of ASD before and three (KCNQ3, GABRB3, SNTG2) are listed in the

SFARI database with an evidence score of 4 or better (Table 2).
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Figure 22 GO-term enrichment for differentially expressed genes upon
KO of QPRT.

Up-regulated genes were associated with GO terms including
neurotransmitter secretion, negative regulation of cell growth and
negative regulation of cytoskeleton organization (all p < 0.05). Genes
down-regulated upon QPRT-KO were enriched for GO-terms involved in
processes of neuronal development (positive regulation of neuron
differentiation, positive regulation of dendritic spine development and
synapse organization (all p < 0.04)) and neurotransmitter transport
(potassium transport, as well as for glutamatergic processes like glutamate
secretion and regulation of glutamate receptor signaling pathway (all
p<0.05)). De-regulated genes were enriched for processes like
neurotransmitter secretion and brain development (all p<0.05). All
p-values account for the hierarchical structure of the gene ontology (GO)
and can thus be considered as corrected for multiple testing. This figure
has been submitted to Molecular Autism as Haslinger et al. and is currently
under review.
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4.3.3.5 Gene network analysis

At gene network level we identified 20 co-regulated modules upon KO. Here, QPRT was co-regulated within
a module associated with neurotransmitter secretion and synaptic vesicle transport as well as negative
regulation of neurogenesis (p < 0.04). Overall, the eigenvalue of this module was not different between
controls and KOs. Here, we identified one co-regulated gene set (darkgrey, Figure 23) to be associated with
QPRT-KO as it was significantly down-regulated in both KO cell lines when compared to the control cell lines
(KOs versus eCtrl or WT, all p < 8E-07). GO term enrichment analysis of this module again revealed
processes involved in brain development and synaptic transmission and plasticity (p < 0.05; Figure 23),

confirming the association of QPRT-KO with neuronal development.
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Figure 23 Regulation of the darkgrey gene set.

This module was identified as QPRT-KO associated module harboring genes down-regulated upon QPRT-KO when comparing both KO cell lines to
wild type and eCtrl cells (all p < 8E-07; left panel). GO term enrichment analysis (right panel) of this module again revealed processes involved in
brain development and synaptic transmission and plasticity (p < 0.05), confirming the association of QPRT-KO with neuronal development. This
figure has been submitted to Molecular Autism as Haslinger et al. and is currently under review.

4.3.3.6 Translation to developmental brain expression data

Finally, we aimed to translate the effects of QPRT-KO onto the spatial and temporal gene expression
network of the brain using previously published data (Kang et al., 2011). In this previous work the authors
reported 29 gene modules (termed “Kang-Module” in the following) that are co-regulated during the
development of human brain regions. We observed that the QPRT-KO induced down-regulated genes were
strongly enriched in the Kang-Modules number 1 (odds ratio OR[95% confidence interval] OR = 8.86[3.12-
20.45], p = 5.76E-04), number 2 (OR = 5.96[3.55-9.75], p =2.21E-09), number 10 (OR = 69.92[20.70-188.44],

p = 2.64E-07), number 15 (OR = 14.58[6.00-30.72], p = 1.57E-06) and number 20 (OR = 7.13[4.40-11.40],
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p =7.74E-13) while the QPRT-KO up-regulated genes were enriched in Kang-Modules number 2
(OR = 23.20[11.25-49.97], p = 1.07E-16) and number 20 (OR = 3.54[1.46-7.76], p = 4.18E-02). Kang-Module
17 was enriched for QPRT-KO induced de-regulated genes in general, i.e. for the merged lists of up-and
down-regulated genes (OR = 20.41[2.33-82.57], p = 2.45E-02; Figure 24a). By plotting the eigengene value
of the Kang-Modules over time for each region we observed that number 1 showed strong early up-
regulation in the hippocampus (HIP) and the amygdala (AMY) during embryonal development while it was
down-regulated in all tested brain regions after birth (Figure 24b). Kang-Module 1 was also slightly up-
regulated in embryonal development in parts of the frontal cortex (orbitofrontal cortex (OFC), dorsolateral
prefrontal cortex (DFC) and medial prefrontal cortex (MFC)), the striatum (STR) and the cerebellar cortex
(CBC). Kang-Module 2 was overall down-regulated prenatally and showed up-regulation after birth, with
maximum expression between the ages of 6 and 14 i.e. during middle and late childhood in OFC, MFC,
posterior inferior parietal cortex (IPC), primary auditory (A1) cortex (A1C), inferior temporal cortex (ITC),
primary visual (V1) cortex (V1C) and STR. Kang-Module 10 was only expressed in the CBC with a peak
around the age of 6 years, while Kang-Module 15 was strongly down-regulated during embryonal
development in the CBC. The low expression of Kang-Module 15 in the CBC was stable across the tested
time course, and it was slightly up-regulated in other brain regions, showing peaks between the years 6 and
14 in OFC, DFC, ventrolateral prefrontal cortex (VFC), MFC, IPC, A1C, ITC and V1C. Kang-Module 17 showed
a constant active expression in the CBC over time with a peak during early development in the CBC. Kang-
Module 20 was an overall early up-regulated gene network down-regulated after the age of ~2 years,
showing the strongest down-regulation between the years 6 and 14 in OFC, MFC, IPC, A1C, ITC, V1C and

STR.
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5 Discussion

In part, the discussion presented here was published in Chiocchetti, Haslinger et al., 2016 and has been
submitted to Molecular Autism as Haslinger et al., with the revised manuscript currently being under

review.

5.1 Suitability of the SH-SY5Y neuroblastoma model

As it was questioned before, we here confirmed the suitability of the neuroblastoma cell line SH-SY5Y to
study neuronal differentiation in vitro. The utility of the SH-SY5Y celluar model to investigate this process
depends on how well it models in vivo development (Stein et al., 2014). Our improved differentiation
protocol and transcriptome analysis confirmed the capacity of these cells to model cortical development
upon differentiation. As we discussed in the publication resulting from this work here (Chiocchetti et al.,
2016), one major limitation of this model is its origin from a tumor as the cells were isolated from a bone
marrow biopsy of a four-year-old girl with a metastatic neuroblastoma. Tumor derived cell lines have a
highly active, dysregulated cell cycle, which might bias the interpretability of cell cycle associated findings.
The cell line shows some well described cytogenetic aberrations including several CNVs and a trisomy of
chromosome 7 (Yusuf et al., 2013). However, to our knowledge the reported CNVs do not span our region
of interest, namely Chrl6p11.2, as well as major genes associated with neuronal differentiation and
neuropsychiatric disorders.

