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ABSTRACT

CHARACTERIZATION OF CKIIA-I1
-A PUTATIVE ORTHOLOG OF INTELLECTUAL DISABILITY
CANDIDATE GENE ZBTB11

Intellectual Disability (ID) is a heterogenic neurodevelopmental disorder seen in
different spectrums in affected individuals. Resulting problems in the diagnosis of ID and
limitations in its treatment constitutes a great emotional and financial burden to society.
Therefore, identification of ID-causative genes and their functional characterization are
important for the improvement of the current conditions. Two pathogenic variants of one of
the ID-candidate genes ZBTB11 was identified and its early characterization was performed.
In addition, knockdown of Cklla-i1, a Drosophila ortholog of ZBTB11 showed deficiency
in learning and memory center of Drosophila. The main aim of this study is the further
investigate Cklla-il and ZBTB11 in Drosophila in the pursuit of identifying their orthology.
Since both Ckllo-i1 and ZBTB11 were understudied genes, transgenic and KO fly lines were
generated and utilized in this study. In parallel, the expression of Cklla-il was characterized
in mushroom bodies (MB) and clock cells, which are learning- and circadian rhythm-related
brain compartments, respectively. In addition, the role of Cklla-i1 in MB development was
analyzed by performing morphological analyses of the MB in Cklla-i1 knockdown flies. For
loss-of-function analysis, two RNA interference lines for the knockdown of Cklla-il were
utilized. Furthermore, two Cklla-i1 KO lines were generated using CRISPR/Cas and used
for morphological analysis. Both knockdown and KO of Cklla-il resulted in shrinkage in
the a lobe of the MB, with higher frequencies in KO lines. In contrast, the over-expression
of Cklla-i1 using the Gal4/UAS system did not result in any changes in MB morphology.
Results of morphological analyses indicated that Cklla-i1 could have a role in axonal
guidance of a lobe axons. In order to investigate orthology between Cklla-il and ZBTB11,
wt and two identified variant ZBTB11 constructs were transgenically expressed in

Drosophila and their expression was validated in the fly brain.



OZET

ZIHINSEL ENGELLILIK ADAY GENi ZBTB11 ORTOLOGU
CKIIA-I1’IN KARAKTERIZASYONU

Zihinsel Engellilik (ZE), farkli spektrumlarda goriilen heterogenik ndrogelisimsel
bozukluktur. ZE'nin teshisinde ortaya ¢ikan sorunlar ve tedavisindeki kisitlamalar, toplum
i¢in biiyiik duygusal ve finansal yiik olusturmaktadir. Bu nedenle ZE'ye neden olan genlerin
tanimlanmas1 ve fonksiyonel karakterizasyonu, mevcut kosullarin iyilestirilmesi igin
elzemdir. ZE aday1 genlerinden biri olan ZBTB11’in iki patojenik varyanti tanimlanip erken
karakterizasyonu yapilmistir. Ayrica ZBTB11'in Drosophila ortologu olan Cklla-il'in
susturulmas1 sonucunda sinegin Ogrenme ve hafiza merkezinde bozukluk oldugunu
gostermistir. Bu ¢caligmanin temel amaci, potansiyel ortolojilerini belirleme arayisi ile Cklla-
il ve ZBTBI11'in sinek tlizerinde daha fazla arastirilmasidir. Hem Cklla-il hem de ZBTB11
yeterince ¢alisilmamis genler oldugundan, bu ¢alismada transgenik ve nakavt sinek hatlari
olusturulmus ve kullanilmistir. Paralel olarak, Cklla-il'in ifadesi, sirasiyla 6grenme ve
sirkadiyen ritimle ilgili beyin boélmeleri olan mantars1 gévde (mushroom body- MB) ve
sirkadyen hiicrelerinde karakterize edildi. Buna ek olarak, Ckllo-il'in MB olusumundaki
islevi, Cklla-11’1n susturuldugu sineklerde Morfolojik MB analizi ile karakterize edildi.
Cklla-i1'in fonksiyon kaybi igin, RNA enterferansi kullanilarak iki CkIla-il susturma hatti
ve CRISPR/Cas kullanilarak iki Cklla-il nakavt hattt olusturuldu. CkIlo-il'in hem
susturulmas1 hem de nakavti, nakavt hatta daha yiiksek frekansla goriilen MB'nin o lobunda
daralma ile sonuglandi. Buna karsilik, Gal4/UAS sistemi ile Cklla-il'in asir1 ifadesi, MB
morfolojisinde herhangi bir degisiklikle sonuglanmadi. Fonksiyonel analizler CkIlo-il'in
MB'nin lob aksonlarinin aksonal yonlendirmesinde rolii olabilecegine isaret etti. CkIla-il ve
ZBTBI11 arasindaki ortolojiyi aragtirmak i¢cin ZBTB11’in wt ve tanimlanmis iki varyant
formu Drosophila'da transgenik olarak eksprese edildi ve ekspresyonlar1 sinek beyni

tizerinde dogrulandi.
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1. INTRODUCTION

1.1. Intellectual Disability

Neurodevelopmental disorders, as the name implies, are primarily associated with
disabilities observed in the development and functioning of the nervous system (Morris-
Rosendahl and Crocq, 2020) and constitute a financial burden for low and middle-
income countries (Bitta et al., 2018). Symptoms emerge in childhood before the age
of 18 years (Baio et al., 2018). The major neurodevelopmental disorders are attention-
deficit /hyperactivity disorder, cerebral palsy, distorted vision and hearing abilities, im-
paired language and speech, autism, and intellectual disability (ID) (Morris-Rosendahl
and Crocq, 2020). Genetic and epigenetic factors are the initiative causes of neurode-
velopmental disorders. However, the symptoms can be aggravated according to the
environmental factors such as physical, chemical or psychological abuse, insufficient
nourishment and socioeconomic factors exposed during prenatal stages and/or during
adulthood (van Karnebeek and Stockler, 2012). Thus, the diagnosis of neurodevelop-
mental diseases can be tricky since some of these diseases like ID can emerge with a
70% frequency in individuals with autism (La Malfa et al., 2004). In addition, differ-
ent individuals with ID and autism are affected by the disorders with different levels.
Thus, both ID and autism are accepted as spectrum disorders (APA, 2013). Although
ID and autism have some shared molecular defects such as a pathogenic variant in
FOXP2 (Hamdan et al., 2010; Le Fevre et al., 2013), thanks to comprehensive clinical
and molecular research and advanced bioinformatic technology, today they can be dis-
tinguished by identification of potential causative genes via Next Generation Sequenc-
ing such as whole-exome sequencing (Sanders et al., 2012; Aspromonte et al., 2019;
Chiurazzi et al., 2020). While autism spectrum disorders mostly appear as oligogenic
or polygenic cases in harmony with de novo and common inherited variants (Chaste et
al., 2017), ID often represents monogenic mutations, which could be sporadic de novo
mutations or coalesced recessive mutations in consanguineous families (Arnett et al.,
2018). Although more than 1200 disease-associated ID genes were identified until now

(Moser, 2004 ), characterization of their function is necessary for appropriate treatment.



According to the diagnostic and statistical manual of mental disorders published
by the American Psychiatric Association, ID is characterized by deficits in both in-
tellectual and adaptive functioning (APA, 2013). While intellectual malfunctioning in
ID patients can be observed as a distortion in reasoning, planning, problem-solving
and abstract thinking, their adaptive behaviors are presented insufficiency in self-
management, practical knowledge acquisition and social skills such as communication
and friendship abilities (APA, 2013). In addition to these criteria, accompanied by
clinical judgment, individuals with an I() score lower than 70 are regarded as individ-
uals with an ID (APA, 2013). Depending on the severity of adaptive malfunctioning,
ID is also classified as mild, moderate, severe, and profound ID (APA, 2013).

Current treatment by pharmaceuticals and professional therapy only alleviates
the symptoms and covers only a small group of ID patients (van Karnebeek and Stock-
ler, 2012). However, if the spatial and temporal function of impaired gene/protein was
characterized, it could give rise to potential guided genetic or pharmaceutical therapies
to restore the distorted function of the causative ID gene/protein. However, genetic
heterogeneity of ID has been a noteworthy challenge for the comprehensive study of
candidate genes. Therefore, Drosophila melanogaster, the fruit fly, is a well-established
model organism for the functional characterization of a candidate ID-related gene in
the nervous system from gene to behavior (Mariano et al., 2020). Several studies
showed that restoring the investigated ID-related phenotypes is possible by rescuing of
impaired ID-causative proteins via genetic or pharmaceutical manipulations, even in
adult animals (Guo et al., 2000; McBride et al., 2005; Guy et al., 2007; Kramer et al.,
2011; Lee et al., 2014).



1.2. Zbtbll

WES analysis performed in two Iranian consanguineous families having individu-
als with ID identified two highly pathogenic variants of Zinc Finger and BTB Domain
Containing 11 (ZBTB11) (Fattahi et al., 2018). As its name implies, a predicted tran-
scription factor, ZBTBI11 includes a bric-a-brac, tramtrack and broad complex tran-
scription regulators (BTB) and 12 C2H2-type Zinc-Finger (ZNF) domains. Zbtbl1
is located on the third chromosome and its pathogenic variants include two separate
missense mutations in the coding sequence of Zbtb11 (NM_014415.3: ¢.2185C>T, and
¢.2640 T>G; Fattahi et al., 2018). According to in silico analysis of ZBTB11 vari-
ants on the protein level these mutations were causing the substitution of one of the
Histidines in the C2H2 ZNF domains 5 and 10 (NM_014415.3: p.H729Y, p.H880Q).
These mutations affected the subcellular localization of ZBTB11 (Fattahi et al., 2018).
While wild-type (wt) ZBTB11 was localized to the nucleolus, which is engaged in
ribosome biosynthesis within the nucleus, two mutant variants of ZBTB11 were dis-
persed in the nucleus (Fattahi et al., 2018). In addition, to identify the ZBTB11
target genes and pathway, Chip-seq in three different cell types was performed and a
GO enrichment analysis of Chip-seq revealed that ZBTB11 can have roles in protein
translation, RNA synthesis, ribosomal assembly, RNA modification, mRNA biogene-
sis, RNA metabolism, protein translation and stress sensing (Wilson et al., 2020). The
localization of ZBTBI11 in the nucleolus (Fattahi et al., 2018) and the GO enrichment
analysis (Wilson et al., 2020) suggest that ZBTB11 is involved in ribosome biogenesis.
In addition, it was shown that ZBTB11 has a regulatory role in the activation and re-
pression of pro-differentiation genes by affecting polymerase II in embryonic stem cells
(Garipler et al., 2020). Also, the study in Zebrafish revealed a regulatory function of
ZBTBI11 in neuropil development and differentiation (Keightley et al., 2017). Another
study in mice demonstrated the high expression level of ZBTB11 in the developing
retina (Brooks et al., 2019). In addition, previous studies on ZBTB as a protein family
emphasized their role in the development of diverse tissues or organs such as lympho-
cyte development and axon guidance (Ji and Jaffrey, 2014; Tonchev et al., 2016; Zhu et
al., 2018; Cheng et al., 2021). The common function of characterized ZBTB proteins

and ZBTBI11 are their role in both nervous and immune systems (Siggs and Beutler,



2012). Additionally, disturbance of ZBTB7A and ZBTB16 were shown to result in
sleep deficiency (Wang et al., 2010; Ohishi et al., 2020). ZBTB11 was upregulated
under sleep deprivation in mice (Gaine et al., 2021). Therefore, ZBTB11 might have
a role in the development of both the nervous and immune systems and defects in the
function of ZBTB11 may be observed as distortions in both systems with a common

symptom of sleep deficiency.

The two affected ZBTB11 patients displayed changes in the brain morphology
including cerebellar atrophy and ventriculomegaly and also neuromuscular impairments
such as facial hypotonia and ataxia (Fattahi et al, 2018). In addition, when the
expression of ZBTB11 was analyzed in 52 different healthy adult human tissues, the
expression was highly dispersed in all organs, along with a high expression in the
cerebellum (Wilson et al., 2020). Therefore, ZBTB11 may have various functions in

different tissues.

To conclude, in the light of previous studies, I speculate that ZBTB11, as a devel-
opmental TF protein controlling protein synthesis, might have a role in the regulation

of sleep by functioning as a regulator in both the nervous and immune system.

1.3. Modeling Candidate ID-Causative Genes in Drosophila

Ever since the beginning of the 20*" century, when Thomas H. Morgan identified
the first mutation in the fruit fly, Drosophila melanogaster has been in the focus of
biological research all around the world (Jennings, 2011). With the improvements
in whole genome and exon sequencing, single cell genome and RNA sequencing, and
connectomics techniques, Drosophila melanogaster became an important organism in
modeling human diseases such as developmental disorders, neurological disorders, and
cancer (Bier, 2005). Considering the heterogenic feature of ID, modeling in Drosophila

provides a fast and cheap option compared to other model organisms.



While deciphering ID in Drosophila, after revealing possible disease-related genes
in humans, the next step would be to decide if there are orthologues of those genes
in the fly that will be used for disease modeling. Even though flies and humans di-
verged across different paths a long time ago, mechanisms at the molecular, cellular,
synaptic and behavioral levels are highly conserved (Tian et al., 2017). Drosophila
melanogaster is an ideal model organism in this respect, as 75% of all human disease
genes were found to have similar sequences in the fly genome (Bier, 2005). Addition-
ally, flies carry orthologues of human genes and their investigation helps to understand
various developmental and neurological disorders (Bier, 2005). Some of these ortho-
logues include the HD gene to study Huntington disease (Marsh et al, 2003) and the
parkin gene to study Parkinson disease (Haywood and Staveley, 2004).

One great advantage of modeling ID in Drosophila is that one can study the
results of gene manipulation at the level of the whole organism via behavioral assays
(van der Voet et al., 2014). Various behavioral protocols are assessing both simple fly
behaviors and also more complex behaviors like learning and memory (van der Voet et
al., 2014). Some of the human genes that have fly orthologues associated with learning
and/or memory defects include FMR1 (Bolduc et al., 2008), NSUN2 (Abbasi-Moheb
et al., 2012), CEP89 (van Bon et al., 2013), and ANK3 (Igbal et al., 2013). It was also
shown that the type of mutant allele used in these assays could affect the behavioral
outcome. Furthermore, different types of behavioral assays can give different results
when used with mutants of the same gene (van der Voet et al., 2014). These points
should be taken into consideration while modeling ID in Drosophila using behavioral
assays. Combining genetic approaches and behavioral assays to understand the effects

of ID-related genes offers a great opportunity to see the big picture behind small details.

Some ID-patients have alterations in their circadian clock and consequently prob-
lems in their sleep cycle (Maaskant et al., 2013). Drosophila is a well-defined animal
model to study circadian rhythm and sleep disorders, and discovery of molecular mech-
anism underlying circadian rhythm (including Drosophila research) were awarded with
a Nobel prize in 2017. Although there are slight differences in individual proteins, the

general mechanism of the molecular circadian clock pathway is conserved from fly to



human (Panda et al., 2002). Also emphasizing this conservation, characterization of
dFMRP, the Drosophila ortholog of the Fragile X Mental Retardation Protein (FMRP),
revealed defects in circadian rhythm and memory consolidation resulting from unregu-
lated synaptic proteins in the neural circuitries from clock cells to Kenyon cells, which

control memory formation and consolidation (Gatto and Broadie, 2009).