The result of the CONTEXT algorithm showed that SH-SY5Y cells treated with a combination of retinoic acid
(RA) and brain derived neurotrophic factor (BDNF) were differentiated towards developmental stages 5-8
which is beyond the stages achieved using established protocols (Nishida et al., 2008; Korecka et al., 2013).
In addition, we observed preservation of ASD-relevant modules, i.e. glutamatergic and GABAergic
pathways. However, none of the established differentiation protocols retrieved cells showing preservation
of modules associated with synaptic transmission. In conclusion, SH-SY5Y cells may not allow investigating
all functional aspects of neurons, however, the continuous exposure of SH-SY5Y cells to RA and BDNF

applied here improved differentiation and thus allows investigating genes relevant in early cortical
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development and exploring regulatory networks associated with psychiatric disorders (Chiocchetti et al.,

2016).

5.2 Selection of the candidate gene QPRT located in the ASD-associated CNV region

Chrl6pl1.2

Several studies analyzed the impact of 16p11.2 genes or CNVs. In this study here, we selected the gene
quinolinate phosphoribosyltransferase (QPRT) for functional validation and report an effect on neuronal
differentiation. This gene was the only gene fulfilling our selection criteria, i.e. high expression and
significant association with neuronal differentiation in SH-SY5Y cells in all three statistical tests as well as
significant correlation with neuromorphological parameters. While a previously described gene of this
region, FAM57B (Blaker-Lee et al., 2012), showed the highest expression values, it was not significantly
regulated over time. Similarly, KCTD13 (Blaker-Lee et al., 2012; Golzio et al., 2012; Escamilla et al., 2017),
was significantly regulated during SH-SY5Y neuronal differentiation in only one of the three applied tests
and showed relatively low expression levels.

Thus, the only 16p11.2 gene robustly regulated during neuronal differentiation in SH-SY5Y was QPRT. Its
early and strong up-regulation after the induction of neuronal differentiation suggested its involvement in
the underlying processes. This hypothesis was supported by the finding of a significant correlation between
QPRT expression at mRNA level and the development of SH-SY5Y neuritic complexity. Finally, as expected
from previous findings (Blumenthal et al., 2014), QPRT was expressed in a gene dosage dependent manner
in the lymphoblastoid cell line of a Chr16p11.2 deletion carrier when compared to his non-carrier parents,
which is suggesting to result in a change of function.

The gene QPRT is coding for an enzyme of the kynurenine pathway which is part of the catabolism of
tryptophan ultimately resulting in the production of NAD". The role of QPRT is to catabolize quinolinic acid
(QUIN), which is a potent neuronal excitotoxin as it acts as NMDA-R agonist. QUIN itself is generated non-
enzymatically from its precursor alpha-amino-beta-carboxy-muconate-epsilon-semialdehyde (ACMS), which

also serves as precursor for the neuroprotectant picolinic acid. A reduction of QPRT is suggested to lead to
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an accumulation of QUIN. This accumulation over-activates NMDA-R resulting in an increased production of
both intracellular Ca** and nitric oxide (NO) which in turn may induce neuronal cell death (Braidy et al.,
2009). Furthermore, altered QUIN levels were also reported to lead to a change in NAD" production (Braidy
et al., 2011) which in turn could impact on Poly (ADP-ribose) polymerase (PARP) activity (Sahm et al., 2013).
Taken together, our findings combined with the reported function of QPRT assured us to functionally

validate QPRT in order to elucidate its potential role in the pathology of the Chr16p11.2 deletion syndrome.

5.3 The functional impact of QPRT

5.3.1 Reduction of QPRT induced subtle morphological changes of differentiated SH-SY5Y cells
while a complete loss was lethal

Our first approach, i.e. a reduction of QPRT rather than a total loss, in general better reflects the
heterozygous status of 16p11.2 deletion carriers. In previous studies, alterations of 16p11.2 gene dosage
led to subtle changes of neuronal morphology as reported from mouse models of Chr16p11.2 (Blizinsky et
al., 2016) and iPS cells generated from 16p11.2 CNV carriers (Deshpande et al., 2017; also see Table 1). In
detail, differentiation of iPSCs generated from heterozygous 16p11.2 deletion carriers resulted in neurons
with an increase in total dendrite length and dendritic complexity accompanied by a decrease of synaptic
density which seemed to be compensated for by an increase in synaptic strength (Deshpande et al., 2017).
Although the gene dosage of QPRT assumingly is comparable between the cell lines generated by
Deshpande et al. and our study here, the results of their and our study can not be fully compared as
Desphande and colleagues in contrast to our SH-SY5Y single gene study (i) performed functional analysis for
the whole 16p11.2 region and (ii) used iPSCs differentiated into neurons. Still, both studies resulted in
alterations of neuronal complexity in vitro. Taken together, these findings suggested a hemizygous deletion
of 16p11.2 or reduced expression of QPRT to induce an aberration of neuronal development. We suggest
that specifically reduction of QPRT might underlie the observed alterations of neuronal complexity.

A complete loss of Chri6p11.2 is supposedly lethal as to our knowledge there are no functional studies or

reports of complete losses identified in ASD patients. The abovementioned KO mouse for QPRT was
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generated to study Parkinson’s disease (Fukuoka et al., 2012; Campbell et al., 2014) and niacin deficiency
(Terakata et al., 2012). These animals exhibited neurodegeneration in the striatum suggested to be induced
by an accumulation of QUIN (Fukuoka et al., 1998). No other histological differences were observed in the
brain (Terakata et al., 2012). ASD-like behaviors were not studied but the animals showed no growth or
developmental abnormalities (Terakata et al., 2012).

In contrast to QPRT-KO mice, the complete loss of QPRT was lethal for differentiating but not proliferating
SH-SY5Y cells. We thus suggest that the viability of QPRT-KO mice relies on coping mechanisms at systems
level, e.g. urinary excretion of excess QUIN or that the effect observed in SH-SY5Y KO cells is independent
of QUIN and induced by alterations of neuronal processes (see following section 5.3.2).

Thus, our findings suggested that the level of QPRT protein in the KD cells is sufficient for survival of

differentiating cells while the complete loss of QPRT is lethal for differentiating SH-SY5Y cells.

5.3.2 Neuronal cell death of SH-SY5Y induced by QPRT loss was independent of QUIN

We further elucidated the processes underlying cell death upon differentiation in QPRT-KO cells in a
metabolite and transcriptomic assay and excluded the involvement of QUIN or the kynurenine pathway.
This is in contrast to the current literature, which suggests a loss of QPRT to be lethal due to an
accumulation of QUIN. Only one of the genes coding for proteins of the kynurenine pathway, NMNAT2, was
differentially expressed upon KO of QPRT. This enzyme acts as an axonal maintenance factor down-stream
of QPRT. Reduction of NMNAT2 levels was found to cause axonal degeneration in superior cervical ganglia
neurons (Gilley and Coleman, 2010) and axonal outgrowth deficits in NMNAT2-KO mice (Hicks et al., 2012).
NMNAT?2 is influenced by MAPK signaling which promotes axonal degeneration by speeding the turnover of
NMNAT2 (Gerdts et al.,, 2016; Walker et al., 2017). Considering the fact that MAPK3 is also located in
Chr16p11.2 and that a deletion of this region reduces MAPK3 expression, the reduced NMNAT2 availability
could be alleviated in 16p11.2 deletion carriers by slowing down the NMNAT2 turnover mediated by
MAPK3. However, it remains unclear why NMNAT2 is the only enzyme of the kynurenine pathway showing

differential expression after KO of QPRT.
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In contrast to the studies in animals or patients discussed above, we investigated the loss of QPRT at
cellular level only. SH-SY5Y cells may not be able to produce QUIN at all, as it was mostly found to be
produced by microglia and macrophages (Guillemin, 2012). Also, depending on the brain region, neurons
exhibit differing sensitivity to QUIN, e.g. neurons of the cerebellum were shown to be less sensitive than
those within the striatum or hippocampus (Guillemin, 2012). Furthermore, although the SH-SY5Y cells
under study here do express some NMDA-R subunits it is possible that QUIN exhibits its excitotoxic effects
to different extents depending on the expressed receptor subtype configuration (Guillemin, 2012).
However, since cell death was only observed in differentiating cells and could be replicated in the
chemically and genetically induced models for QPRT loss, we suggest that other, QUIN independent
mechanisms of QPRT might be inhibited. Nevertheless, the overlaps of the functional effects of QPRT loss

reported here and the findings in mouse models or ASD patients remain to be elucidated.

5.3.3 Overlap of ASD and epilepsy: Genes differentially regulated upon KO of QPRT in SH-SY5Y
converged on synaptic functions with a suggested impact on E/I balance
Our findings of the transcriptomic approach overall suggested the loss of the ASD candidate gene QPRT to
impact on neuronal viability via an increased negative regulation of cytoskeleton organization as well as an
inhibition of neuronal differentiation and dendritic spine development. The reduced neuritic complexity
observed in our KD model for QPRT specificall mirrored this functional role in these processes. Similarly,
copy number changes of the whole 16p11.2 region were found to alter the expression of synaptic genes in
lymphoblastoid cell lines as well (Blumenthal et al., 2014). The functional association of QPRT with ASD was
further affirmed by the overlap of genes de-regulated upon KO of QPRT with ASD candidate genes

extracted from SFARI (https://gene.sfari.org; see 4.3.3.4 and Table 2).

Among the most interesting candidate genes differentially expressd upon QPRT-KO is the gene potassium

voltage-gated channel subfamily Q member 3 (KCNQ3) located at Chr8g24.22. This ASD candidate gene is

down-regulated upon QPRT-KO. It encodes a protein regulating neuronal excitability by repolarizing the cell
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membrane after action potentials. Variants of this gene were found to be implicated in the development of
ASD and epilepsies (Gilling et al., 2013).

Another ASD risk gene down-regulated in QPRT-KO cells is the solute carrier family 7 member 3 (SLC7A3),
located at ChrXg13.1 and coding for the sodium-independent cationic amino acid transporter CAT-3. This
protein is specifically expressed in the developing brain and four different missense variants were identified
in individuals with ASD (Nava et al., 2015). Functional analysis revealed two of these four variants to cause
severe or moderate loss of CAT-3 function potentially impacting on NO and mTOR signaling (Nava et al.,
2015).

The gene chromodomain helicase DNA binding protein 2 (CHD2) at Chr15g26.1 is one of the two ASD
candidate genes up-regulated in QPRT-KO cells and is involved in epilepsy (Caputo et al., 2018) as well as in
the development of cortical inhibitory interneurons (Meganathan et al., 2017).

Another gene down-regulated upon QPRT-KO is the gene 4-aminobutyrate aminotransferase (ABAT) which
is involved in the catabolism of GABA and located at Chr16p13.2. In line with this finding, children with ASD
exhibit elevated GABA levels in urine (Cohen, 2001) and plasma (Cohen, 2001; Dhossche et al., 2002; Russo,
2013) while the opposite is the case for epilepsy (Cohen, 2001). Although, as discussed by Dhossche et al.,
2002, the relation of GABA levels in plasma with those of the brain and cerebrospinal fluid are unclear,
alterations of GABA levels were suggested to be shared between the etiologies of ASD and seizures (Olsen
and Avoli, 1997; Tanaka et al., 2012). This is also in line with the repeated reports of an E/I imbalance in
ASD and epilepsy (Ben-Ari et al., 2012; Dickinson et al., 2016; Bozzi et al., 2017).

Paired box 5 (PAX5), an ASD candidate gene down-regulated upon loss of QPRT located at Chr9p13.2, codes
for a transcription factor implicated in neuronal development. PAX5-KO in GABAergic neurons of mice led
to an enlargement of lateral ventricles at seven weeks of age ultimately resulting in death of the mice one
to two weeks afterwards (Ohtsuka et al., 2013).

Furthermore, a member of the SHANK family, SHANK1, located at Chr19q13.33, was down-regulated upon
KO of QPRT. SHANK proteins (SHANK1, SHANK2 and SHANK3) are scaffold proteins enriched in the

postsynaptic density (PSD) of excitatory glutamatergic synapses. These proteins are required for
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synaptogenesis and synaptic function and have recurrently been shown to be implicated in the etiology of
ASD (Jiang and Ehlers, 2013). KO mice for SHANK1 exhibit an altered PSD protein composition, smaller
dendritic spines as well as weaker basal synaptic transmission (Hung et al., 2008; Sungur et al., 2017).

The gene CUGBP elav-like family member 4 (CELF4), located at Chr18q12.2, deletions of which have been
identified in ASD patients, was down-regulated upon KO of QPRT. CELF4 codes for an RNA binding protein
that was found to regulate a vast set of mRNAs, especially a specific set coding for proteins involved in
synaptic neurotransmission in both pre- and postsynapses (Wagnon et al., 2012). Of note, over 30% of ASD
candidate genes were found in the mRNA set bound by CELF4 when cross-referenced to the ASD risk gene
database AutDB (Basu et al., 2009; Wagnon et al., 2012). In mice, CELF4 is predominantly expressed in
excitatory neurons located in the cortex and the hippocampus but sparsely in highly GABAergic neurons as
found in the striatum (Wagnon et al., 2011). Lack of CELF4 during embryology led to a complex seizure
phenotype in CELF4-KO mice. As seizures associated with epilepsy are considered to arise from alterations
of synaptic transmission during development, the authors furthermore studied temporal and spatial KO of
CELF4. Both, deletion of CELF4 in adulthood or from excitatory neurons only, was sufficient to induce
convulsive seizures. The deletion of CELF4 resulted in a boost of excitatory synaptic transmission, indicating
increased glutamate release or an increase of glutamatergic synapses (Wagnon et al., 2011).