Another opportunity Drosophila offers for ID modeling is that the organization of
the brain and nervous system can be examined in detail. It was shown that a number
of ID genes take part in neuronal development, specifically during the formation of
synapses, dendrites, and axons (van der Voet et al., 2014). Drosophila neuro-muscular
junctions serve as an important synapse model for neurotransmitter release studies,
synapse formation and physiology research (Broadie and Bate, 1995). Some researchers
also use dendritic arborization (DA) neurons to study dendrite formation and physi-
ology, which have an important role in ID (van der Voetet al., 2014; Coll-Tane et al.,
2019). Drosophila neurons, as well as NMJ structures are further available in vivo
instruments to measure neuronal activity via electrophysiology and calcium imaging
(Coll-Tane et al., 2019). In his review, in 2011, Hans van Bokhoven mentions various
cellular functions and mechanisms affecting ID including synapse formation and plas-
ticity, pathways related to presynaptic mechanisms, postsynaptic protein complexes,
cytoskeleton dynamics, cellular signaling cascades, and epigenetic regulation of tran-
scription (van Bokhoven, 2011). In addition, even though the anatomy of fly and
mammalian brains is very different, mushroom bodies (MB) of Drosophila and mam-
malian hippocampus show a high degree of homology regarding gene expression, neural
circuitry and behavioral output (Heisenberg, 1998). Consequently, MB was highly uti-
lized to study ID-related genes to reveal the role of ID proteins in the development and

circuit assembly of this learning and memory center (Kepa et al., 2017; Lanore et al.,

2012).



1.4. Mushroom Bodies (MBs)

The MBs consist of ~2500 Kenyon cell axons and a bilateral neuropil-rich center
in the adult fly brain (Fahrbach, 2006). The anatomical structure of the MB formed
by the cell bodies and axons of Kenyon cells resemble a pair of mushrooms (Anzi and
Zinn, 2018). Several sensory system circuits relay their sensory inputs to Kenyon cells,
such as visual, auditory, olfactory, and gustatory (Masek and Scott, 2010; Vogt et al.,
2014). These inputs are regulated by dopaminergic neurons, which are triggered by
modulatory reward and punishment cues (Liu et al., 2012). On the other hand, output
neurons of MB are cholinergic, GABAergic or glutamatergic and the output neurons
project their axons to divergent brain areas to respond to sensory inputs by associated
behavior (Aso et al.,, 2014). Therefore, associative learning has been highly studied
in MB. However, other functional studies revealed that MBs are recruited in other
behaviors such as olfactory learning (Dubnau et al., 2001), sleep (Joiner et al., 2006)
and habituation (Glanzman, 2011).

Development of the MB begins at early third instar larval stages by activation
of 4 collateral neuroblasts. Each neuroblast consecutively generates three types of
Kenyon cells. First, y-neurons form the larval MB structure until the mid-third instar
larval stage. Second, a’/f’-neurons project their axons in parallel to v-neurons until
the mid-third instar larval stage. Finally, /f-neurons project their axons in parallel
to o’/ -neurons during the pupal stage (Ito et al., 1997; Zhu et al., 2003; Yu and Lee,
2007). However, both branches of y-neurons are pruned during the early pupal stage
by glial cells (Hakim et al., 2014) and reformed during the late pupal and adult stages.
Medial extension of 3/3” and y-neurons are restricted only to the medial lobe (Lee et

al., 1999).



Axons of Kenyon cells create a large bundle called the peduncle and the distal tip
of the peduncle bifurcates into two branches, one going through dorsal and the other
medial side of brain (Yang et al., 1995). While the dorsal branch consists of two parallel
a (alpha) and o lobes, the medial branch consists of three parallel 5 (beta), f’ and
v (gamma) lobes (Lee et al., 1999) (Figure 1.1.). (Figure 1.1. was adopted from Aso
et al., 2014 by permission of the terms of the Creative Commons Attribution License)
All of the lobes were divided into 5 subdomains according to stereotypical synaptic
connection with axons of MB-input neurons and dendrite of MB-output neuron. For
instance, a/f-neurons are composed of al, a2, a3, $1, 52 subdomains (Aso et al.,

2014).

A

lobe

20um
- y lobe® 20um

Figure 1.1. Scheme of mushroom bodies in adult brain. ( Aso et al., 2014). A.
Position of MB in the adult fly brain and B. MB lobes.

Development of MB morphology is tightly controlled by neurodevelopmental
genes (Crittenden et al., 2018). Orthologs of ID-causative genes were tested in
Drosophila by loss or gain-of-function studies and several morphological abnormalities
such as fusion of § and ~ lobes, a lobe misguidance due to defects in axon guidance
(Michel, 2004; Chubaket al., 2019; Kim et al., 2021), and decrease or increase in axon
volume due to defects in proliferation and differentiation of Kenyon cells neuroblast
(Brown et al., 2012; Crittenden et al., 2018) were described in flies. In addition,
MB-specific knockdown of Cklla-il (ortholog of ZBTBI11 in Drosophila) displayed ab-
normalities in MB morphology (Fattahi et al., 2018).



1.5. CklIlo-il

Casein Kinase II alpha interactor 1 (Cklla-il) was identified as a Drosophila or-
tholog of human ZBTBI11 by the online tool PANTHER, (Protein Analysis Through
Evolutionary Relationships) depending on the GO enrichment analyses of both fly and
human proteins (Mi et al., 2021). The location of Cklla-il (Flybase ID: FBgn0015025
and Drosophila symbol: CG6215 gene in the third chromosome is 3L:15.816.979-
15.818.621. Its predicted molecular functions are protein kinase binding, DNA-binding,
transcription factor activity, and RNA polymerase II cis-regulatory region sequence-
specific DNA binding activities. It was predicted to have 4 C2H2-type ZNF domains
and to localize to the nucleus (Larkin et al., 2021). According to the results of GST
pull-down assays, Cklla-il is phosphorylated by Casein Kinase 2 alpha subunit (CkIla)
(Kalive et al., 2001). In Yeast-two-hybrid assays, in addition to Cklle, Cklla-il was
shown to interact with Antennepedia (Antp), Septin interactor protein-1 (Sipl) and
Widerbrost (Wdb) (Giot et al., 2014). Antp, as a Hox-protein, was shown to be in-
volved in the development of body segment and differentiation of the imaginal disc
(Kuert et al., 2003). Recently, Sipl was reported to play a regulatory role in neu-
rogenesis in the early larval brain (Wei et al., 2022). A protein complex STRIPAK,
which consists of Wdb and Cklla proteins regulates neural stem cell reactivation by
Hippo and Insulin Receptor Signaling pathways in larvae (Gil-Ranedo et al., 2019) and
circadian rhythm in the adult fly (Andreazza et al., 2015). In the developing larvae,
regulation of neurogenesis appears to be the common function of interaction partners
of Cklla-il protein. Therefore, Cklla-il may have a function in neurodevelopmental

processes.

1.6. Sequence Conservation Between Functional Domains of ZBTB11 and

Cklla-il

To understand the functional orthology between ZBTB11 and Cklla-il, I ana-
lyzed the protein sequence conservation of their functional protein domains in both
PRALINE (Heringa , 1999) and NCBI/ protein BLAST online tools (Altschul et al.,
1990). BLAST showed 33% identity and 37% similarity between ZNF 9-12 of ZBTB11
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and ZNF 1-4 of CklIla-il. Using PRALINE I found 20% identity and 47% similarity
between the predicted BTB domain of ZBTB11 between amino acids 214 and 282. The

first 38 amino acids of the N-terminus of Cklla-il are not annotated(Figure 1.2.).

H729Y H880Q

ZBTB11 1 214 282 570, * .3 * 937 1053
(Human) BB Gl l ll l I 1 1 1,

id: 20% id:33%
sim: 47% sim:37%

Cklla-i1 1 38 201 321 410
(Drosophila) /A " - " -

Figure 1.2. Protein sequence conservation of functional domains of Cklla-il and

ZBTB11. Red stars: Location of variants ZBTB11H729Y and ZBTB111880Q,

1.7. The CRISPR/Cas System

Usage of P element, for modifying endogenous genomic sequences, is an indispens-
able method for genome engineering in Drosophila since the early 1980s (Spradling and
Rubin, 1982). Even though it can induce double stranded breaks (DSB) at the excision
location of DNA, it is not possible to guide P elements to specific sites in the genome.
At the beginning of this century, engineered zinc finger nucleases (ZFNs) and transcrip-
tion activator-like effector nuclease (TALENS) tools were favored among gene-editing
strategies since they offered the ability to generate site-specific modifications (Bibikova
et al., 2002). Nevertheless, together with the establishment of CRISPR/Cas technol-
ogy, they fell from grace because their working mechanisms require high labor-intensity,
show unpredictable off-target activity and create technical challenges (Eid and Mah-
fouz, 2016). CRISPR/Cas system, clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR associated proteins (Cas), was discovered in bacteria
and archaea and provides endogenous adaptive immunity toward invaders (Wiedenheft
et al., 2012). The CRISPR/Cas system represents a concise two-component system, a
chimeric RNA (chiRNA) and Cas9 protein. After publication of the first findings, it was
quickly utilized by several laboratories and verified as a novel gene-editing system. For

instance, after only one year, the efficiency and feasibility of CRISPR/Cas was tested
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in Drosophila for the first time (Gratz et al., 2013). This highly revolutionary and
versatile system was awarded the Nobel prize in Chemistry to Jennifer A. Doudna and
Emmanuelle Charpentier in 2021(Jinek et al., 2012). Although there are three types of
CRISPR/Cas immune systems in bacteria, which can be distinguished according to the
maturation of crRNA and interference mechanism, the type II CRISPR/Cas system
that is based on a restrainable maturation process and includes the versatile mem-
ber of Cas family protein, Cas9, was favored for gene-editing. Type II CRISPR/Cas
works as follows: a single chimeric RNA (chiRNA) or guide RNA (gRNA) that con-
sists of crRNA and tracrRNA is produced. While target-specific guidance is procured
by crRNA, tracrRNA ensures the recruitment of Cas, by acting as a scaffold, and
leads to maturation of crRNA and cleavage of the breaking site. Cas9 is used to in-
troduce double-stranded (ds) breaks in the target DNA. At sites complementary to
the crRNA-guide sequence, the Cas9 HNH nuclease domain cleaves the complemen-
tary strand, whereas the Cas9 RuvC-like domain cleaves the noncomplementary strand

(Huai et al., 2017).

Double-strand breaks (DSBs) can be repaired by two methods: non-homologous
end joining (NHEJ) and homology-dependent repair (HDR). Both methods are ac-
cessible and are being used by almost every cell in an organism. Single guide RNAs
(sgRNAs) that are designed for a specific region in the genome can introduce DSBs
with the help of the Cas9-mediated CRISPR system. Cas9 mediated DSBs can cause
one of the two repair responses NHEJ and HDR. Although NHEJ and HDR are caused
by the same circumstance, DSBs, they have different ways to overcome discontinuous
DNA strands. NHEJ can be used to introduce indels (insertions and deletions) in the

region of interest, while HDR can be used to incorporate exogenous DNA strands.

NHEJ repair system mostly depends on the DNA Ligase mechanisms and occurs
throughout the cell cycle (Panier and Boulton, 2013). NHEJ re-joins cut ends without
using the guidance of homologue chromosomes or an external DNA strand. As NHEJ
is known to be error-prone, it is associated with random indels at DSB sites, and it
is being used for mutagenesis (Wang et al., 2013). Thus, Cas9-mediated DSBs can

result in small mutations, which can be frameshifting, silent or sense. In addition
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to that, the use of multiple Cas9-mediated DSBs generally result in the loss of the
region flanking the two DSBs, thus giving rise to larger indels. The application of
the CRISPR/Cas9 system in Drosophila can be used to generate targeted mutations
to investigate interregional or intermolecular interactions. Targeted mutagenesis is
being used at protein-coding sequences, P-elements, and other regulatory regions on
the genome, like transcription factor binding sites, and non-coding RNAs (Bassett and

Liu, 2014).

The HDR system uses the help of another DNA strand, normally sister chromatid
for repair of the DSB. In contrast to NHEJ, HDR is an error-free process and repairs the
missing sequence of DNA using the template DNA. In Drosophila, the CRISPR/Cas9
system is both being used to generate targeted DSBs and insert genomic modifications.
Since CRISPR/Cas9 system provides a homologous DNA template, desired and defined
genomic changes can be introduced to the genome through the DSB site (Bassett and
Liu, 2014). The success of HDR through exogenous template relies on the large excess
of a homologous template that includes the desired modifications. The donor DNA can
take two forms: single-stranded DNA (ssDNA) which is used to insert DNA up to 200
nucleotides long and double-stranded DNA (dsDNA) that is used to insert hundreds
and thousands of nucleotides. In flies, when the DSBs occur, NHEJ is the primary
system that is activated, and this is not a desired situation if the aim is to introduce a
genetic modification through HDR. It has been shown that mutation in DNA Ligase IV
creates a bias towards HDR since it has a crucial role in the NHEJ system (Beumer et
al., 2008, 2013; Bassett et al., 2014). Using ssDNA as a template in HDR is important
and preferred in the addition of short genomic regions like antibody tags for proteins
to establish localization and interaction, and site-specific recombinase sites that allow
integration of various modifications into the same region easily. dsDNA-associated
HDR allows for the integration of longer sequences, tags, and regulatory regions. For
example, fluorescent protein GFP is being tagged to proteins via dsDNA, or GAL4
transcriptional reporter is being introduced to the desired gene to determine its role in

the genome through overexpression or knock-down essays.
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1.8. The RNA Interference (RNAi) System

Discovered by Andrew Z. Fire, Craig C. Mello, and their colleagues in 1998, using
C. elegans (Fire et al., 1998), RNAi proved to be a powerful tool to study gene function
by downregulation of gene expression through mRNA degradation. The mechanism is
originally believed to be evolved as an innate response to viral infection and has been
discovered in all kinds of eukaryotes (Taxman et al., 2010). The process starts with
the introduction of double-stranded RNA (dsRNA) to cells. When an exogenous or
endogenous dsRNA is introduced to cells, a type III ribonuclease called Dicer 2 generate
the short/small interfering RNA (siRNA) by cleaving the dsRNA. Then, siRNA is
loaded to Argonaute 2 (Ago2) and along with other associated proteins, the RNA-
induced silencing complex (RISC) is assembled. After the sense strand of the siRNA
is degraded in the RISC, the antisense strand guides the cleavage of complementary
mRNA molecule by Ago2 of the RISC (Zhu and Palli, 2020). Finally, other endogenous
nucleases further degrade the cleaved mRNA (Taxman et al., 2010). There are also
other alternative RNAi pathways that use microRNA (miRNA) or piwi-interacting
RNA (piRNA) for the suppression of gene expression (Zhu and Palli, 2020).

In Drosophila, RNAi can be induced exogenously by microinjection of dsRNA into
embryos, or endogenously by creating transgenic fly lines that express a long double-
stranded hairpin RNA, which can be expressed in a tissue specific manner by using the
UAS-GAL4 system (Czech and Hannon 2011). However, long hairpins are observed to
be ineffective for gene silencing in the female germline (Ni et al., 2011). An alternative
to long hairpins is the small hairpin RNA (shRNA), which is an artificial miRNA.
Similar to miRNA, shRNAs are proccessed by the Drosha-Pasha protein complex and
Dicer 1 upon loading onto Agol. Differently, processed shRNA can be also loaded into
Ago2, which is the major RNAi organizer in Drosophila, giving a remarkable silencing
potency. Additionally, shRNA is also shown to work efficiently during oogenesis, and

provides an alternative to long hairpins (Ni et al., 2011).
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1.9. trans -Tango

trans- Tango is a general and flexible technique for anterograde transsynaptic
labelling. Tt uses an exogenous ligand (human glucagon)-receptor pair, and pan-
neuronally expressed core components of the signaling pathway. Expressed by the
binary UAS-GAL4 system, the ligand appears as a fusion protein of glucagon that is
attached to cytosolic and transmembrane domains of Neurexinl via a flexible linker.
When the ligand binds to the receptor, that has the transcriptional activator QF at its
cytoplasmic tail via a linker that contains a cleavage site, the receptor recruits a pan-
neuronally expressed fusion protein that cuts the linker between the cytoplasmic tail
and QF. Then the QF binds to the QUAS of the reporter gene to mark postsynaptic
neurons. The cell-type specifically expressed GAL4 binds in addition to the UAS of
a reporter gene to mark the presynaptic neuron. In the end, presynaptic neurons are
marked only in the Gal4 expressing neurons, and postsynaptic neurons are only marked
only in the QUAS-activated neurons. Because, the signaling pathway components are
expressed pan-neuronally, all neurons become a potential postsynaptic neuron, while
only the Gal4 expressing neurons remain as a presynaptic neuron. Also, unlike the
other labelling techniques, the ligand doesn’t diffuse away because it is tethered to a

synaptic protein (Talay et al., 2017).
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2. AIM OF THE STUDY

Previously, two pathologic variants of Zbtb11, a candidate ID-causative gene,
were identified in two consanguineous families (Fattahi et al., 2018). One of the pre-
dicted Drosophila orthologues of ZBTB11, Cklla-il, was analyzed in MB by MB-
specific knockdown of Cklla-il. It was shown that disruption of Cklla-il resulted in a
promising phenotype in the MB (Fattahi et al., 2018). The main purpose of this study
is the further characterization of Cklla-il for the better understanding of its function

and experimental validation of the orthology between Cklla-il and ZBTB11.