Another gene down-regulated upon KO of QPRT is the Alzheimer’s disease-implicated gene B-A4 amyloid
protein precursor (APP) located at Chr21g21.3. KO mice for APP exhibited reduced branching of both
dendrites and axons in cultured hippocampal neurons resulting in reduced synapse formation (Southam et
al., 2018).

Syndecan 2 (SDC2) at Chr8qg22.1 codes for a protein localized to dendritic spines and required for
spinogenesis (filopodium-spine transition) as it facilitates the targeting of NMDA-R via a Ca®* dependent
interaction with calcium/calmodulin-dependent serine protein kinase (CASK) and Lin-7 homolog B, crumbs
cell polarity complex component (LIN7B; Hu and Hsueh, 2014).

We also found contactin associated protein like 2 (CNTNAP2), a well replicated risk gene for ASD

(Pefiagarikano and Geschwind, 2012) located at Chr7g35-36.1, to be down-regulated in QPRT-KO cells.
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CNTNAP2 is a member of the presynaptic neurexin family and mediates interactions between neurons and
glia during nervous system development. Furthermore, CNTNAP2 is located at the juxtaparanodes of
myelinated axons and required for the localization of Kvl-family potassium channels in differentiating
axons to stabilize the conduction of action potentials (Scott et al., 2017). Studies of CNTNAP2-KO mice
suggested a role for CNTNAP2 in brain development and neuronal differentiation as the mice showed
aberrant neuronal migration as well as a reduction of GABAergic interneurons (Pefagarikano et al., 2011).
Another KO mouse study reports CNTNAP2-KO mice to exhibit altered excitatory synaptic transmission in
the neocortex, as well as repetitive behavior at the phenotypic level (Scott et al., 2017). A more recent
study reports a role for CNTNAP2 in already-formed interneuron dendritic trees via the interaction with
CASK, which is also a known ASD risk gene (Gao et al., 2018). In a former study, our group reports CNTNAP2
promoter variants reducing transcription to be risk factors for ASD (Chiocchetti et al., 2015).

The gene syntrophin gamma 2 (SNTG2) is also down-regulated in QPRT-KO cells and codes for a synaptic
scaffolding protein involved in actin and PDZ domain binding. SNTG2 is located in 2p25.3, a region linked to
intellectual disability (Bulayeva et al., 2015) and implicated in ASD (Rosenfeld et al., 2010; Lovreci¢ et al.,
2018). The protein SNTG2 was shown to interact with neuroligins 3 and 4X at the inhibitory synapse
(Yamakawa et al., 2007) and this interaction was weakened by ASD-associated mutations, e.g.
NLGN3inR737C, where an arginine at the intracellular part of NLGN3 is exchanged to a cysteine (Yan et al.,
2005a; Yamakawa et al., 2007). NLGN3 is found at the postsynapse of both GABAergic and glutamatergic
synapses (Budreck and Scheiffele, 2007) and plays a role in synaptogenesis and glia-neuron interaction.
Interestingly, QPRT was also found to physically interact with NLGN3 (Shen et al., 2015). Although the
function of the interaction between NLGLN3 and QPRT is still unclear, it is likely that QPRT is involved in the
formation of the postsynaptic density of GABAergic and glutamatergic neurons. NLGN3 variants associated
with ASD might thus also be linked to loss of QPRT function through an altered binding at the postsynaptic
density.

QPRT-KO also led to inhibition of gamma-aminobutyric acid type A receptor beta 3 subunit (GABRB3), which

is a well replicated ASD risk gene (Buxbaum et al., 2002). GABRB3 is located on Chr15q11-13, a region
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strongly implicated in ASD, and codes for a subunit of the inhibitory GABA receptor (La Torre-Ubieta et al.,
2016). Reduced expression of inhibitory GABA signals shifts the E/I balance to the excitatory side (Pizzarelli
and Cherubini, 2011) as observed in KO mice for GABRB3 (Delorey et al., 1998). These mice exhibited
several phenotypes similar to that seen in ASD patients including EEG abnormalities and seizures, learning
deficits or hyperactivity (DelLorey et al.,, 1998). A down-regulation of GABRB3 upon KO of QPRT could
furthermore impair synaptic transmission and postsynaptic scaffolding of inhibitory synapses via gephyrin
(GPHN) which in turn interacts with members of the neuroligin family, especially NLGN2 (Poulopoulos et al.,
2009; Pizzarelli and Cherubini, 2011). It is suggested that at excitatory synapses NLGN3 can bind to
neurexins on its own while it needs to build heterodimers with NLGN2 for proper function at the inhibitory
synapse (Nguyen et al., 2016). The function of NLGN2-NLGN3 heterodimers in QPRT-KO could further be
altered as the down-regulation of GABRB3 may also impair the scaffolding protein GPHN needed for
synaptic transmission.

Finally, catenin beta 1 (CTNNB1) is down-regulated in QPRT-KO cells. The gene located at Chr3p22.1 is
coding for the protein B-catenin which on the one hand plays a role in transcription and on the other hand
mediates the formation of cell-cell-junctions. It plays an additional role in neurons, where it regulates the
size and localization of synaptic vesicle clusters at the presynapse via the interaction with PDZ proteins
(Bamiji et al., 2003; Maguschak and Ressler, 2012; Wisniewska, 2013). At the postsynaptic site B-catenin
interacts with the synaptic scaffolding molecule (S-SCAM) which in turn interacts with NMDA-R and
neuroligins (Nishimura et al., 2002) and regulates the excitatory postsynaptic strength (Okuda et al., 2007).
A recent study in mouse reports Wnt/B-catenin signaling to increase the expression of NLGN3 as
endogenous B-catenin binds to sequences in the promoter of NLGN3 (Medina et al., 2018). Furthermore,
activation of Wnt/B-catenin increased NLGN3 clustering and its co-localization with PSD-95, suggesting a
role for this pathway in E/I balance (Medina et al., 2018). We therefore hypothesize that loss of QPRT may
not only affect the direct interaction with NLGN3 but can further impact on its function via the down-

regulation of Wnt/B-catenin signaling.
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Here, we report various ASD candidate genes differentially regulated upon KO of QPRT also being involved
in the etiology of epilepsy, corroborating the findings that 40% of 16p11.2 deletion carriers are diagnosed
with comorbid epilepsy (Shinawi et al., 2010). Overall, ASD candidate genes down-regulated upon KO of
QPRT were predominantly involved in processes of synapse formation and organization as well as
neurotransmission in both GABAergic and glutamatergic synapses. The down-regulated candidate genes
furthermore impacted on neurite outgrowth and spinogenesis, while one of the two up-regulated
candidates was involved in the generation of inhibitory interneurons. Ultimately, the disturbance of these
processes suggestively results in an imbalance of excitation (E) and inhibition (I), a process highly discussed
in both ASD and epilepsy (Bozzi et al., 2017).

Approaches to measure or identify E/I imbalance include the accession of frequencies of GABAergic and
glutamatergic receptors in post mortem brains as well as in vivo MRI studies measuring GABA and
glutamate levels (Dickinson et al., 2016). Although there is evidence for both, an increased relative
excitation over inhibition and the opposite in ASD (Dickinson et al.,, 2016), the imbalance towards an
increased excitation (hyperexcitability) is suggested to contribute higher to the comorbidity of ASD and
epilepsy (Dickinson et al., 2016; Bozzi et al., 2017). The reported imbalances were identified in different
brain regions during development and can arise from or impact on the molecular, cellular and circuit level
(Dickinson et al., 2016). At the level of neural transmission, cellular abnormalities are reported from various
parts of this system: neurotransmitter generation, release, reception and re-uptake (Dickinson et al., 2016).
Further, findings in ASD included alterations of especially GABA receptor densities (Coghlan et al., 2012).
Interestingly, in the adult brain GABA is mostly acting as an inhibitory neurotransmitter while it was found
to additionally act excitatory in the developing brain (Sibilla and Ballerini, 2009).

A small metabolic study comparing blood plasma of 15 children with ASD to that of 12 age-matched healthy
siblings identified disturbances of the kynurenine pathway, i.e. elevated levels of QUIN and kynurenine
accompanied by a decrease of the neuroprotective picolinin acid, suggested to result in an imbalance of
excitation and inhibition (Lim et al., 2015). Of note, to our knowledge these children were only analyzed

and excluded for mutations in TSC or FMR1 but not for e.g. CNVs including their state of 16p11.2 copy
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numbers. The findings need to be repeated for bigger sample sizes of individuals tested for their genetic
background to clarify whether alterations of the kynurenine system are observed in individuals with ASD in

general and if these alterations differ from the ones in carriers of 16p11.2 CNVs.

5.3.4 Neuronal cell death of SH-SY5Y induced by QPRT loss: Suggested mechanisms

ASD is categorized as neurodevelopmental disorder meaning that the perturbations of the various neuronal
systems which lead to the disorder are arising during different phases of brain development. In general, cell
death of a subset of immature neurons is an important process during brain development while other
progenitor cells will enter pro-survival pathways (Pfisterer and Khodosevich, 2017). Again, perturbations of
these developmental processes induced by genetic mutations like the deletion of Chr16p11.2 or as seen in
our study the death of neuronal cells induced by KO of QPRT may be involved in the etiology of ASD.
A review on E/I imbalance also highlights the role of processes of neural development including synapse
formation and function (Rubenstein and Merzenich, 2003). A down-regulation of genes involved in the
formation and maintenance of synapses as observed in our KO-model for QPRT may lead to alterations of
neurotransmission and circuit function and can further influence neuronal survival (Rubenstein and
Merzenich, 2003).

Fricker et al., 2018 reviewed the various processes involved in neuronal cell death and defined them either
by the stimuli inducing death (e.g. excitotoxicity) or by the mechanism executing cell death (e.g. apoptosis).
Regarding apoptotic processes, genes differentially up-regulated upon KO of QPRT were indeed enriched
for the GO-term “apoptotic process involved in morphogenesis”. In our cell model, we excluded QUIN-
induced excitotoxicity, however, there are several other options discussed in Fricker et al., 2018: One is
neuronal cell death during development and its prevention by survival factors. Neurotrophic factors (e.g.
NGF, BDNF, NT3-5) and the respective kinases are essential for neurons and their absence leads to
apoptotic cell death (Rubenstein and Merzenich, 2003; Fricker et al., 2018). The here applied differentiation
method is based on BDNF but neither BDNF nor the gene NTRK2 coding for its receptor Trkb are
differentially expressed in our KO cell lines. It remains to be elucidated if downstream mediators of this

pathway are disturbed upon KO of QPRT. Another option is axon death and cell death induced by axotomy
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(Fricker et al., 2018). This mechanism includes the action of NMNAT2 which is down-regulated upon KO of
QPRT. Blocking of NMINAT2 expression was shown to result in the generation of short axons only (Fricker et
al., 2018). It remains to be established whether the QPRT-KO induced reduction of NMNAT2 is underlying
the here observed effects. Additionally, the authors discuss the mechanism of cell death induced by cell
cycle re-entry. Usually, differentiated neurons are considered as postmitotic. There are cases where
neurons would re-enter the cell cycle, e.g. after DNA damage (Fricker et al., 2018), which is usually resulting
in neuronal cell death (Walton et al., 2018). In our cell model we observed enrichment for the process
“negative regulation of mitotic cell cycle” in down-regulated genes and “positive regulation of mitotic
nuclear division” in up-regulated genes. The observed death of differentiating QPRT-KO cells might be
related to perturbations of the cell cycle or their inhibited capacity to exit the cell cycle.

In addition, although NLGN3 itself is not differentially regulated upon KO of QPRT, we hypothesize that due
to the described variants the interaction between NLGN3 and QPRT is altered which in turn could impair
NLGNS3 in its function suggestively resulting in disturbed synaptogenesis. A potential perturbation of NLGN3
function is not only possible due to QPRT itself but could also be mediated via other genes that are down-
regulated upon KO of QPRT. As discussed above, the proteins encoded by SNTG2 and CNNTB1 could also

impact on the function of NLGN3.

5.3.5 Translation to human brain development: Expression patterns induced by QPRT-KO
impacted on neuron-specific markers, developmental processes and brain regions
previously associated with ASD

Finally, by translating the in vitro transcriptomic effects of QPRT-KO to the gene-networks active during

human brain development (Kang et al., 2011) we observed differentially regulated genes to be enriched in

modules previously associated with cell cycle regulation (Kang-Module 1), transcription factors regulating
progenitor cell fate (Kang Module 20), neuronal development (Kang-Module 10 and 20), morphogenesis

(Kang Modules 17 and 2) and synaptic transmission (Kang-Module 2 and 15). These findings mirrored the

functions of the above discussed ASD-candidate genes affected by loss of QPRT which again indicated a role
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for QPRT in these processes. In addition, the Kang-Modules identified to be affected by QPRT-KO were also
reported to be highly co-expressed (p > 0.68) with markers for glutamatergic (Kang-Module 10) and
GABAergic neurons (Kang-Module 2 and 15) or astrocytes (Kang-Module 2). This further supported our
conclusion drawn from the single ASD related genes differentially regulated upon KO of QPRT.

To understand the potential neural consequences of QPRT-KO, it is essential to compare the brain regions
indicated by our transcriptomic translational approach to results of brain imaging studies. Overall, the QPRT
implicated functional networks were associated with brain regions that have been previously discussed in
the context of ASD. However, few consistent imaging findings are available for ASD, and thus only findings
from meta-analyses are discussed here.