In order to understand the function of Cklla-il, first, I analyzed the expression
pattern and localization of Cklla-il in the fly brain using a Cklla-i1-Gal4 reporter
line and a CklIla-i1 tagged BAC line. Also, for the better understanding of endogenous
expression, I attempted to generate an endogenously tagged Cklla-il trangenic line.
Second, the effects of misexpression and overexpression of Cklla-i1l on MB morphology
was analyzed to understand the involvement of Cklla-il in development of the MB.
For this purpose, two separate CkIla-i1 mutants were generated by CRISPR/Cas and

were molecularly characterized.

To validate the orthology between ZBTB11 and Cklla-il, wild-type and two
pathogenic variants ZBTB11-expressing transgenic fly lines were generated and vali-

dated. Finally, their expression was characterized in the fly brain.
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3. MATERIALS AND METHODS

3.1. Biological Material

Drosophila melanogaster cultures were maintained at 25°C and 70% humidity
with a 12:12 light and dark cycle. Genesee Scientific Nutri-Fly™ Bloomington formula
fly food was prepared according to company’s manual and used for rearing flies within
culture vials. Stock fly cultures were transferred into fresh fly food vials monthly. Fly
lines which were generated for this study are listed in Table 3.1. Fly lines which were

utilized in this study are listed in Table 3.2.

Table 3.1. List of generated fly lines.

Chr.
Name Description
No.
Ckll-i1-Galy Expresses Gal4 protein under the control of the promoter
Pr-1 ’ sequence of Ckll-i1
Ckll-i1-Galy Expresses Gal4 protein under the control of the promoter
Pr-2 ? and first exonic sequence of Ckll-i1
UAS-ZBTB11- Expresses HA-tagged ZBTB11 under the control of UAS
HAY ? sequences
UAS-ZBTB11- Expresses HA-tagged the H729Y variant of ZBTB11
HAHT29Y . under the control of UAS sequences
UAS-ZBTB11- Expresses HA-tagged the H880Q) variant of ZBTB11
HAM880Q . under the control of UAS sequences
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Table 3.2. List of utilized fly lines.

Chr.
Name Description
No.
Expresses Gal4 in post-mitotic neurons under the control
Elav-gal4 1
of elav promoter
Expresses Gal4 protein under the control of an actin
Actin-Galy 3
promoter
OK107-Galj 4 Expresses Gal4 protein in mushroom bodies
UAS-CkII-i1- Expresses HA-tagged CkII-i1 under the control of UAS
2
HA sequences
UAS-CkII-i1- Expresses dsRNA for RNAi of Ckllalpha-il under the
2
RNAi-1 control of UAS sequences (Bl #53025)
UAS-CkII-il1- Expresses dsSRNA for RNAi of Ckllalpha-il under the
2
RNAi-2 control of UAS sequences (Bl #60102)
UAS- Expresses mCD8-tagged GFP under the control of UAS
3
mCDS8::GFP sequences
Expresses nuclearly localized beta-galactosidase under the
UAS-LacZnZ 3
control of UAS sequences
nos-cas9 1 Expresses germ line specific Cas9 protein
Canton-s Wild type flies
wi1® 1 Flies carrying a deletion mutation in their w genes
CkIl-i1::GFP-
3 Expresses GFP and FLAG tagged Ckllalpha-il protein
FPTB
trans-Tango 2 Expresses trans-Tango components
ywQB 1,2,3 Multichromosome balancer




3.2. Chemicals and Equipment

3.2.1. Chemicals

Chemicals used in this study are listed in Table 3.3.

Table 3.3. List of chemicals.

Chemical Manufacturer
1 kb marker NEB, USA (N3232L)
100 kb marker NEB, USA

Agarose

GeneOn, USA ( 604,001)

Ampicilin

Sigma-Aldrich, USA (59349)

Bovine Serum Albumin

Sigma-Aldrich, USA (A9647)

EDTA

Sigma-Aldrich, USA (59417C)

Ethidium Bromide

Sigma Life Sciences, USA (E1510)

Isopropanol Sigma-Aldrich (W292907)
KCl Sigma-Aldrich (29676)
KOAc Sigma-Aldrich (P1190)

LiCl Sigma-Aldrich (L9650)
NaCl Sigma-Aldrich, USA (S7653)
Paraformaldehyde Sigma-Aldrich, USA (P6148)

Phenol:chloroform:Isoamyl alcohol

Sigma-Aldrich, USA (P2069)

Proteinase K

Roche, Germany (139963000)

Tris Sigma-Aldrich, USA (T6066)
Triton-X 100 AppliChem, USA (A4975)
Tween 20 Roche, USA (11332465001)




3.2.2. Buffers and Solutions

Buffers and solutions used in this study are listed in Table 3.4.

Table 3.4. List of buffers and solutions.
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Buffer /Solution

Substances

Formaldehyde Solution (4%)

160 g/1 PFA, pH 74

1M NaOH until solution becomes transparent

PAXD

50 g BSA

3 g Sodium Dexoycholate

0.3% Triton X-100 In PBS

PBS (1X)

137 mM NaCl

2.7 mM KCI

10 mM Na2HPO4

1.8 mM KH2PO4

PBST

PBS (1x)

0.3% Triton X-100

TAE Buffer (1X)

40 mM Tris-Cl

1 mM EDTA

0.1% Acetic acid

10 mM Tris, pH 8.0

Squish Buffer 1 mM EDTA
25 mM NaCl
100 mM Tris, pH 7.5
100 mM EDTA
Buffer A
100 mM NaCl

0.5% SDS




3.2.3. Primers

Primers used in this study are listed in Table 3.5.

Table 3.5. List of primers.
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Name Sequence (5°>3’)
CklTa-i1-A1 AGCAAAATGACAGAAGCGGA
Cklla-11-A2 CAGGCTGATGAACTCTCCT

CkIIa-i1-15-RP-1

GGCGGGGTTTACAAGAATGC

Cklla-i1-CDS-FP

ATGACAGAAGCGGAAATTTGC

Ckllail_Bl.gRNA_RP

TGGGTTTCTTTGCATTTGAC

CklIla-i1_ HDR _RP_2

CGTTTCCAGCCTCAGACAA

UAS-zbtb11F3

GGGGACAAGTTTGTACAAAAAAGCAGGCT
ATGTCAAGCGAGGAAAGCTAC

UAS-zbtb11R3

GGGGACCACTTTGTACAAGAAAGCTGGGT
TTCTCCTCCTGAAATATGTGC

pDONOR-FP TAACGCTAGCATGGATCTC
zbtb11-2028_294-FP | AATGAAGCATCGGGAACATC
pDONR207 RP AACATCAGAGATTTTGAGACACG
zbtb11_930_F GTAAGGCCAGCTTCCTTCCT

zbtb11_1905_F

TGCACAAACTGAAACATGAAAGA

pUASt-HA- FP

GCAACTACTGAAATCTGCCAAG

pUASt- HA- RP

CCCGCATAGTCAGGAACATC




3.2.4. Antibodies and dyes

Antibodies and dyes used in this study are listed in Table 3.6.

Table 3.6. List of antibodies and dyes.
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Primary Antibodies

Name Antigen Host Dilution | Source
Anti-Elav Elav Rat 1:20 DSHB
Anti-GFP GFP Rabbit | 1:1000 Torrey Pines
Anti-FaslI Fasciclin 11 Mouse 1:20 DSHB
Anti-B-gal b-galactosidase Rabbit | 1:5000 Cell Signaling
Anti-Dach Dachshund Mouse 1:10 DSHB
Anti-HA HA Rabbit | 1:100 Roche
Anti-FLAG FLAG Rat 1:200 Cell Signaling
Anti-PDF PDF Mouse 1:500 DSHB
Secondary Antibodies
Alexa 488 Rat Goat 1:800 Invitrogen
Alexa 488 Rabbit Goat 1:800 Invitrogen
Alexa 555 Rat Goat 1:800 Invitrogen
Alexa 647 Mouse Goat 1:800 Invitrogen
Alexa 647 Rat Goat 1:800 Invitrogen
Cyb Mouse Goat 1:800 Invitrogen
Other Dyes
Alexa Fluor 647 Phalloidin | F-actin 1:1000 Thermo-fisher
TOTO-3 lodide Nucleic Acids 1:1000 Thermo-fisher




3.2.5. Embedding Media
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Vectashield Embedding Medium was used for tissue mounting (Vector Laborato-

ries, Inc).

3.2.6. Disposable Labware

Disposable equipment is listed in Table 3.7.

Table 3.7. List of disposable equipment.

Material

Manufacturer

Micropipette Tips

Greiner Bio-One, Belgium

PCR tubes (200 nl)

Bio-Rad, USA

Pipette Tips (10 - 200 - 1000 pl)

VWR, USA

Plastic Pasteur pipettes

TPP Techno Plastic Products AG, Switzerland

Syringe (1lcc)

Becton, Dickinson and Company, USA

Test Tubes, (0.5-1-1,5-2 ml)

Citotest Labware Manufacturing, China

Test Tubes, (15 - 50) ml

Becton, Dickinson and Company, USA

Culture tubes (14 ml)

Greiner Bio-One, Belgium

Filter Tips

Greiner Bio-One, Belgium

Petri Dishes, 60 x 15 mm

TPP Techno Plastic Products AG, Switzerland

PVDF membrane

Roche Life Science

Microscope cover glass

Fisher Scientific, UK

Microscope slides

Fisher Scientific, UK




3.2.7. Equipment

Laboratory equipment is listed in Table 3.8.

Table 3.8. List of equipment.
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Material Manufacturer
Autoclave Astell Scientific Ltd., UK
Centrifuges Eppendorf, Germany (Centrifuge 5424, 5417R)

Confocal Microscope

Leica Microsystems, USA (TCS SP5)

Electrophoresis Equipment

Bio-Rad Labs, USA

Fluorescence Stereomicroscope

Leica Microsystems, USA (MZ16FA)

Freezers

Arcelik, Turkey

Gel Documentation System

Bio-Rad Labs, USA (Gel Doc XR)

Heating Block

Fisher Scientific, France

Heating Magnetic Stirrer

IKA, China (RCT Basic)

Incubator

Weiss Gallenkamp, USA (Incubator Plus Series)

Laboratory Bottles

Isolab, Germany

Micropipettes

Eppendorf, Germany

Microwave oven

Vestel, Turkey

Mini-PROTEAN Tetra Cell

Bio-Rad Labs, USA

pH meter

WTW, Germany (Ph330i)

Refrigerators

Arcelik, Turkey

Stereo Microscope

Olympus, USA (SZ61)

Thermal Cycler

Bio-Rad Labs, USA (C1000 Thermal Cycler)

Cold Room

Birikim Elektrik Sogutma

Vortes Mixer

Scientific Industries, USA (Vortex Genie2)
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3.3. Molecular Biology Techniques

3.3.1. DNA Amplification by PCR

Two DNA polymerases were used for PCR protocols in this project: Q5 High-
Fidelity DNA polymerase and OneTaq DNA polymerase. Protocols for both of the
polymerases were applied as the manufacturer’s recommendations. Melting tempera-
tures (TM) of each primer pair were calculated separately with regards to the poly-
merase used. A reaction with Q5 High-Fidelity DNA polymerase contains 1X Q5
Reaction Buffer, 10 mM dNTPs, 10 uM forward primer, 10 uM reverse primer, 0.02
U/l Q5 High-Fidelity DNA polymerase, various concentrations of template DNA, and
nuclease-free water (ddH20) up to final concentration, which depends on the further
experiments to be carried on. In necessary situations, 1X Q5 High GC Enhancer was
also added to the reactions. Standard cycling conditions were as follow: an initial
denaturation step at 98°C for 30 seconds, a total of 25-35 cycles of 98°C for 10 seconds,
annealing temperature depending on the TMs of primer pairs for 30 seconds and 72°C
for 30 seconds per kilobase to be amplified, and lastly a final extension step at 72°C

for 2 minutes.

A reaction with OneTaq DNA polymerase contains 1X OneTaq Standard Reac-
tion Buffer, 10 mM dNTPs, 10 uM forward primer, 10 uM reverse primer, 0.025 U/ul
OneTaq DNA polymerase, various concentrations of template DNA, and ddH20 up to
a final concentration depending on the further experiments. Standard cycling condi-
tions include an initial denaturation step at 94°C for 30 seconds, a total of 30 cycles
of 94°C for 30 seconds, annealing temperature depending on the TMs of primer pairs
for 1 minute and 68°C for 1 minute per kilobase to be amplified, and a final extension

step at 68°C for 5 minutes.
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3.3.2. Agarose Gel Preparation

Agarose was dissolved in 1X TAE buffer with a final concentration of 1% unless
otherwise stated. Microwave was used for heating the mixture and after cooling down,
50ng/mL ethidium bromide (EtBr) was added. Then this mixture was poured to an
appropriate tray with a comb and let to get firm. After the gel got solidified, the comb

was removed and the gel was placed into an electrophoresis tank with tray.

3.3.3. Agarose Gel Electrophoresis

DNA samples were prepared by adding of DNA loading dye to a final concen-
tration of 1X. The dye and samples were mixed thoroughly. Then the samples were
loaded to the wells as well as a DNA ladder to compare band sizes. 1kb or 100bp
DNA ladder was used according to the expected band sizes. The electrophoresis tank
was filled with 1X TAE buffer. The samples were run at 90-110V for 50-60 minutes.

Visualization was performed under a transilluminator (Bio-Rad, USA).

3.3.4. DNA Extraction from Agarose Gel

DNA fragments of interest were cut from the gel on a UV box with a clean scalpel
and transferred into 1.5 mL Eppendorf tubes. QIAEX IT Gel Extraction Kit (QIAGEN,
cat. nos. 20021 and 20051) was used for the extraction. The protocol was adapted
from the manufacturer’s suggested protocol. Firstly, 300 L. QX1 buffer (Solubilization
Buffer) and 200 puL. ddH20 were added to the tubes for each 100 mg of gel slice. 3
pl QTAEX IT Suspension was also added to the tubes and vortexed for 30 seconds
for resuspension. Then the tubes were incubated at 50°C for 15 minutes for agarose
solubilization and DNA binding. Tubes were vortexed every 2 minute to keep the
QIAEX II solution in suspension. The samples were centrifuged for 30 seconds and the
supernatant was removed. The pellet was washed with 0.75X QX1 buffer for two times.
During washing, 300 uL. buffer was added to the tubes, the pellet was resuspended by
vortexing, centrifuged for 30 seconds, and the supernatant was removed. Next, the

pellet was washed with Buffer PE for three times. This washing steps were the same as
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before: 300 uL buffer was added to the tubes, the pellet was resuspended by vortexing,
the samples were centrifuged for 30 seconds, and the supernatant was discarded. After
the last washing step, the pellet was air-dried at 37°C for 10-15 minutes until it becomes
white. For DNA elution, 15 uL. ddH20 was added to the dried pellet and vortexed until
the pellet was resuspended. The tubes were incubated at 55-60°C for 10-15 minutes
and centrifuged for 30 seconds. The DNA containing supernatant was transferred into
a clean tube. To increase the yield efficiency, the elution step could be repeated for a

second time. Extracted DNA was stored at -20°C for further purposes.

3.3.5. DNA Extraction from Drosophila

Genomic DNA extraction from a single fly and wings: Selected fly was placed in
a 200 L PCR tube and frozen at -20°C until the fly becomes inactive. For each tube,
a mixture of 50 puL. Squish Buffer and 0.5 uL freshly added Proteinase K (20mg/mL)
was prepared. Using yellow tips, this newly prepared solution was pipetted and the
fly was mechanically smashed with the same tip. While homogenization, the buffer
was released into the tube and mixed slowly. The tubes were then incubated at 37°C
for 30 minutes and at 95°C for 3 minutes in a thermocycler. After incubation, the
samples were centrifuged with a mini centrifuge for 2 minutes and the supernatant was
transferred to a clean tube. Extracted genomic DNA was stored at -20°C for further

use.

For the protocol of genomic DNA extraction, two wings of the fly were dissected
and put into a 200 uL. PCR tube. For each tube, 1 pL Proteinase K (20mg/mL)
was freshly mixed with 49 uL of Squish Buffer. The wings were not homogenized but
rather the buffer was carefully placed into the tube to prevent the wings’ floating on
the buffer. The tubes were then incubated at 37°C for 60 minutes and at 95°C for 3
minutes in a thermocycler. After incubation, the tubes were stored at -20°C for further

use.
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Genomic DNA extraction from whole flies (isopropanol extraction): Fifteen se-
lected flies were placed into a 1.5 mL. Eppendorf tube and the flies were frozen at -20°C.
Then, 200 uL. Buffer A was added into the tubes and the flies were homogenized thor-
oughly with a homogenizer in this buffer. The samples were then incubated at 65°C for
30 minutes. After incubation, they were cooled down to the room temperature. When
the samples reached the room temperature, 114 pl. 5M KOAc and 286 pL. 6M LiCl
were added to the tubes, mixed roughly, and incubated on ice for at least 10 minutes.
Then, the tubes were centrifuged at room temperature for 15 minutes at 13000 RPM.
The supernatant was transferred into a clean tube, while avoiding the pieces of the
flies. The DNA was extracted by adding 1 volume of phenol-chloroform (600 uL) onto
the supernatant. When the phenol-chloroform was added onto the supernatant, two
phases could be seen clearly. The floating phase was transferred into a new tube and
the extraction step was repeated with an equal proportion of phenol-chloroform. Next,
the DNA was precipitated by adding isopropanol with a volume of 0.7. The tubes were
then centrifuged at room temperature for 15 minutes at 13000 RPM. The supernatant
was discarded and the pellet was washed with 400 pL of 70% EtOH by vortexing. The
samples were again centrifuged at room temperature for 10 minutes. The supernatant
was discarded and the remaining pellet was air-dried at 37°C until the pellet becomes
white. And lastly, dried pellet was dissolved in 75 pL. ddH20 and stored at -20°C for

further use.

Most of the genomic DNAs used in this project were extracted from single flies
or wings but in some necessary occasions, when a purer DNA is needed, this protocol
was used.

3.3.6. Gateway Cloning

Both BP and LR cloning were performed according to manufacturer’s suggestions

(Catalog Numbers 12535-019 and 12535-027).
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3.3.7. Dpnl Digestion

Dpnl restriction enzyme was used to remove the methylated DNA. 1 yL of Dpnl
was added to 50 pli of PCR products to be restricted. They were mixed by pipetting
shortly. The mixture was then incubated at 37°C for 3 hours.

3.3.8. Restriction Digestion

For all DNA digestion protocols, manufacturer’s suggestions were followed. In a
total volume of 50 pL reaction solution, 1 ug of DNA was digested with 1 uL (20U)
restriction enzyme in 5 pL. (with a final concentration of 1X) of 10X appropriate buffer.

The reaction solution was incubated at 37°C for at least 1 hour.

3.3.9. Transformation

Previously prepared competent bacteria (DH5« strain of Escherichia coli) were
transformed with target plasmid by heat-shock. 50 uL. competent bacteria were let to
thaw on ice. Ing DNA was added on the competent bacteria slowly and they were
incubated on ice for 30 minutes. Then a 42°C heat-shock was applied on the samples
for 1 minute. After heat-shock, the samples were quickly put back on ice and incubated
on ice for 5 minutes. 500 uL. LB was added on the cells next to a Bunsen Burner, mixed
gently and the samples were incubated at 37°C for 1 hour on a shaker at 250 RPM.
100 pL of this liquid culture was spread on LB agar plates which also had appropriate
antibiotics. The plates were incubated at 37°C overnight and fitting colonies were

selected the next day for further applications.

3.3.10. Plasmid isolation

Miniprep: For small scale plasmid DNA isolation, QITAGEN QIAprep Miniprep
Kit was used and protocol was carried on as manufacturer’s suggestions. Single colonies
were selected from agar plates and inoculated in 3 mL LB medium containing appro-

priate antibiotic. The samples were incubated at 37°C for 12-16 hours on a shaker at
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250 RPM. After incubation, bacterial cells were centrifuged at room temperature for 3
minutes at 8000 RPM in a tabletop centrifuge. Supernatant was discarded after cen-
trifugation. All further steps from this point were carried on at room temperature. The
pelleted bacterial cells were resuspended in 250 ul. RNase A-added Buffer P1. Then
250 pLi of Buffer P2 was added and mixed thoroughly by inverting the tube 4-5 times.
The samples were incubated for 3 minutes. Next, 350 uL. of Buffer N3 was added and
mixed immediately by inverting the tubes for 4-6 times. The samples were centrifuged
for 10 minutes at 13000 RPM in a tabletop centrifuge. 800 pL of the supernatant
containing plasmid DNA was transferred to QIAprep spin columns and centrifuged for
1 minutes at 13000 RPM. The flow through was discarded. The columns were washed
with 750 pL. Buffer PE and centrifuged for 1 minute at 13000 RPM, the flow thorough
was discarded. After repeating this washing step once more, the columns were cen-
trifuged without an addition of any solution to remove remaining of washing buffer.
Then the columns were placed into a clean 1.5 mL Eppendorf tubes. 50 uL of Buffer
EB was added to the columns carefully and the samples were incubated for 3 minutes.
Lastly, they were centrifuged for 1 minute at 13000 RPM. The DNA containing Flow

through was collected and stored at -20.

Midiprep: For medium scale plasmid DNA isolation, QIAGEN Plasmid Plus
Midi Kit was used and manufacturer’s suggestions were followed for isolation protocol.
Bacterial cultures in 50 mL LB were harvested by centrifuging at 6000 x g for 15 minutes
at 4°C. the supernatant was discarded and the bacterial pellet was resuspended in 2
mL RNase A-added Buffer P1. Then 2 mL of Buffer P2 was added, mixed gently by
inverting and the samples were incubated at room temperature for 5 minutes. Next,
2 mL Buffer P3 was added and mixed immediately by inverting for 5-6 times. The
samples were centrifuged at a minimum of 20000 x g for 30 minutes at 4°C. while the
samples were centrifuging, a QIAGEN-tip was equilibrated with 4 mL Buffer QBT
by gravity flow. After centrifugation, the supernatant was applied to the equilibrated
QIAGEN-tip and allowed to enter the resin by gravity flow. Next, 10 mL Buffer QC
was added and let to run through the QIAGEN-tip via gravity flow. This step was
repeated for two times. The DNA elution was performed by 5 mL Buffer QF into a 15
mL falcon tube. For DNA precipitation, 3.5 mL isopropanol was added to the samples,
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carefully mixed and centrifuged at a minimum of 15000 x g for 30 minutes at 4°C. The
supernatant was discarded carefully. Next, the pellet was washed with 2 mL of 70%
EtOH and centrifuged at a minimum of 15000 x g for 10 minutes at room temperature.
EtOH was discarded and the pellet was air-dried for 10-15 minutes. Finally, the DNA
was eluted with a minimum of 100 pL of ddH20.

3.4. Histological Techniques

3.4.1. Immunohistochemistry for Adult Brain

Adult fly brains were dissected in PBS (1X) in 40 minutes and brains were put
into an Eppendorf tube. After dissection, brains were fixed in 4% PFA for 30 min-
utes and washed with 0.03% PBS-T for four times, 3 minutes at first and then 20
minutes for each washing. After fixation and washing treatments, blocking was made
with PAXD for 30 minutes at room temperature. Following the blocking step, primary
antibodies with appropriate dilutions were prepared in blocking solution. Adult brains
were incubated with primary antibody solution for two over-nights at 4°C. After pri-
mary antibody incubation, adult brains were washed with 0.03% PBS-T four times for
15 minutes at room temperature. Following the washing steps, secondary antibodies
with appropriate dilutions were prepared in blocking solution. Brains were incubated
with secondary antibody solution for two overnights at 4°C. After incubation with sec-
ondary antibodies, brains were washed with 0.3% PBST four times for 15 minutes and
then they were washed with PBS (1X) two times for 15 minutes at room temperature.
After the washing process, brains were mounted on a slide using Vectasield mounting

medium.
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4. RESULTS

4.1. Examination of the Expression Pattern of CklIla-il

Identification of the expression pattern of a gene is important to understand its
function. The expression of a particular gene or its protein product can be analyzed
using different techniques. To get an understanding of the expression and localization
of Cklla-il, I investigated the activity of cis-regulatory elements and fusion proteins:
CklIla-i1-Gal4 reporter lines were used to understand the activity of cis-regulatory
elements of Cklla-il. In addition, in order to investigate the protein expression pattern
of Cklla-il, I aimed to generate an endogenously tagged Cklla-il and I utilized a BAC
transgenic fly line expressing tagged Cklla-il.

4.1.1. Generation and Selection of Gal4-Expressing CklIla-il Reporter Lines

Cis-regulatory elements (CREs) are non-coding DNA sequences which regulate
the transcription of neighboring genes. Promoters and enhancers are the most stud-
ied CREs (Markstein et al., 2008). While promoter regions are approximately 35 bp
upstream and downstream of the transcription initiation site, enhancer regions can
be located in various places, mostly however 1500 bp upstream of the transcription

initiation site as well as within the first intron (Berendzen et al., 2006).

To analyze the expression of Cklla-i1 two putative CRE regions were investigated.
The first region included 626 bp of intergenic region located between the genes Cklla-il
and Flower (Pr-1, 640 bp; Figure 4.1.). The second region included the first exon and
first intron of Cklla-il in addition to the intergenic region (Pr-2, 820 bp; Figure 4.1.).
These CRE regions were PCR amplified from genomic DNA, cloned into the P-element
Gal4 plasmid pBPGUw (Addgene 17575) and integrated into the second chromosome
of the fly genome to express Gal4 under the control of these CREs (constructs were

prepared by Cigdem Soysal) (Figure 4.1.).
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Figure 4.1. Generation and crossing scheme of Gal4 lines. Cloning of putative CRE
regions between fwe and Cklla-i1: Pr-1 and PR-2 in Gal4-expressing vector (up and
middle). Crossing of Cklla-il- Gal4 lines with UAS reporter lines.
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Transgenic flies carrying the Gal4 constructs were crossed with two UAS re-
porter lines. The use of the UAS-mCD8::GFP reporter allows the localization of GFP
to the membrane and thus visualization of the morphology of the cells, whereas the
UAS-nLacZ localizes § -Galactosidase to the nucleus and allows co-localization with
cell type-specific markers and thus identification of the identity of labeled cells. The
two Gal4 lines were tested for differences in expression pattern including possible sex-
dependent differences. Furthermore, co-expression of Cklla-il-expressing cells with
mushroom body neurons (Kenyon cells) or their projections as well as pacemaker cells
was analyzed. Finally, post-synaptic partners of Cklla-il-expressing cells were deter-

mined using the trans-Tango method.

The brains of 5 male and 5 female flies from Prl1-Gal4 and 4 male and 5 female
flies from Pr-2-Gal4 lines were stained against GFP and visualized using confocal mi-
croscopy (Figure 4.2.). The area of the brain corresponding to the MB was analyzed
with particular emphasis, however no GFP-expressing cells close to the MB could be
identified. A common expression pattern was detected in all brains, which includes a
collateral group of 1-2 dorsal neurons and a group of 3-5 lateral neurons that projected
their axons to the dorsal side of the brain (arrowheads in Figure 4.2.). The analysis
showed that they were not expressed close to the MB and their expression patterns were
similar in both sexes. Therefore, in the following experiments the Pr-2 Cklla-i1-Gal4

line was used.
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Figure 4.2. Analysis of Pr-1 and Pr-2 Cklla-i1-Gal4 lines. Immunohistochemistry in
Cklla-i1-Gal4>UAS-mCD8::GFP expressing male and female adult fly brains

Thanks to establishment of single cell RNA sequencing (scRNAseq) technology
identification of the expression level of almost all of the genes in each individual cell of
investigated tissues, organs or even in the whole organism is possible. The Aerts lab
has published scRNAseq data of the adult fly (Li et al., 2021) and provided an online
tool SCope (scope.aertslab.org). Depending on the expression profile of every single
cell, they were clustered. The clustered cells were annotated according to previously
identified cell groups (Davie et al., 2018). SCope allows the analysis of the expression of
a gene-of-interest in single cell level and their annotations. The expression of Cklla-il

was analyzed by SCope and it was found that Cklla-il is expressed in almost every
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annotated cluster. However, only a few cells in the clusters displayed expression of
CklIla-il with an expression unit lower than 1.5 rpm. Unfortunately, in SCope, it
was not possible to receive a list, which shows the percentage of Cklla-il expressing
cells in the annotated clusters. The percentage of Cklla-il-expressing cells in the a/b
Kenyon cell cluster that consists of approximately 1700 cells was analyzed in more
detail. Cklla-il was expressed in only 15 cells within 1700 cells with 0.9%, which is

consistent with expression of the Gal4 line co-staining with Kenyon cells.

4.1.2. Expression Pattern of CklIla-il in Mushroom Bodies

MBs are important centers for learning and memory. To examine the expression
of Cklla-i1-Gal4 specifically in the MB their cell bodies (Kenyon cells) and neuropils
(/B lobes) were co-stained in adult brains. The co-localization of CkIla-i1-Gal4 in
Kenyon cells was examined in Cklla-i1-Gal4>UAS-nLacZ flies. The nuclear marker
Dachshund was used to label the Kenyon cells, and anti-/ gal antibody to label CKIIa-
il-expressing cells. Dachshund is a transcription factor expressed in Kenyon cells,
but also other cells in the dorsal part of the brain. Four brains were visualized by
using confocal microscopy. A group of cells co-expressing Dachshund and Cklla-il was
identified in the middle-dorsal part of the brain as shown by the white circle in Figure

4.3.A, however no co-localization was observed in the Kenyon cell region.

In addition, the expression of Cklla-il in a subgroup of MB compartments («/3
lobes) was analyzed in Cklla-i1-Gal4d>UAS-mCD8::GFP flies. While anti-Fasll an-
tibody was used to label a/f lobes of MB, anti-GFP was used to stain CkIla-il-
expressing cells. Nine brains were immuno-labeled and visualized by confocal mi-
croscopy. While no co-localization of Fasll and GFP was observed a few GFP-positive

cells were detected in the dorsal part of the a lobes (arrowheads in Figure 4.3.B).
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Dachshund

Figure 4.3. Expression of Cklla-il in mushroom bodies. A. Immunohistochemistry in
Cklla-i1-Gal4d>UAS-nLacZ expressing fly brain. B. Immunohistochemistry in
Cklla-i1-Gal4>UAS-mCD8::GFP expressing fly brain.