Genes down-regulated upon QPRT KO were enriched in a negatively regulated gene set relevant for the
cerebellum. In addition, the activated module for cerebellar development was also enriched for
differentially regulated genes. Interestingly, a meta-analysis of fMRI studies in ASD confirmed that the
cerebellum is differentially inhibited during face processing and activated during non-face processing tasks
when comparing ASD cases to controls (Patriquin et al., 2016). It remains to be tested if alterations of the
QPRT implicated gene-network are directly related to this phenomenon.

The same meta-analysis also reported an increased activity in the superior temporal cortex during non-face
processing tasks in ASD (Patriquin et al., 2016). This again is translatable to our findings of an altered gene
network regulating development of the superior temporal cortex. Furthermore, the transcriptomic
approach suggested that reduced availability of QPRT inhibits networks involved in development of the
prefrontal cortex, the middle frontal gyrus, the hippocampus and the amygdala. Again, the meta-analysis
referenced above confirmed a reduced activation of the middle frontal gyrus during face processing tasks
paralleled by an increase in activation during non-face processing tasks. Regarding social brain activity, the
authors reported lower activation of the hippocampus in ASD while the amygdala showed altered
activation in both directions (Patriquin et al., 2016).

At structural level an increased prefrontal grey matter in probands with high functioning autism has been

confirmed (DeRamus and Kana, 2015). Considering our enrichment analyses we hypothesize that this again
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may originate from an altered regulatory network of the early infancy and childhood prefrontal cortex
development as suggested in this study here.

Although interpreting these findings in detail would go beyond the scope and suitability of this study here,
the suggested altered neurotransmission induced by KO of QPRT may also impact on the discussed brain
regions and lead to imbalances of excitation and inhibition during critical phases of neuronal development

(Rubenstein and Merzenich, 2003).

5.4 Limitations of the study

To validate the gene dosage dependent expression of QPRT at mRNA level we only had access to
lymphoblastoid cell lines of one 16p11.2 deletion carrier and his parents. However, our findings mirror
previous reports of a gene dosage dependent expression of genes located in 16p11.2 (Blumenthal et al.,
2014).

Although the here applied differentiation method yielded a more mature SH-SY5Y neuronal phenotype as
reported from other studies, our model does not allow investigating all functional aspects of neurons. Our
cells are suggested to exhibit limited synaptic function as they did express genes of synaptic pathways but
they did not show preservation of modules associated with synaptic transmission (Chiocchetti et al., 2016).
The fact that the applied cell line is not able to build functional synapses is a critical point for the
interpretation of our results as our main finding is based on an altered synaptic transmission upon KO of
QPRT. We suggest repeating the findings in neuronal cell lines reaching a more mature neuronal stage, e.g.
human neuronal progenitor cells.

In addition, when analyzing the overlap of differentially expressed genes in QPRT-KO cells with ASD
candidate genes the conclusion of enrichment for neuronal genes can be biased. ASD genes are known to
frequently play a role in synaptic function and thus several publications specifically focused on these genes.
Still, it has to be noted that the same processes were also found when we look at all (i.e. systems level) of
the genes differentially regulated upon KO of QPRT. There, down-regulated genes, suggestively reduced in

their function, again were involved in processes including synapse organization as well as glutamate
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secretion under the top 10 GO terms independent of their previous involvement in ASD. Up-regulated
genes are as well involved in processes like neurotransmitter secretion or dendritic differentiation.
Although these associations were significant, it has to be considered that they were not under the top
enriched GO terms.

Here, we exclude alterations of the kynurenine pathway, like the potential accumulation of QUIN, as
underlying mechanism for SH-SY5Y cell death during differentiation upon QPRT-KO. Obviously, we are not
able to picture this process to an extent as it is possible in mouse models or ASD patients. As discussed
above, QPRT could have a dual role in patients where its gene dosage reduction on the one hand may lead
to an accumulation of QUIN and on the other hand may impact on synapse formation and
neurotransmission.

While the here generated KO cell lines showed an almost complete loss of QPRT, patients carrying a
deletion of Chr16p11.2 are hemizygous for the deletion meaning that they still express the region harboring
QPRT on one allele. The genes and pathways affected by KO of QPRT ultimately leading to neuronal cell
death may be affected in a milder form in ASD patients suggestively resulting in similar effects as observed
in our KD model. In addition, it has to be considered that in patients not only QPRT is affected by gene
dosage changes but also its neighboring genes located in Chrl6p11.2 which could alter the functional
impact of QPRT. More studies will be needed to reveal the interplay of the individual genes located in this

region.

5.5 Outlook

To further elucidate the function of QPRT and its role in ASD etiology, there is a need to repeat our findings
in neuronal cells that reach a more mature state, e.g. human neuronal progenitor cell lines. Specifically,
gene networks involved in synaptic function and neurotransmission were shown to be fully preserved in
this neuronal cell model (Stein et al., 2014) while these networks cannot be fully depicted in SH-SY5Y cells.

In CNV carriers, QPRT is not deleted as single gene but together with its surrounding genes in Chr16p11.2.

Therefore, the generation and characterization of iPSCs of 16p11.2 deletion carriers can reveal the
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functional impact of QPRT when compared to the deletion of QPRT alone. In addition, overexpressing QPRT
in these cells can disclose the effect of a wild type QPRT gene dose in the surrounding of the 16p11.2
deletion. Furthermore, the application of overexpression experiments allows investigating the functional
impact of duplications which were not under study here.

In addition, the QPRT-KO mouse model is of great interest for our studies. This model allows to study the
functional effect of QPRT loss not only at cellular level to validate our findings presented here but it
furthermore is an option to study the possible dual role of QPRT with its involvement in neurotransmission
and the systems-wide effect of the kynurenine pathway.

To further understand the phenotype observed in QPRT-KO cells, the investigation and comparison of QPRT
variants would be an interesting follow-up study, although to our knowledge there are none described.
More studies are needed to elucidate the role of the interaction between QPRT and NLGN3 as the latter is a
very promising and highly discussed ASD candidate gene involved in synaptogenesis. As already discussed
above, we hypothesize that due to the described variants the interaction between NLGN3 and QPRT is
altered which in turn could impair NLGN3 in its function. In addition, the down-regulation of SNTG2 and

CNNTB1 upon KO of QPRT could also impact on the function of NLGN3.

6 Conclusions

Here, we report quinolinate phosphoribosyltransferase (QPRT), a gene located in the ASD-associated
16p11.2 CNV region, to be essential for and causally related to in vitro neuronal differentiation of SH-SY5Y
cells. While knock down of QPRT only resulted in slight alterations of neuritic complexity, a complete loss as
well as chemical inhibition led to cell death during differentiation but not proliferation. This corroborates
previous reports where alterations of 16p11.2 gene dosage resulted in subtle changes of neuromorphology
in mouse models and human cell lines as well as post mortem findings of a disturbed neuronal
development in ASD in general.