4.1.3. Expression Pattern of Cklla-i1-Gal4 in Pacemaker Cells

The analysis of Cklla-il-expressing cells in Pr-1 and Pr-2-Cklla-i1-Gal4 lines
(Figure 4.2.), showed prominent expression in clock cells, which regulate the inner
circadian clock of the fly (Sheeba et al., 2008). It is known that cells related to the
circadian rhythm regulate memory formation and consolidation in both human and

flies (Dubowy and Sehgal, 2017).
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In order to verify this co-expression, an anti-PDF antibody (pigment dispersing
factor) which is a prominent marker of clock cells marker was used to label the pace-
maker cells and anti-GFP antibody to label Cklla-il-expressing cells in Cklla-i1-Gal4
>UAS-mCD8::GFP flies. Eight brains were imaged by confocal microscopy (Figure
4.4.). The experiment revealed that co-expression occurs in small and large lateral

neurons (sLNvs and 1LNvs) (circles in Figure 4.4.).

Figure 4.4. Expression of Cklla-il in clock cells. Immunohistochemistry against GFP
(green), PDF (magenta) in Cklla-i1-Gald>UAS-mCD8::GFP expressing fly brain.

4.1.4. Investigation of Postsynaptic Partners of CklIln-il-Gal4 Expressing

Neurons by trans-Tango

We hypothesized that Cklla-il expressing cells could have a role in learning and
memory by post-synaptic interaction. Therefore, I used the trans-Tango system to
reveal post-synaptic partners. The Cklla-i1-Gal4 flies were crossed with flies that
carry pre-synaptic and post-synaptic reporters together with trans-Tango transgenic
elements. Pre-synaptic Cklla-il-expressing cells were labeled by anti-GFP antibody
and an anti-HA antibody was used to stain post-synaptic cells. Additionally, anti-
FaslI antibody was used to label a/f lobes of the MB. Nine brains were imaged and

analyzed.
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Figure 4.5. Characterization of pre- and post-synaptic Cklla-il expressing neurons in

the adult brain by trans-Tango. Immunohistochemistry in Cklla-il-Gal4>trans-
Tango, UAS-mCDS8::GFP, QUAS-mtdTomato-3xHA expressing fly brain.
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Co-localization of FaslI with either the pre- or post-synaptic cells was not detected
(Figure 4.5.). However, a group of pre-synaptic dorsal cells close to the a3 lobes of
the MB were clearly observed (see arrow heads). In addition, labeling of post-synaptic
cells was observed in the fan-shaped body (rectangle in Figure 4.5.), which is part of
the central complex and regulates sleep and learning behaviors (Liu et al., 2012; Sakai
et al., 2012). In addition, two lateral dorsal neurons were pre- and post-synaptically

labelled (indicated by stars in Figure 4.5.).

In conclusion, neither Cklla-i1-Gal4 expressing cells nor their post-synaptic part-
ners were found to localize to the MB. However, co-staining was observed with sLNvs
and fan-shaped body neurons. Therefore, it could be suggested that Cklla-il express-

ing cells might have a role in circadian rhythm, sleep and innate behaviors.

4.1.5. Generation of Endogenously Tagged CklIla-il

Gal4 lines are useful to get an understanding of the expression pattern of a gene
if no other tool (e.g., antibody) is available. However, as critical enhancer/suppressor
regions that lie far away from the gene of interest can be missed Gal4 lines are only
meaningful, if their expression pattern can be confirmed using other tools. Thus, in
order to get a better understanding of the endogenous expression of Cklla-il and
investigate its protein localization I aimed to endogenously tag Cklla-il with a small
tag (V5) using the CRISPR/Cas system and homology directed repair (HDR). The V5
(Parainfluenza virus 5 V/P tag) tag was preferred in order to prevent an effect on the
three-dimensional structure of the resulting protein and the availability of antibodies
against V5 that work well in immunohistochemistry. To tag Cklla-il from the C-
terminus a guide RNA close to the 3’ end was selected and cloned into the pCFD5
plasmid to generate pCDF5_Cklla-il_ gRNA_HDR (Table 4.1.; Figure 4.7.).
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Table 4.1. Selected gRNA, its location in the genome and its off-targets.

Off-
Name Target locus Selected sequence
target
CkIla- 3L: 15,817,256- 15,817,275 | TGCATTTGCGAGCC- N
one
il_ gRNA_HDR (+) CTGCTT

The aim was to repair the Cas9-induced double-stranded break using the tar-
geting construct “720921-1”7. The targeting construct was designed to include the
sequence of the V5 tag and 1 kb homology arms upstream and downstream of the in-
tended double-stranded break. Furthermore, the sequence corresponding to the guide
RNA target site in the targeting construct was mutated without changing the predicted
protein sequence of Cklla-il to prevent recognition of the targeting construct by the

guide RNA and its cleavage by Cas9.

pCDF5-Ckllo- il gRNA HDR
720921-1 (targeting construct)
CyO TM2, ubx

P - Cas9 ;; ; ;
nos- Cas9 33 X yw sp TM6B, hu

yw/nos-Cas9 CyO  Cklla-il*

CyO TM2, ubx Q

Fl . .
Y > T+ ° "TM6B. hu X sp °  TM6B, hu
O" yw O Ckllo-il* Cy0  Ckllo-il* Q
F2 : ; X yw s ;
Y ' sp TM6B, hu sp TMG6B, hu
CyO kllo-i1*
F3 oW Y : Ckllo- 1

Sp Ckllo- 11*

Figure 4.6. Crossing scheme of generation of V5-tagged Cklla-il.
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The previously generated gRNA-expression vector and the targeting vector were
injected into fly embryos expressing a germ cell-active Cas9 (nanos-Cas9) by the Gene-
tiVision company. While 450 embryos were injected, only 7 of the embryos hatched.
When flies reached adulthood, they were crossed twice to ywQB balancer flies to stabi-
lize the intended genetic modification and to genetically remove nos-Cas9. F1 progenies
of the injected flies (30 flies from each of the 7 injected flies, thus a total of 210 flies)
were crossed with ywQB balancer flies. From these crosses only 60 were successful in
producing F2 progeny. The other flies were lost during the maintenance process. The
F2 progeny flies were heterozygous for the modification in Cklla-il. To obtain ho-
mozygous flies, these were inbred and their F3 progeny was screened by a PCR-based

method (Figure 4.6.).

Genomic DNA was extracted from the F3 flies and primers Cklla-il-A1l and
Cklla-i1_HDR_RP_2 flanking the homology arms were used to amplify the sequence
containing the intended modification (Table 3.5.; Figure 4.7.). The primers were ex-
pected to amplify 2519 bp in flies carrying the wild-type (unmodified) sequence or 2561
bp if the intended modification was obtained. Since the size of the amplified fragments
was too close to detect the modification in agarose gels, I decided to analyze the ampli-
fied fragment by restriction digestion. Analysis of the amplified sequence in Snapgene
showed that the restriction enzyme Haelll is able to differentially digest the fragments
due to an additional restriction site within the V5 sequence. The expected sizes of
restriction products of the wild-type PCR fragment were 23, 193, 296, 429, and 1370
bp, while the expected sizes of restriction products of the modified fragment were 23,
193, 294, 296, 429, and 1118 bp. The 1370 bp and 1118 bp fragments were used to dif-
ferentiate between the sequences of wild-type and modified fragments (Figure 4.7.A).
The amplified fragments were digested with Haelll and analyzed in a 1% agarose gel
(Figure 4.7.B). All 60 fly lines were analyzed, however from the restriction patterns no

pattern representing the modified version of Cklla-il was detected.



42

A

Cklla-i1-A1
> Cklla-i1_gRNA_HDR

Xon-. % ------------------------

1kb Ha 1kb Ha Cklla-i1-HDR-RP-2

‘ PCR

2.5kb

l Restriction digestion

ap ap ap ap *
L

~1.1 kb - V5-tagged
~1.4 kb - Wt

‘ Agarose Gel

L 6-2 7-2 7-3 712 714 7-20 L

Figure 4.7. Scheme and a electropherogram of molecular screening of V5 tag
insertion. A. The scheme shows amplified primers, analysis of restriction digestion,

and expected band sizes. B. a electropherogram of restriction digestion products.
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4.1.6. Investigation of Tagged Cklla-i1 BAC Line in MB and Pacemaker
Cells

Bacterial artificial chromosomes (BAC) allow the investigation of a gene—of-
interest together with its regulatory sites after modification in bacteria and subsequent
insertion into the genome. A BAC clone of Cklla-il including intergenic regions, 5’ and
3" UTRs and its CDS (CH322-72N9) was generated previously (Venken et al., 2009).
Later, a stGFP-Tag:FLAG-Tag:CS(PSP)-Tag:CS(TEVp)-Tag:BLRP tag cassette was
introduced to the 3’ end of Cklla-il by another group and the tagged BAC clone was
integrated into the second chromosome (Kudron et al., 2017). This fly line was recently
made available through the Bloomington Drosophila Stock Center (BL 92307). The
fly line was ordered and used for investigation of the expression pattern of Cklla-il

protein in the fly brain.

The brains of flies homozygous for the BAC construct were dissected and stained
with anti-FLAG antibody. Localization of Cklla-il was analyzed in the MB and pace-
maker neurons by utilizing anti-Fasll or anti-PDF antibodies (Figure 4.8.A and B).

Four brains were analyzed for each experiment.

The co-localization analysis showed that Cklla-il was co-localized around the
MB. It even looked like there is co-localization within the MB. Individual analysis of
Z-stacks revealed that Cklla-il localized nearby MB and appeared to cover the a lobes
and peduncles of the MB.
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Figure 4.8. Localization pattern of Cklla-il in MB and in LNvs. A.

Immunohistochemistry against FLAG (green), FaslI (magenta). B.
Immunohistochemistry against FLAG (green), PDF (magenta).



45

4.2. Loss-of-Function Analysis of Knockdown of CklIla-il in Morphological
Changes of MB

During the examination of the expression and localization of Cklla-il, a group of
Kenyon cells was found to be expressing Cklla-il (see result 4.1.3). This suggested that
Cklla-i1 might really have a role in the MB. Therefore, in order to evaluate the function
of Cklla-il in MB, the effect of Cklla-il knockdown in MB on the morphology of MB
was analyzed. OK107-Gal4 is a previously established MB-specific Gal4 line which
drives the expression in a/a’, 5 and v lobes and in their corresponding cell referred as
Kenyon cells (Lee et al., 1999). OK107-Gal4 lines were crossed with UAS-mCD8::GFP

reporter flies to make the expression observable in fly brains.

OK107-Gal4, UAS-mCDS8-GFP line was crossed with two transgenic Cklla-il
RNA interference (RNAIi) lines: UAS- CkIla-i153%2° (BL 53025) and UAS- CkITq-i190102
(BL 60102), which target different regions in the mRNA of Cklla-il by short hairpin
RNAs. Two separate RNAI lines were utilized because of diminishing effects of off-
targets during analyzing function of Cklla-il. The w'!8 line was crossed with OK107-
Gal4, UAS-mCD8-GFP and used as a control. Both the control and the experimental
flies were heterozygous for all of the constructs. Their brains were dissected and stained
with anti-GFP and anti-Fasll antibodies. While the OK107-Gal4 line drives expression
of mCD8-GFP in a/a’, f and ~ lobes, labelling of FaslI covers «, 8 and ~ lobes in
the MB. Therefore, differentially stained a’ lobes could be identified by comparing the
GFP and FaslII labeling. For the analysis, 19 and 16 brains for UAS-CkIIa-i1530%° and
1118

UAS-CkIIa-i1%0102 Jines were analyzed, respectively. As a control, the wild-type w

line was used and 51 brains were imaged by confocal microscopy (Figure 4.9.).
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Ckllai-153025

Ckllai-160102

Figure 4.9. MB-specific knockdown of Cklla-il by RNAi. Immunohistochemistry in
OK-107-Gald>UAS-CkIla-i1°39%° and UAS-CkIIa-i1%91%% expressing fly brains.

Down-regulation of Cklla-il by RNAIi using two different lines caused shortening
of the most distal part of the « lobe, the a3 lobe. In case of the Cklla-i1%3%% line 44%
of analyzed a3 lobes, whereas 37% of all a3 lobes from the CkIIa-i1%912 line displayed
this phenotype. The severity of the shortening was similar to the representative images
shown in Figure 4.9, where the shortening of a3 lobes is indicated by arrow-heads. In
addition, o’ lobes were analyzed by comparison of the GFP and Fasll images and it
was shown that a ventral section of o’ lobe was stained by anti-FasII in the CkIla-
i15392° line with 15% frequency. This could be a result of misguidance of a group of a
lobe axons or/and ectopic expression of FaslI in o’ lobes (indicated by a star in Figure

1.9.).

To sum up, the phenotype of shortened a3 lobes was shared with different fre-
quencies in both RNAI lines tested. The differences in penetrance of the two lines could
cause differences of the phenotypes. In order to better understand loss-of-function phe-

notypes of Cklla-il, I generated and utilized genomic Cklla-i1 KO mutants.
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4.3. Molecular and Functional Characterization of Cklla-i1 KO Mutants

4.3.1. Generation of CkIla-i1 KO Mutants by using CRISPR/Cas
Genome Editing Technology.

In order to deplete the function of Cklla-il, I chose to disrupt the genomic
sequence by creating a frame-shift mutation using the CRISPR/Cas system. While ex-
ogenous administration of gRNA and Cas9 both in the DNA and RNA form is possible,
I decided to transgenically express gRNAs and Cas9 in order to increase their stabil-
ity and efficiency (Gratz et al., 2014). A germ cell-active Cas9-expressing transgenic
fly line (nos-Cas9) is available at the Bloomington Drosophila Stock Center and was
ordered for this experiment. To generate a gRNA-expressing transgenic fly line two
gRNAs targeting Cklla-il were selected by the CRISPR Optimal Target Finder tool
(targetfinder.flycrispr.neuro.brown.edu/). Among fifty-one candidate gRNA-target se-
quences, two gRNAs were chosen according to their off-target score, location and feasi-
bility for molecular identification of targeted events by a PCR-based analysis. gRNA1
and gRNA2 were located in the second exon of Cklla-il (Table 4.2; Figure 4.10.A).

Table 4.2. Selected gRNA, its location in the genome and its off-targets.

Off-
Name Target locus Selected sequence
target
TGCATTTGCGAGCCCT-
gRNA1 | 3L: 15,817,256-15,817,275 (+) None
GCTT
CGGCAATAGTAGACCG-
gRNA2 | 3L: 15,817,697-15,817,716 (-) None
GATT
AAGTCTTTGCAGCAGTT-
Bl.gRNA | 3L: 15,817,133-15,817,152 (-) AT None

Two guide RNAs were chosen in order to increase the probability of having
double-stranded breaks. Selected gRNAs were cloned by PCR into pCFD4 vector
(by Anastasia Fokina), a expression vector designed to concomitantly express double

gRNAs using two subtypes of the ubiquitous U6 snRNA promoters (Port et al., 2014).
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The pCFD4 vector carrying the two guide RNAs was injected into 250 fly embryos
and integrated into the VK1 landing site on the second chromosome by the GenetiVi-

sion company. Three transgenic lines were generated and delivered to us.

A ~0.4 kb

Ck:'_a;”'m gRNA1 gRNA2 Expected fragment size:
5UTR Exon-1 X Exon-2 sytr Wb ~1-2kb

two gRNAs: ~ 0.8 kb

Cklla-i1-A2
a single gRNA: small indels

~1.2 kb

1213 14 22{23 24 25 26 27 C

0.5 kb

1.5kb

1 kb

0.5 kb

Figure 4.10. Scheme and a electropherogram of F2 and F3 generation screening of the
CklIla-i1 KO mutants generated by the gRNAs expressing line. A. The scheme shows

steps of the screening B. a electropherogram belongs F2 and C. F3 generations.
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Then, the generated gRNAs-expressing male flies were crossed with female flies
that transgenically express Cas9 in their germ cells (nos-Cas9, BL #54591). Potential
mutations are expected in the germ cells of the F'1 generation expressing both the two
gRNAs and Cas9. However, the putative mutation should be stabilized since DSBs
might result in mosaic mutation and repair of DSBs in both alleles might result in
different modifications (biallelic mutation). In addition, transgenic gRNAs and Cas9
expression might cause undesired toxic effects in the next generations. Thus, in order
to both maintain the stability and remove the transgenic constructs, 76 single males

from F1 generation were crossed with female flies with the ywQB fly line.

o Q@

yw  Cklla- il gRNA, w™ X nos- Cas9, w*

P ; ; bt
Y  Ckllo- il gRNA, w* nos- Cas9, w'
: nos- Cas9, w* CklIlo- il gRNA, w* CyO TM2, ubx Q
F1 ; ; X yw ;
Y + sp TM6B, hu
0 d yw  CyO  Ckllo-il* CyO0  TM2,ubx Q
Y "+ ° TTM6B.hu X v sp°  TMG6B. hu
3 o" yw  CyO  Ckllo-il*  Cy0  Ckllo-il* Q
Y * “sp ° TM6B, hu X v TM6B, hu
CyO ‘kITa-i1*
¥4 oW yO o Cklla-1

sp°  Ckllo-il*

Figure 4.11. Crossing scheme of the Cklla-il mutants generation.

While the white marker was used to identify removal of the transgenic constructs,
TM6b balancer was used to maintain the putative stable mutation in ywQB fly line.
TMG6b balancer carries the humeral marker that can be identified by additional bristles

on the humeral part of adult flies.
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Each 76 different F2 generation fly lines a single male fly was selected if they had
additional humeral bristles and counter-selected to wt eye color (Figure 4.11.). The
selected single male flies were crossed with female ywQB flies for expansion of the fly

lines.

DNA samples from F2 flies carrying putative mutant Cklla-il alleles were
screened using PCR (Figure 4.11.). The primers Cklla-il-A1 and Cklla-il-A2 used
in this analysis were designed to amplify the region of the potential mutation (Fig-
ure 4.10.A). The amplified DNA fragments were analyzed in 1% agarose-gels (Figure
4.10.B). Since the F2 flies should be heterozygous and carry both wild-type and al-
tered alleles, it was expected to observe two bands of different size. If the intended
deletion occurred as a result of repair of two DSBs, it was expected to observe two
bands: ~ 1.2 kb band corresponding to the wild type allele and ~ 0.8 kb band corre-
sponding to the altered allele. In case only one of the intended DSBs occurred, small
indel mutations were expected to happen, which would appear as a band close to the
size of the wild-type allele band. Because no band around ~ 0.8 kb was observed, we
assumed that the two simultaneous DSBs did not occur. However, smear-like bands
were observed in 16 candidate mutant lines 4 of which were labelled with red squares
in Figure 4.10.B. Since detection of the small indel mutations in 1% agarose-gels was
difficult, the PCR products were resolved in a 2% agarose gel and 6 candidate mutants
were selected (red squares, Figure 4.10.C). The PCR products of 6 lines were sequenced
with the same primers as were used for analysis (Table 3.5). Chromatograms obtained
after sequencing contained heterozygous (double) peaks in the region of the mutation
and the Inference of CRISPR Edits Analysis tool (ice.synthego.com) was used to pre-
dict altered nucleotides by comparing the chromatogram from the potential mutants
with the chromatogram from the wild-type fly. According to the analysis, 6 candidate
mutants were predicted to have frame-shift mutations. The F3 generation of 6 candi-
date frame-shift mutant lines were inbred and their progeny was selected against the
humeral marker. Only one of the 6 candidate mutant lines was homozygous viable
and the amplified fragment of the homozygous mutant allele was sequenced. Analysis
of the sequencing results revealed that the mutant had 5 nucleotides deletion and 147

nucleotides insertion close to gRNA1-induced DSB site.
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The deletion and insertion was analyzed in silico in Snapgene, a frame-shift mu-
tation was predicted to result in an early stop codon which is at amino acid 110,

p.(Pro55LeufsTer110). The line was named as Cklla-i1M*" mutant (Figure 4.12.).

A

gRNA1 gRNA2
TEEAT ECCACECCTCET s CCGAATCCGGTCTACTATTGCCG
Ckllai1+*  ATTACTGCATTTGCGAGCCCTGCTTTGGAGAGACT307 i 708CCCCGCEEGAATCCG GTCTACTATTGCCGCGATT
Cklla-i1™20  ATTACTGCATTTGCGAGG———TTTGGAGAGAGCT - 9273 572dup . ... T19CCCCGCECGAATCCGGTCTACTATTGGCGCGATT
PAM Spacer sequence

cwiai1~ [ B § §

1 410

Cklla-i1M20 _

1 9% 110 | lcaHz2znF

Frameshift

Figure 4.12. Scheme of genomic and protein level representation of Cklla-i1##? line.

A. Genomic level and B. Protein level comparison of Cklla-il.

As previously mentioned, when gRNAs were designed, no off-target activity was
predicted. Even though the prediction of off-targets gave reliable results in several
studies, CRISPR/Cas system is known to create unpredicted off-targets (Iseli et al.,
2007). Therefore, comparing the phenotypes of mutant fly lines which were generated
with different gRNAs targeting different sites of the same gene would be helpful to
determine whether the observed phenotype was a result of the disruption of the in-
tended locus or an off-target activity. While we were generating Cklla-il mutant lines
using the transgenic gRNAs-expressing line which was generated in our lab, another
transgenic gRNA-expressing fly line which targets the first exon of Cklla-il was gen-
erated by another research group (Kudron et al., 2018) and became available in the
Bloomington Stock Center (BL 83949). We named this line as BL_gRNA. No off-target
activity was predicted for the gRNA from this line (Table 4.2). Therefore, we decided

to generate a mutation in the first exon of Cklla-il using the BL_gRNA line.
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Cklla-i1-A1 BI_gRNA Expected fragment size:
- ; -
5UTR Exon-1 Exon-2 gutR ['9- 13.B.~1.2kb
. - Fig. 13.C. 0.184 kb
Cklla-i1-A2 Cklla-i1-A2

e e |
0.184 kb

Figure 4.13. Scheme and a electropherogram of F2 and F3 generation screening of the
Cklla-i1 KO mutants generated by the BL_gRNA expressing line. A. The scheme

shows steps of the screening B. a electropherogram belongs F2 and C. F3 generations.

It has been shown that NHEJ can create biallelic mutations in the intended
locus of the F1 generation flies (Port et al., 2014). In order to examine these putative
mutations, F1 generation flies were screened (Figure 4.11). T decided to screen for the
putative mutation in flies of the F1 generation using DNA from their wings in order

to use the same flies for the generation of the F2 generation. Therefore, wings of 16
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single males from the F1 generation were dissected and the wings were used to extract

DNA.

Two primers, Cklla-i1-CDS-FP and Cklla-i1-A2, flanking the site of the puta-
tive mutation were used in the PCR-based screening (Table 3. 5; Figure 4.13.A). The
amplified DNA fragments were analyzed in 2% agarose gels (Figure 4.13.B). Since het-
erozygous flies should carry both wild-type and altered alleles, small indel mutations
were expected to be observed close to the wild-type band. PCR products of different
size than the corresponding wild-type band were observed in 6 candidate mutant lines
(Figure 4.13.B). Therefore, the 6 candidate mutant males were crossed with ywQB fe-
males. However, among these 6 candidates BL_M6, BL_M7 and BL._M14 lines showed
more than two bands, which indicates the existence of mosaic mutations since inde-
pendent mutation can be created in the cells which divided from different pluripotent
stem cells in the eggs. In order not to lose these possible biallelic and/or mosaic muta-
tions, 6 single F2 generation male flies generated from each of the 6 candidate mutant
lines were selected and crossed with ywQB females. The F3 generation of the 36 can-
didate mutant lines were inbred and homozygous viable mutant lines were selected
against humeral marker. 21 candidate mutant lines were screened by a PCR-based
analysis (Figure 4.13.C). Cklla-i1-CDS-FP and Ckllail Bl.gRNA_RP primers were
used to narrow down to the intended mutation site (Table 3.5; Figure 4.13.A.). 14
out of 21 lines have been found to be heterozygous for the mutation (Figure 4.13.C).
The mutant alleles of five out of the 14 lines were subjected to sequencing. Analysis
of sequencing results revealed that one of the five lines had a 13-nucleotide deletion
close to BL_LRNA-induced DSB site. In silico analysis of this sequence on Snapgene
predicted a frame-shift mutation that results in an early stop codon at amino acid 58

(p.Asn29LysfsTer58). This candidate mutant was named CkIla-i17%¢ (Figure 4.14).

Canonically, a premature stop codon results in the degradation of the mRNA via
nonsense-mediated mRNA decay (Hentze and Kulozik, 1999). However, Due to absence
of a specific antibody for Cklla-il, we could not analyze the presence of Cklla-il. The

CklIIo-i120 and CklIla-i1!¢ mutant lines were subjected to further examination.
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Bl_gRNA
CCGAAGTCTTTGCAGCAGTITAT

Cklla-i1++ AAATTCAAATCG GCCAATAAACT GCTGCAAAGACTT TTCGATTGGTACAA

Cklla-i1M18  AAATTCAAATCGGCCAA........................ AGACTTTTCGATTGGTACAA
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Figure 4.14. Scheme of genomic and protein level representation of CkIla-i1*6 line.

A. Genomic level and B. Protein level comparison of Cklla-il

In order to decrease mutation-independent phenotypes which could be observed
in the tested different genomic background control and experimental flies (Kammenga,
2017), the mutant lines CkITa-i1##? and CkITa-i1M1% were crossed twice with a balancer
line (BL 24640) to isogenize the X and second chromosomes. The balancer line which
was isogenic with w!'® (BL 5905) for X, and second chromosomes. Both the balancer

118 was tested for common morphological and behavioral analyses.

line and w
4.3.2. Investigation of Functional Role of CklIla-il by Morphological Anal-

yses in MB.

The morphology of MB of homozygous mutant alleles of Cklla-i1*?? and Cklla-

i1M1¢ was analyzed by Fasll staining in the adult Drosophila brain. For the CklIa-i1*?Y

line, both larval and adult brains were stained to observe whether the morphological
alteration in MB has occurred during development from larvae to adult or already

established during early development.
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13 larval brains from each the w!'''® (wild-type) and CkIla-i1#? lines were an-
alyzed (Figure 4.15.). Mushroom bodies consist of axonal extensions of v, a’ and f’
Kenyon cells in the late third instar larvae and when the mushroom body morphology

of the larvae was analyzed, it was no morphological changes in the MB were observed.

wte Cklla-i1V20

Figure 4.15. Larval mushroom bodies of Cklla-i1?’ and wild-type lines.

Immunohistochemistry against FasII (magenta) in Cklla-i1M20 mutant brains.

Female and male adult brains of adult flies from Cklla-i1?’ and CkIla-i1M1¢
lines were stained and analyzed separately to follow possible sex-specific effects. In case
of the CkIIa-i1"2? line 25 female and 34 male brains, and in case of the CkIIa-i1M!¢
line 18 female and 17 male brains were imaged by confocal microscopy and analyzed.

1118

12 female and 52 male brains from the wild-type w control line were used were

subjected to the same analysis.

The morphology of the MB regarding the length, width, and guidance of a/f3
lobes was analyzed. I could not observe any significant phenotype both in CkIla-
i1M%% male and females. There was only a mild 3 lobe fusion phenotype in both
sexes. However, the mild S lobe fusion was also observed in the control brains with
a similar frequency. Several types of morphological changes were observed in both
sexes in the MB of the adult Cklla-i1M??; however, their frequency was higher in
males. Morphological changes included shrinkage and misguidance of a3 part of alpha

lobe, shortage and skewing of « lobe, missing of « lobe and missing of «/f lobes.

Representative examples of the observed phenotypes are shown in Figure 4.16.
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W1118

w8 (labeled)

Phenotypes in the Cklla-i1 mutants

Shrinkage of a3 lobe Misguidance of a3 lobe
¥
-

Shortage of a lobe Skewing of a lobe

-
>
-

Missing of B lobe Missing of a/B lobe

Figure 4.16. Morphological changes observed in the lobes of mushroom bodies in the

mutant lines.

Quantification of the observed phenotypes showed that the most frequently ob-
served phenotype is the shrinkage of the alpha 3 (a3) lobe (46%), followed by misguid-
ance of the a3 lobe (24%) and skewing of the « lobe (24%) (see Table 4.3.). The listed
phenotypes were also observed in the control flies and are listed in Table 4.3. However,
their frequencies were lower than in CkIla-i1*??. Missing 3 lobes and a/f3 lobes was
observed only in one of the brains of the CklIla-i1?’ males. The severe shortage of a
lobe is illustrated in Figure 4.16 and was observed in one brain each in both sexes of
CklIIa-i1M2% . However, as I suspected a general decrease in the length of the « lobes,

their length was measured and analyzed.
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Table 4.3. Frequency of the observed phenotypes in both sexes of CkIIa-i1*?’ lines.
Phenotypes CkITa-i1"° w!118

Male | Female | Total | Male | Female | Total
Misguidance of a3 lobe | 24% 25% 24% | 10% 0% 8%
Shrinkage of

a3 lobe

58% 19% 46% 4% 9% 5%

Skewing of
31% 6% 24% 8% 9% 9%

o lobe

In order to compare the length of the a lobes, their lengths were measured and
normalized to the width between the heels of the « lobes (Figure 4.17.A). As the
number of the samples among the groups were not equal and the mean of the samples
were not normally distributed, I utilized Welch’s t-test between the groups and p values
were annotated in the Figure 4.17.B. The analyses showed that while the length of «
lobes was significantly shortened in Cklla-i1*2? males, the length of « lobes was not

changed in CkIIa-i1M2? females.

To conclude, morphological changes in « lobes of the Cklla-i1M?? larvae were
not observed. Several morphological changes were detected in the o and a3 lobes of

1M16 males and

the Cklla-i1M2? adults, whereas no phenotype was observed in CkIlo-i
females. While phenotypes were observed in both sexes of CklIla-i1M?Y their penetrance
was higher in males than in females. Therefore, it is possible to suggest that Cklla-il

could have a role in development and maintenance of a lobes of MB in adult flies.
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Figure 4.17. Measured lobes of MB and box plot of analysis of a lobe length of
CkIIa-i1*?Y line. A. Measured lobes of MB and B. Statistical analysis of a lobe
length of Cklla-i1M20 in both sexes.