In contrast to the available literature on QPRT and its substrate QUIN we could not find alterations of the

kynurenine pathway in the here generated SH-SY5Y QPRT-KO cellular model. Rather, the complete loss of
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QPRT impacted on ASD candidate genes converging on functions in synapse formation and stability as well
as neurotransmission in both glutamatergic and GABAergic synapses. All but two of the differentially
expressed genes were down-regulated upon KO of QPRT, predicting a reduced function. In addition, our
findings further support the previously suggested link between QPRT and the ASD candidate protein
NLGN3, which needs further characterization in future studies. In general, genes down-regulated upon KO
of QPRT were involved in processes including synapse organization as well as glutamate secretion. Finally,
the finding of synaptic processes was mirrored by the results of our translational approach of human brain
development.

We conclude that the availability of QPRT is linked to genes implicated in the formation, function and
existence of functional synapses. Further, we hypothesize that an interplay of the down-regulation of genes
implicated in the development and function of synapses and the various apoptotic mechanisms including
aberrations of axonal outgrowth as well as an inhibited capacity of exiting the cell cycle leads to the here
observed cell death of differentiating SH-SY5Y QPRT-KO cells. We further hypothesize that in patients QPRT
could have a dual role: First, as suggested in our transcriptomic approach here, loss of QPRT impacts on
several genes regulating synaptic functions which may lead to E/I imbalances ultimately resulting in
neuronal cell death. Second, as observed in QPRT-KO mice, QPRT loss leads to an accumulation of the
excitotoxin QUIN which suggestively also induces neuronal cell death. In carriers of 16p11.2 deletions an
interplay of both mechanisms could lead to the observed phenotype.

The findings of our study partially revealed how the KO of a single gene can impact on the etiology of this
complex disease and helped to further understand the underlying mechanisms of ASD and related
disorders. To confirm these results and the neurodevelopmental role of QPRT in the etiology of ASD in

general, further studies in human neuronal progenitor cells or animal models are needed.
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7 Appendix

7.1 Supplementary tables

7.1.1 List of antibodies used in this study

Primary

Antibody Dilution Supplier
rabbit anti-CDK1 1:500 GeneTex
rabbit anti-MAPT 1:500 GeneTex
mouse anti-QPRT 1:1,000 Abcam
mouse anti-GAPDH 1:2,500 Santa Cruz
anti-ACTB 1:10,000 Sigma Aldrich
Secondary

Antibody Dilution Supplier
goat anti-rabbit poly-HRP 1:5,000 Pierce
goat anti-mouse poly-HRP 1:5,000 Pierce
anti-mouse IgG HRP 1:5,000 Santa Cruz

For gene descriptions also see List of genes discussed in this study.

7.1.2 List of real-time PCR primers used in this study

Primer Forward Reverse UPL probe
out_ 1 tttgttggcaaacagcattc aaacatacatggggtgaagagg | 12
in_1 acgtccattcactgcaacac agtgactggtgctggtttagg 61
in_2 gaagaaccattgcctaattgga | aagcaggaaaagcctcatca 89
in_3 acagtgcctcgaaaggtgat ccacaagaccgcaaagtca 64
out_2 cctacttgccaagacagcaga | gggatggggtaaggacga 21
reference_SNCA | ttacttttcatgtctaagggctga | ggggctgaccttcaagattc 35
reference_CSF3R | tggtgactggagatggtgag gaagaggggagggtccataa 23

For gene descriptions also see List of genes discussed in this study.
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7.1.3 List of real-time RT-PCR primers used in this study

Gene RefSeq-Nr. Forward Reverse ng:)II)e
ARHGAP20 | NM_020809.3 tgagatgtgacactagagagaatgc | ctcatttagctcattttccaagc 63
BRINP1 NM_014618.2 aaaagtacggcacccacct catatacatggtcaaagcctcct 5
CCK NM_000729.5 ctttcactgacccagaacactg cggttgaagtggctcctg 80
CDK1 NM_001786 tggatctgaagaaatacttggattcta | caatcccctgtaggatttgg 79
CNTNAP2 NM_001786 cctggagctctacagccagt tcaccccattcatcctcaa 26
COX17 NM_005694.1 aagatgccgggtctggtt ttettetectttctcgatgataca
COX17P1 ENSTO00000535895 | caagtgcagcagggcttc aaagatgccgggtctggt

CUX2 NM_015267.3 cgtcatcaactggttccaca ggatcaaggtctggctcatc 22
DHCR7 NM_001360 gccatggtcaagggctac ttgtaaaagaaattgcctgtgaat | 60
DRD4 NM_000797.3 gctcttcgtctactccgaggt cgcacaggttgaagatgga 66
GABRB3 NM_000814.5 tgagctcccgceagttctc cagtgacagtcgaggataggc 54
GAPDH NM_002046.3 agccacatcgctcagacac gcccaatacgaccaaatcc 60
GRIA2 NM_000826.3 actgacaccccacatcgac tcgaaaactgggagcagaaa 10
GRIK2 NM_021956.4 tggatattctcaaggaaccacac tcacagcaaatctgaatgcaa 73
GRIN1 NM_001185091.1 ccgcatgtccatctactcg tggactggtgggagtaggg 4
GRM1 NM_000838.3 atgtctctgcagtccacacg cagaatgggcgatacagagg 44
GRM4 NM_000841.1 tgaccacctgcaccttagaa actgtcttcttccgctcacc 74
GUCA1A NM_000409.4 caggacctcgagcagtctct gagtctccactaaatccttgcag 66
GUSB NM_000181.3 cgccctgcectatctgtattc gatgaggaactggctcttgg 5
KCNQ3 NM_004519.3 aagggtcagcattcaccttc tgatgtggatggtctggcta 14
LINC01760 | NR_135588 .1 aggcaacttactagactaagggtga | tgcatttctcaaagcagacaa 4
MAPT NM_016835 accacagccaccttctcct cagccatcctggttcaaagt 55
NLGN3 NM_018977.3 cccaacgaagactgtctctacc cctcgcecctgtttcttage 88
NMNAT?2 NM_015039.3 acacctggcagacgacct gotgtgttgacattggagagg 71
NRXN1 NM_001135659 ccggagccaggaacttaga tggtaaggatttgtatgtttctttagc | 63
POLR2F NM_001135659 gatgaagggctagatgacttgg ccagaggggaggatctcg 2
PSMD7 NM_002811.4 cacgtgaccagtgaaattgg ccaccgtcgtgtctttgata