4.4. Functional Role of MB-Specific Ectopic Over-Expression of CklIla-il
in MB

In the pursuit of identifying the function of a gene, different approaches aiming
the disruption of a gene or its RNA product could be utilized as previously discussed
in the result 4.2 and 4.3. In addition, gain-of-function experiments could also help to
identify the function of a gene by providing the examination of possible phenotypes

resulting from the ectopic overexpression of a gene.
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Thus, MB-specific overexpression of Cklla-il was performed by UAS-CkIla-i1-
HA line which was generated by cloning of the ORF of Cklla-il under UAS control
(FlyORF #F001872; Bischof et al., 2013). The generated line expressed a canonical
transcript of the CDS of Cklla-il with a C terminal-fused HA tag that was used to
stain Cklla-il. The UAS-CkIla-i1-HA line and w'!'® line as a control, were crossed
with OK107-Gal4, UAS-mCDS8::GFP which was previously utilized in knockdown of
Cklla-il (see result 4.3). Both control and experimental flies were heterozygous for
all of the constructs. Their brains were dissected and stained with anti-GFP and anti-
FasII antibodies. While OK107-Gal4 line drives the expression of mCD8-GFP in /o,
£ and vy lobes, labelling of FaslI covers «, # and ~ lobes in MB. A total of 14 female and
10 male brains from Cklla-i1-HA and 25 female and 31 male brains from the wild-type

wil1® flies were imaged by confocal microscopy (Figure 4.18.).

male

Cklla-i1
male

Cklla-i1
female

Figure 4.18. MB-specific overexpression of Cklla-il. Immunohistochemistry against

in OK-107-Gal4>UAS-CklIIa-i1 expressing fly brains from both sexes.
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I could not observe any phenotype that had been described in the loss-of-function
experiments. Ectopic overexpression should result in other phenotypes. Therefore, I
analyzed the images for other abnormalities in the MB, however, no changes between

control and experimental brains could be observed.

4.5. Generation of ZBTB11-Expressing Flies and Validation of ZBTB11

Expression in Drosophila

To address the functional similarity/conservation of ZBTB11 and Cklla-il in
Drosophila, 1 generated fly lines expressing the wild-type form and two previously de-
fined variants of the ZBTB11 gene (p.H729Y and p.H880Q) (Fattahi et al., 2018) under
control of the UAS promoter. Since there is no specific antibody to detect ZBTB11 in
immunohistochemistry experiments, ZBTB11 was tagged with a hemagglutinin (HA)
tag. Newly generated fly lines were crossed to actin-Gal4 flies in order to express
ZBTB11 ubiquitously and its expression was analyzed using Western blotting. Then,
ZBTB11 variants were expressed under the control of Cklla-i1-Gal4 and their local-

ization was analyzed in the Drosophila adult brain using immunohistochemistry.

4.5.1. Generation of Transgenic ZBTB11-Expressing Fly Lines

The wild-type and two variants of Zbtb11 were cloned into pUASg-HA.attB des-
tination vector using Gateway®) cloning strategy (Invitrogen™). First, the gene was
amplified using primers UAS-zbtb11F3 and UAS-zbtb11R3 that contain attB sequences
(Figure 4.19.A., BP cloning) and the PCR products were recombined into the donor
vector pPDONR207. The cloning was verified using the restriction enzyme BglII (Figure
4.19.C). Then the insert was transferred to the destination vector pUASg-HA.attB (LR

cloning) and verified by analytical digestion using the restriction enzyme Bglll (Figure

4.19.D).
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Figure 4.19. Cloning of ZBTB11 constructs. A. Representative scheme of Zbtb11
constructs by Gateway cloning. Electropherograms of B. attB-adjacent Zbtb11
fragments, C. pDONR_ZBTBI11 plasmids, D. pUAS-ZBTB11-HA .attB plasmids.
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Coding sequences (CDS) of wild-type and variant forms of Zbtb11 were previously
cloned into pcDNA™ DEST53 vector (Fattahi et al, 2018). These vectors were used
as templates for amplification of CDSs of Zbtb11l. A pair of primers UAS-zbtb11F3
and UAS-zbtb11R3 was designed to amplify Zbtb1l1 coding sequences by adding site-
specific attB1 and attB2 recombination sites, which were flanking both sites of the
template fragments. The attB sites provide site-directional recombination from the

templates to the donor vector (Table 3. 5).

The PCR products (Fig 4.19.B) were purified from an agarose gel and incubated
together with pDONR207 vector carrying attP1 and attP2 sites and BP clonase ac-
cording to the manufacturer’s instructions (Figure 4.19.A., BP cloning). The reaction
products were transformed into E. coli DH5a competent cells. The plasmids were iso-
lated from single transformants and digested with BgllII restriction enzyme to analyze
whether the Zbtb11 sequences were inserted in pDONR207. The restriction products
of pPDONR_ZBTB11_wt, pDONR_ZBTB11_H729Y and pDONR_ZBTB11_H880Q were
analyzed by agarose gel electrophoresis (Figure 4.19.C) and the inserts were verified by
Sanger sequencing. The primers that were utilized for sequencing are listed in Table

3.5.

As a second step of Gateway cloning, an LR reaction was performed for site-
specific recombination of CDSs of Zbtb11 from the donor plasmids
(pDONR_ZBTB11_wt, pDONR_ZBTB11_H729Y and pDONR_ZBTB11_H880Q) to the
destination vector pUASg-HA .attB (Figure 4.19.A, LR cloning). pUASg-HA.attB is
designed to express the coding sequence fused with a 3XHA tag in its 3’-terminus
under control of the UAS promoter (Bischof et al.,, 2013). In addition, it includes a
site-specific integration site (attB), which can be used to integrate the vector into the fly
genome that have the corresponding landing sites (attP) using phiC31-mediated inte-
gration (attB-attP-phiC31 integrase). Thus, pDONR_ZBTBI11 plasmids and pUASg-
HA .attB vector were incubated with LR clonase enzyme and the reaction products
were transformed into E. coli DH5a competent cells. For each cloning the plas-
mids from two single transformants were isolated and digested with the restriction

enzyme Bglll to analyze whether the Zbtb11l constructs were recombined into the
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pUASg-HA .attB vector. The restriction products of the three plasmids which were
named pUASg-HA.attB_ZBTB11_wt, pUASg-HA .attB_ZBTB11_H729Y and pUASg-
HA.attB_ZBTB11_H880Q) were analyzed by agarose gel electrophoresis (Figure 4.19.D).
The colonies were verified by Sanger sequencing at Macrogen company using sequencing

primers listed in Table 3. 5.

After verification by sequencing, the plasmids were isolated in large scale with a
midi-prep kit and sent to the GenetiVision company for injection. Each construct was
injected into 250 fly embryos of a white-eyed fly strain. The pUASg-HA.attB_ZBTB11
plasmid carries the white gene as a marker for selection in Drosophila. Thus, the
integration of the vector was detected by the presence of the red eye color provided
by the white gene. Three independent red-eyed fly lines from each of UAS-ZBTB11-
HA wt, UAS-ZBTB11-HA _H729Y and UAS-ZBTB11-HA _H880Q flies were selected
for further experiments. The lines were named as UAS-ZBTB11-HA wt-1, wt-2, wt-
3, UAS-ZBTB11-HA_H729Y 3, H729Y 5, H729Y 6, and UAS-ZBTB11-HA _H880Q_1,
H880Q-2, H880Q)_3.

4.5.2. wn vitro and n vivo Characterization of ZBTB11 in Drosophila

Protein expression and tagging of ZBTB11 was analyzed in vitro by Western
blotting. Transgenic UAS-ZBTB11-HA flies were used to express ZBTB11 ubiquitously
in flies. Two lines corresponding to wild-type ZBTB11 and three lines corresponding

to each of two mutant variants of ZBTB11 were analyzed.

UAS-ZBTB11-HA flies were crossed with the actin-Gald (BL 4414) fly line, which
provides ubiquitous expression of ZBTB11. F1 progenies carried heterozygous actin-
Gal4 and UAS-ZBTB11 constructs. The heads of six F1 adult flies were homogenized
and lysed. The concentrations of total protein in the lysate of samples were equili-
brated by dilution with the Laemmli buffer. 20 pg of the total protein were loaded
on and resolved in an 8% acrylamide gel. After appropriate running time, the pro-
teins were transferred to a PVDF membrane in order to detect ZBTB11 with anti-HA

antibody. First, the membrane was stained with Ponceau S dye and imaged to com-
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pare the amount of total protein in the samples transferred to the membrane (Figure
4.20.A). Second, the membrane was blocked and stained with HA antibody to observe
the expression of ZBTB11 (Figure 4.20.B). While the lysate of wild-type Canton-S flies
(N) was used as a negative control, the lysate of the previously generated endogenously
HA-tagged Uzip flies was used as a positive control (P). The band corresponding to
Uzip-HA (65 and 80 kDa) was not detected in the positive control probably due to
the low level of expression of Uzip-HA. However, the ~ 125 kDa bands corresponding
to the wild type and mutant ZBTB11 were present in the lanes of the experimental
samples. According to this result, wild-type and the two variants of ZBTB11 were

expressed in flies in correct size.

A
N. Control P. Control ZBTB11" ZBTB11H729Y ZBTB11Hes0Q
1 2 1 2 1 2 3 5 6 1 2 3
180 kDa R s e
130 kDa
100 kDa
70 kDa
55 kDa
B
N. Control P. Control ZBTB11 ZBTB11H729Y ZBTB11Hee0a
1 2 1 2 1 3

2 3 5 6 1 2
W‘“«— W < 125kDa

. : .
» . «— 80 kDa
1 —‘.' - +— 65kDa

Figure 4.20. Analysis of ZBTB11-expressing flies. A. Total protein staining of the

samples with Ponceau S. B. Western blotting against HA to label wildtype and
variants of ZBTB11 expression in actin-Gal4d>UAS-ZBTB11 expressing fly brains.
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Later, I addressed the subcellular localization of ZBTB11 in Cklla-i1-Gal4 ex-
pressing cells. Localization experiments of ZBTB11::GFP in HEK293 cells showed the
localization of ZBTB11 to the nucleolus (Fattahi et al., 2018).

ZBTB11™

Figure 4.21. Analysis of Cklla-il and ZBTB11 localization in the fly brain.
Immunohistochemistry against HA (green), in Cklla-i1 -Gal4>UAS-CkIla-i1-HA
and UAS-ZBTB11-HA"" and UAS-ZBTB11-HAM0Q expressing fly brains.
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CklIla-i1-Gal4 expressing cells were previously investigated in this study and their
cell bodies and axonal projections were identified (see Figure 4.4). Cklla-i1-Gal4 ex-
pression was observed in sLNVs, which have relatively long axons that are projected to
dorsal cells. This gives the opportunity to observe subcellular localization. In addition,
the Gald/UAS system allows the overexpression of any coding sequence downstream of
the UAS promoter. Thus, I over-expressed Cklla-i1-HA using the UAS-CkIla-i1-HA
line and its human ortholog ZBTB11-HA in Cklla-i1-Gal4 expressing cells to com-
pare their subcellular localization with previously established membrane and nuclear

staining of Cklla-i1-Gal4 expressing cells.

Towards this aim, UAS-CklIla-il-HA, UAS-ZBTB11-HA"*! and UAS-ZBTB11-
HAHE0QL flies were crossed with CkIla-il-Gald (Pr-2) flies and their F1 progeny, which
carried heterozygous Gald and UAS constructs was analyzed. The F1 progeny flies
were separated according to their sexes and their brains were subjected to immunohis-
tochemical staining with anti-HA antibody (Figure 4.21.). 15 brains from UAS-CkIla-
i1-HA, 10 brains from UAS-ZBTB11-HAY*!, 9 brains from UAS-ZBTB11-HAM880Q-1
were immuno-stained and the expression patterns of Cklla-il and ZBTB11 proteins
were analyzed. The analysis showed that while Cklla-il was localized mostly in cell
bodies, both wild type and H880Q forms of ZBTB11 were localized both to the cell
bodies and the neurites. The cell bodies are indicated with white arrow-heads, the neu-
rites are indicated with magenta arrow-heads, and the region corresponding to Kenyon

cells is indicated with ellipse circles in Figure 4.21.
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5. DISCUSSION

5.1. Expression and Localization of Cklla-il

5.1.1. Regulatory Elements of CklIla-il and fwe Genes

The CREs, which were cloned in Gal4 constructs included an intergenic region,
which was between Cklla-i1 and flower (fwe) genes expressed in opposite direction of
the strands. While Cklla-il is expressed from the sense strand, fwe is expressed from
the antisense strand. Therefore, the intergenic region could include regulatory sites
of both genes as illustrated in Figure 4.1. In addition, it was shown that regulatory
elements can regulate transcription both unidirectionally and bidirectionally (Rennie et
al., 2018). Therefore, characterization of the expression pattern of the Gal4 lines needs
to be verified by analyzing endogenous expression. To exclude the fact that the cloned
region contains Fwe regulatory sites the known expression pattern of Fwe was compared
with the expression pattern of the Cklla-il-Gal4. In larvae eye-antennae imaginal disc,
Fwe localizes ubiquitously to the cytoskeleton of all eight photoreceptor cells and was
shown to co-localize with F-actin staining (Rhiner et al., 2010). However, the nuclear
expression of Cklla-il-Gal4 specifically localizes to two neighboring photoreceptor cells
(data not shown). Consequently, at least in the imaginal disc, the observed expression

can be suggested not to belong to Fwe.

In addition, initiation of transcription is tightly regulated by accessibility of tran-
scription factor, enhancer or open chromatin structure (Hu and Tee, 2017). Even
though the cloned CREs share the same nucleotides with endogenous CREs, their ac-
cessibility for interaction with regulatory elements is not predictable, and thus could
result in observing expression pattern of both few and Cklla-il. Therefore, in order
to prove that the expression pattern observed with the Gal4 lines reflects endogenous

Cklla-i1 expression, an in situ hybridization experiment could be performed.
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5.1.2. Comparison of Expression Pattern of Cklla-il Gal4 and BAC Lines

The expression pattern of Cklla-il-Gal4 line and the BAC line were investigated
to identify localization of Cklla-il activity in the adult fly brain. Thus, the expression
patterns of the Gal4 lines and the BAC line were compared. Even though, it was shown
that transcription of a gene does not ensure translation of the corresponding protein,
since they are regulated by distinct mechanisms, most of the genes are expected to be
transcribed and then translated into protein under physiological condition (Sonenberg
and Hinnebusch, 2009). The presence of Cklla-il around MB and in the clock cells
both in the Gal4 line and the BAC line support the hypothesis that Cklla-il has a
role in MB and clock cells. In addition, the co-staining in the BAC line around the
MB was observed in a net-like structure covering the MB and it was claimed that it
could correspond to the structures belonging to two possible cell groups. The first
one could be MB-interacting neurons such as dopaminergic PAM neurons (Mao, 2009)
and the second one could be glial cells, which regulate both axonal maturation and
homoeostasis of the MB (Hakim et al,, 2014). In the co-staining of Cklla-i1-Gal4
line and FaslI, I could only observe the cell bodies of 1-2 cells located just above the
MB « lobe. However, unfortunately, it was not possible to observe their full cellular
extensions using UAS-mCDS8::GFP. Thus, analysis of axonal and dendritic arborization
of Cklla-i1-Gal4 using axonal (tau-GFP) and dendritic (Denmark) reporters could help
to determine the identity of Cklla-il-expressing cells.

In addition, nuclear co-staining of Cklla-il1-Gal4 and the Kenyon cell marker
Dachshund should be verified because Dachshund stains not only Kenyon cells but
also other groups such as insulin producing cells (IPCs) that are positionally close to
Kenyon cells (Okamoto et al., 2012). Verification can be performed by co-staining
of Cklla-i1-Gald with Kenyon cell and IPC specific markers. FExpression of Cklla-
il within a/B subgroup of Kenyon cells was explained in the section of investigation
of scRNAseq analysis. By nuclear staining of Cklla-i1-Gal4 with Dachshund stain-
ing it could not be identified whether Cklla-il is expressed in IPCs. However, by
analyzing Cklla-i1-Gal4 expression with membrane-associated reporter GFP, Cklla-

il-expressing IPCs were morphologically identified. However, it is necessary to verify
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the expression of Cklla-il-expressing IPCs by co-staining with IPCs-specific reporter
lines. IPCs have a role in innate immunity, stress response, energy balance and ho-
moeostasis and mood-associated social behavior like aggression (Luo et al., 2014). They
have a developmental and functional role similar to the hypothalamus, which is the hor-
mone and homoeostasis center in mammals (Wang et al., 2007). Similarly, mammalian
ZBTB family proteins show high expression in the hypothalamus (Cheng et al., 2020)
and they are highly implicated in the regulation of lymphoid differentiation (Cheng
et al., 2021). In addition, a function for ZBTB11 in energy homeostasis was recently
shown to be related to mitochondrial homeostasis (Wilson et al., 2020). Therefore, the
functional similarity between Cklla-il and ZBTB11 in energy metabolism and the role

of Cklla-il in TPCs should be further investigated.

5.1.3. Expression Pattern and Cellular Identities of CklIla-il in both Gal4

and BAC Line Regarding Co-Staining for Pacemaker Cells

Expression and localization of Cklla-il in circadian cells was observed in both
the Cklla-i1-Gal4 and the BAC line. CklIla, a serine-threonine kinase that phospho-
rylates Cklla-il is expressed in the same circadian cells (Lin et al., 2002). The nuclear
translocation of Clock, a central circadian clock protein, is regulated by Cklla and
another Cklla-il interactor protein Widerborst (Wdb) (Andreazza et al., 2015). Thus,
I hypothesize that the nuclear localization of Cklla-il may be regulated by Cklla
and Wdb similar to Clock. To investigate this hypothesis, the role of Cklla-il in the
molecular clock mechanism and circadian rhythm can be tested in different Zeitgebers
by co-staining of Cklla-il with Cklla, Wdb, and Clock antibodies and by analyzing

the locomotor activity of Cklla-i1 KO mutants.
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5.1.4. trans-Tango

trans-Tango is a post-synaptic tracing system that allows to label both Gal4-
expressing cells and their post-synaptic partners with different fluorescent tags to mark
their expression in the nervous system (Talay et al., 2017). In our study, trans-Tango
was used to identify post-synaptic partners of Cklla-il-expressing cells. FaslI staining
was additionally used to determine the existence of post-synaptic partners in the MB.
Even though no colocalization of cells post-synaptic to Cklla-il-expressing cells and
FasIl was observed, several sub-compartments of the fan-shaped body were labeled.
The fan-shaped body is another important brain structure that can be used modeling
of ID, since it regulates motor behavior by processing sensory input with the help of
spatial memory in addition to its role in arousal and sleep (Coll-Tané et al., 2019).
Therefore, identification of the fan-shaped body as a possible post-synaptic partner,
might implicate a possible role of Cklla-il in fan-shaped body.

In the trans-Tango experiments, it appears that dendritic and axonal extension
of most of the pre-synaptic and post-synaptic neurons could not be observed and thus
their synaptic interaction could not be examined explicitly. It has been suggested that
in order to improve the expression signal in axons and dendrites, aging of the flies
for 20 days in 18°C before dissection might increase the efficiency of the trans-Tango
system (Coll-Tané et al., 2019). This experiment could be performed as recommended

to make sure all post-synaptic partners have been identified.

5.1.5. Endogenous Tagging of Ckiia-I1 by CRISPR/Cas

Endogenous modification of a gene-of-interest by the CRISPR/Cas system is a
highly utilized method in the field. However, the success rate of HDR for the intended
modification is variable depending on the efficiency of the gRNA, accessibility of in-
tended loci (Bosch et al., 2020). Increasing the efficiency of endogenous modification by
CRISPR/Cas is a hot topic in Drosophila research. Different techniques can be utilized
to increase the efficiency of the intended C-terminus tagging of Cklla-il. For instance,

utilizing short homology sequences around 200 bp rather than 1 kb was shown to in-
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crease the success rate from 50% to 75% for 10 genes (Kanca et al., 2019). In addition,
targeting different positions within the gene of interest such as the first intron could be
another option for endogenous tagging. It was shown that tagging of a protein at the
N- or C-terminus could disturb its function and decrease the efficiency of the intended
modification, while internal tagging (such as tagging in intron) was shown to increase

viability and number of modification events (Serebrenik et al., 2019).

5.2. Characterization of Function of Misexpression and Overexpression of

Cklla-il in MB Morphology

5.2.1. Knockdown and Knock-out of CkIla-il

In order to reveal the function of Cklla-il, I utilized two loss-of-function ap-
proaches, RNAi-mediated knockdown and CRISPR/Cas-mediated knock-out of CklIla-
il. First, knockdown of Cklla-il was performed by two different shRNAs constructs:
UAS-CkIIa-i1%39%% and UAS-CkIla-i1%9192, The efficiency of knockdown by the UAS-
CkITa-i1%9192 construct was tested by qRT-PCR (Fattahi et al., 2018) and it was shown
that the RNA level of Cklla-il was decreased significantly (p<0.005). However, quanti-
tative analysis for UAS-CkIIa-i1%3925 should also be performed to estimate the efficiency
of the shRNA since RNAi-mediated knockdown has variable efficiency depending on
different parameters such as sufficiency of the expression of shRNA vector, level of
mRNA expression of downregulated gene and accessibility of Dicer2, which cleaves
the mRNA mediated by shRNA (Kim et al., 2006). Both CkIla-il targeting shRNA
construct are cloned in VALIUM20 vector which was optimized for reducing leaky ex-
pression from the promoter and increase the expression levels of shRNA (Qiao et al.,
2018), thereby increasing the efficiency and precision of the knockdown event without
additional expression of Dicer2 nucleases (Qiao et al., 2018). Therefore, I decided to
perform, first, the knockdown of Cklla-il in two separate transgenic sShRNA-expressing
lines and compare their efficiency by evaluating the alteration of MB morphology. The
common phenotypes of UAS-CkIla-i1-shRNA after crossing with MB-specific Gal4 line
were the shrinkage of a3 lobe with 44% and 37% reduction, respectively. The pene-
trance for the shrinkage of a3 lobe was higher for UAS-CkIIa-i153°%° and the additional
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153025

phenotype for the a’ lobe was observed in UAS-CklIla-i . However, the pheno-

type observed in the a’ lobe was not observed in knockdown by UAS-CkIIa-i1%0102 or
in the KO mutants, which may indicate an off-target activity of shRNA. Therefore,
in further knockdown experiments for CkIla-il the UAS-CkIIa-i1%°192 flies should be
utilized. In addition, in order to repeat the knockdown experiment in Fattahi et al.,
2018, MB-specific knockdown of Cklla-il was performed with the same experimental
procedure. Previously, total fluorescent intensity of the MB areas was analyzed to test
the loss-of-function effect of Cklla-il. However, morphological changes have not been
addressed. Therefore, I decided to analyze and compare the effect of both knockdown
and knock-out of Cklla-il on the morphology of the MB. In the Cklla-il KO flies, I
observed morphological changes only in the Cklla-i1*?Y line. Even though, there were
additional phenotypes such as misguidance of a3 lobe, skewing and shortage of a lobe
in CkIIa-i1*2? line, all of these phenotypes could depend on the same mechanisms such
as projection of o lobe axons. Therefore, the variety of the phenotypes observed in
CkIIa-i1M2? line can be interpreted as relatively higher penetration of mutation than
in knockdown flies and could result from two different reasons. The first one is that
while knockdown of Cklla-i1 was specific to the MB, knockout of Cklla-il occurred in
the whole body. This might indicate a non-cell autonomous effect of Cklla-il in the
MB rather than resulting from its expression in Kenyon cells. Other cell groups such
as Cklla-il-expressing glial cells could cause the malfunctioning of axonal projection
of the o lobe. The second one is that RNAi-knockdown could not be as efficient as ge-
nomic mutation. It could result in a decrease of the observed phenotype frequency. A
similar phenotype, which is misguidance and severe shrinkage of a3 lobes was observed
in ID- and speech disorder-related FoxP mutant flies (Castells-Nobau et al., 2019).
However, further functional analysis in necessary to reveal the function of Cklla-il in

a3 lobe of MB.

In addition, absence of the described phenotypes in the Cklla-i1M6 line could
be explained by the expression of the functional domain of Cklla-il by an alternative
start codon in the second exon since the mutation in CklIla-i1"?% line is located in the
first exon and the predicted functional domains of Cklla-il are located in the second

exon. However, due to the absence of the specific antibody for Cklla-il this could
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not be further addressed. Alternatively, both of the mutant lines could and should be
analyzed for expression of different exons by RT-qPCR.

5.2.2. Ectopic Overexpression

MB-specific overexpression of Cklla-il did not result in phenotypic changes in
the MB, while both knockdown and knockout of CkIla-il demonstrated a promising
phenotype in the « lobes. It was shown that overexpression of transcription factors
(TF) can alter their function since they can have a role as enhancer and/or suppressor
of their downstream genes and overexpression of the TF can boost or decrease the ex-
pression of the downstream genes (Prelich, 2012). As previously described, interaction
partners of the Cklla-il protein were functionally clustered in the regulation of the
neuroblast and progenitor fate (see Introduction 1.4). Therefore, Cklla-il may have
a role in regulation of expression of developmental genes as an enhancer or suppres-
sor. Although misexpression of Cklla-il could result in malfunctioning of downstream
target genes, if the expression of downstream target genes of Cklla-il was not dose-
dependent it might not result in any phenotype . In addition, similar to my result,
if the function of Cklla-il is controlled by other mechanisms such as dimerization
with another concomitant TF, overexpression of Cklla-i1 might not be seen in the

phenotype (Zolotarev et al., 2016).

5.3. Generation of ZBTB11-Expressing Flies and Validation of ZBTB11

Expression in Fly

In order to reveal the orthology between ZBTBI11 and Cklla-il, ZBTBI11- ex-
pressing transgenic flies were generated. subcellular localization of ZBTB11 and CkIla-
il was analyzed in Cklla-il-expressing cells by crossing Cklla-i1-Gald with UAS-
Cklla-i1-HA, UAS-ZBTB11-HAY' and UAS-ZBTB11-HAH89Q flies. Cklla-il was lo-
calized mostly in the cell bodies. Although nuclear localization of ZBTB11 in human
HEK293 cells was shown (Fattahi et al., 2018), both wt and variant of ZBTB11 were
localized to cell bodies and axons. Subcellular localization of a protein could be dy-

namic depending on its function in different cell types and external conditions (Qi and
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Boateng, 2006; Bervoets et al., 2019). Therefore, nuclear localization of ZBTB11 in
HEK?293 cells could not display neural subcellular localization of ZBTB11 and, phys-
iologically, it can be localized in the cell body and axonal part of neurons in the fly
brain. On the other hand, subcellular localization is directed by alternative isoform
choice and post-transcriptional modifications (Bauer et al., 2015). However, ZBTB11
was expressed by the same constructs of ZBTB11 variants in both studies. Thus, alter-
native isoform choice is not a likely reason of altered localization. If regulatory proteins
which are responsible for post-transcriptional modification of ZBTB11 were absent in
the fly, ZBTB11 could be mislocalized in Cklla-il-expressing cells. In addition, if
UAS controlled ZBTB11 expression was enhanced compared to physiological level pro-
tein production, it could result in the aggregation of ZBTB11 in altered subcellular

compartments.

5.4. Suggestion for Future Research

In the thesis, I have characterized the function of Cklla-il in MB and expression
pattern of Cklla-i1 in MB and clock cells. In addition, I have generated and validated
ZBTB11-expressing fly lines. This study aimed to contribute to the identification of
a possible orthology between Cklla-il and ZBTB11 by consideration of ID pathology
and deficiency in learning and memory. This study could address whether MB can
be utilized as a model to analyze function of Cklla-il and ZBTB11 and included the
generation and validation of necessary fly lines to study the orthology. However, further
experiments need to be performed to reveal the possible orthology between Cklla-il

and ZBTB11.

It would be a good start to analyze rescue of a3 lobe shrinkage of MB in CklIla-il
mutants by transgenically expressing CklIla-il in the CkIla-i1”?’ mutant via genomic
rescue constructs such as BAC clone “CH322-72N9” (see result 4.1.5). Afterwards,
to investigate possible functional orthology between ZBTB11 and Cklla-il in MB
morphology, humanized (cross-species) flies can be generated. To do this, human
ZBTB11 gene variants can be expressed in the CkIla-i1M? mutant background using

UAS-ZBTBI11 wt and variant lines that were generated in this study (Yamaguchi et
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al., 2018). If wild-type ZBTBI11 rescues the a3 lobe shrinkage of the MB that was
observed in the mutant, we would suggest an orthology between ZBTB11 and CklIla-
il. Also, ZBTB11 variants would be analyzed for their function in MB morphology.
We would expect to observe no rescue in expression of ZBTB11 variants in the Cklla-il

KO background if mutations disturb the function of ZBTB11.

Analysis of MB morphology gives an indirect answer of the function of inves-
tigated protein in learning and memory because, thanks to functional plasticity of
nervous system, structural abnormality in MB does not always result in any problem
in learning (Sugie et al., 2018). Therefore, the effect of Cklla-il loss of function and
its rescue by Cklla-il and wt and mutant ZBTB11 expression should be analyzed by

behavioral assays which address learning capacities.

Learning begins with the detection of external stimuli via different sensory sys-
tems and is acquired as a knowledge, and the response to presented stimuli can be
modified according to the type of learning. In ID patients, it was shown that learning
capacities could be affected in different levels such as non-associative and associative
learning which can be studied by different paradigms (Coll-Tané et al., 2019). For in-
stance, courtship learning assay was established in 1979 by Siegel and Hall to analyze
associative learning and memory of male flies (Siegel and Hall, 1979). It aims to detect
learning deficiencies of male flies which were rejected by previously mated female flies.
Courtship is a straight-forward and complex behavior which is composed of six main
acts such as following (male orients its body toward the interested female and follows
the targeted female), tapping (male touches the female abdomen by one of its forelegs),
singing (male vibrates one of its wings to attract female by its “song”), licking (male
licks female’s genitalia), copulation (male curls its abdomen toward female and pene-
trates and ejaculates) (Hall, 1994). In trained males, which previously experienced the
rejection by pre-mated females, sexual attraction towards pre-mated female decreases
because they can learn and memorize to reduce courtship duration and comparison of
courtship duration reveals learning and memory capacity of naive and trained males
(Kamyshev et al., 1999; Koemans et al., 2017). In all of the courtship acts, the deci-

sion of males and females to continue to the next steps of copulation are reinforced by
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visual, olfactory and mechanosensory stimuli that come from both environment and
opposite sex (Dickson, 2008). Therefore, any functional problem in their sensory sys-
tems such as visual, mechanosensory, olfactory, and gustatory and/or in their response
mechanisms such as intermediate motor neurons, neuromuscular junctions or abnormal
muscle function should be distinguished in data from their learning capacity defects
by analyzing their functions separately. The optic lobe is necessary for receiving visual
input and control visual processing in learning (Guo et al., 2013). In this study, it was
shown that expression of Cklla-il localizes to the optic lobe and post-synaptic neu-
rons of Cklla-il were observed in the fan-shaped body. Visual input like the picture
of an appealing female for a male fly is sufficient to initiate sexual arousal without
any olfactory or gustatory reinforcers (Hindmarsh et al., 2021). So, defects in the vi-
sual system caused by loss-of-function of Cklla-il could prevent sexual attraction of
the male, which would also decrease the learning index. In trans-Tango experiments
post-synaptic neurons of Cklla-il expressing cells localized in the fan-shaped body.
Those neurons could be post-synaptic to optic lobe neurons which express CklIla-il
and they could control visual learning (Pan et al., 2009). Therefore, visual ability and
visual memory of Cklla-il mutant should be analyzed before investigating its learning
and memory capacity. To sum up, courtship learning paradigm could be a well-suited
learning assay to address learning and memory deficiencies in Cklla-il mutant flies.
However, as explained, their sensory and motor nervous system have to be analyzed as

well.
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