QPRT NM_014298.3 tggaagtggaatgcagcag gaactgggccttcagcac 82
SHANK3 NM_033517 cacggaccaagtctgtaggg gtcttgcatcgaggtgctc 11
SNTG2 NM_018968.3 ttttcaacgtggagcttgg gctgcacatgtatgttctgga 7
SRRM4 NM_194286.3 gctcctectatgccagcac gagagcgggagtaggacctt 65
TH NM_199292.2 cctggtcaccaagttcgac gtacacctggtccgagaagc 85
VSTM2A NM_182546.3 ctggagatccaatggtggtt ctgtccgggtctetgtcg 39

For gene descriptions also see List of genes discussed in this study.
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7.1.4 sgRNAs and sequencing primers for CRISPR/Cas9

sgRNAs were designed using the tool crispr.mit.edu/:

Ex.2.1 5’ CACCGCAGTTGAGTTGGGTAAATA 3
37 CGTCAACTCAACCCATTTATCAAA 5'
Ex.2.2 5’ CACCGCAGCGGGCCAGCGTGTTGA 3
37 CGTCGCCCGGTCGCACAACTCAAA 57

Oligos were ordered from Sigma Aldrich and cloned into pSpCas9(BB)-2A-Puro (PX459) V2.0 (Plasmid

#62988; Addgene).

Primer used for Sanger-Sequencing:

Ex.2.1/Ex.2.2 fw GAGAGGCAGCCAAACTCAA
Ex.2.1/Ex.2.2 rv ACCAGGAGCCCATACTTCT

7.2 Supplementary methods

7.2.1 Imagel macros for Sholl analysis

7.2.1.1 Make binary for soma 20x

run("Set Scale...", "distance=404 known=100 pixel=1 unit=pm");
setMinAndMax (150, 255);
call("ij.ImagePlus.setDefaultlébitRange", 0);

run ("Subtract Background...", "rolling=25 sliding") ;

run ("Despeckle") ;

run("8-bit")

setAutoThreshold ("Otsu dark") ;

run ("Make Binary");

7.2.1.2 Make binary for sholl 20x

run("Set Scale...", "distance=404 known=100 pixel=1 unit=pm");
setMinAndMax (17, 100);
call("ij.ImagePlus.setDefaultlebitRange", 0);

run ("Subtract Background...", "rolling=25 sliding") ;

run ("Despeckle") ;

run("8-bit") ;

setAutoThreshold ("Triangle dark") ;

run ("Make Binary") ;
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7.2.1.3 Analysis soma area

run("Create Selection");
run ("Measure") ;

7.2.1.4 Analysis sholl area

run("Create Selection");
run ("Measure") ;

7.2.1.5 Analysis sholl

run("Sholl Analysis...", "starting=5 ending=NaN radius step=1 samples=3
samples integration=Mean sholl=Intersections fit polynomial=[5th degree]
background=228") ;

close() ;

7.2.2 Metabolite analysis

For subsequent metabolite analysis, samples were sent to and analyzed by Prof. Gilles J. Guillemin and Dr.
Chai K. Lim (Maquarie University, Australia). The methods have previously been described in their original
publications (Lim et al., 2015; Lim et al., 2017a) as copied here: Prior to analysis, culture media and serum
samples were deproteinized with trichloroacetic acid at a final concentration of 5 % (w+v) in equal volume.
Samples were incubated for 5 min, vortexed and then centrifuged (4°C) for 10 min at 12,000 rpm.
Supernatant was extracted, filtered with syringe filters (0.22um) and subsequently injected into analyzers.
Concurrent quantification of tryptophan (TRP), kynurenine (KYN), 3-hydroxykynurenine (3-HK),
3-hydroxyanthranilic acid (3HAA), and anthranilic acid (AA) was carried out in accordance to Lim et al.,,
2017a. An Agilent 1290 infinity ultra-high-performance liquid chromatography (UHPLC) system coupled
with temperature controlled autosampler and column compartment, diode array detector and
fluorescence detector were used for the analysis of these metabolites with a 20uL sample injection volume.
Separation of metabolites was performed under stable temperature of 38°C for 12 min, using 0.1mM
sodium acetate (pH 4.65) as mobile phase, with an isocratic flow rate of 0.75ml/min in an Agilent Eclipse
Plus C18 reverse-phase column (2.1mm x 150mm, 1.8um particle size). 3HK and KYN were detected using

an UV wavelength of 365nM with a retention time of 1.2 and 3.1 min, respectively. TRP, 3HAA and AA were
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detected using fluorescence intensity set at Ex/Em wavelength of 280/438 nm for TRP and 320/438 nm for
3HAA and AA. Mixed standards of all metabolites were used for a six-point calibration curve in order to
interpolate the quantity of the sample readout. Agilent OpenLAB CDS Chemstation (Edition C.01.04) was
used to analyze the chromatograms. The inter- and intra-assay coefficient of variation was within the
acceptable range of 3-7%.

Kynurenic acid (KA) detection was carried out using UHPLC with a gradient mobile phase comprising 50mM
sodium acetate buffer spiked with 25mM zinc acetate (dihydrate) to enhance fluorescence intensity and
2.25% acetonitrile as organic modifier (solvent A), and 10% acetonitrile (solvent B). Each sample (10uL) was
injected into a Poroshell RRHT C-18, 1.8um 2.1 x 100mm column (Agilent Technologies, Inc, Santa Clara,
CA) maintained at 38°C for a 12 min run time at a unison flowrate of 0.75 ml/min. The gradient elution
comprised 100% solvent A for 3 min and then 50% solvent A and 50% solvent B for 2 min, followed by 100%
solvent B for 2 min and 100% solvent A (run time of 10 min). This gradient ensured sufficient time for KA
retention while minimizing potential build-up of pressure due to precipitation of the high salt buffer.
Fluorescence was used for detection of KA (excitation and emission wavelengths of 344nm and 388nm,
respectively with a retention time of 1.5 min). Agilent OpenLAB CDS ChemStation (Edition C.01.04) was
used to analyze the chromatograms.

Picolinic acid (PIC) and quinolinic acid (QUIN) were detected using gas chromatography—mass spectrometry
(GC/MS) as previously described in Lim et al., 2015. Separation of PIC and QUIN were achieved using a DB-
5MS column, 0.25um film thickness, 0.25mm x 30m capillary column (Agilent Technologies, Inc, Santa
Clara, CA) with a 1uL injection volume of the derivatized sample. Quantification of PIC and QUIN
concentrations were analyzed using Agilent GC/MSD ChemStation software (Edition 02.02.1431) and
interpolated from the established six-point calibration curves based on the abundance count ratio of the
metabolites to their corresponding deuterated internal standards within each standard and sample. The
intra- and inter-assay coefficient of variability was within the acceptable range (4-8% for UHPLC assays,
7-10% for GC/MS assays) calculated from the repeated measures of the metabolite standards incorporated

during the sequence run.
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