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ABSTRACT 
The amyloid precursor protein (APP) family, consisting of APP and its 
homologues APLP1 and APLP2, plays important roles during development. 
Although APP has been extensively studied due to its involvement in 
Alzheimer’s disease (AD), the regulatory mechanisms governing APP family 
expression and the physiological functions of APLP proteins during 
development remain incompletely understood. 

In paper I, we first demonstrated that mutations introducing premature 
termination codons (PTCs) in the zebrafish appb gene induce transcriptional 
adaptation (TA), resulting in upregulation of appa and aplp2, independently of 
Appb protein levels. We also showed that TA is activated through nonsense-
mediated mRNA decay (NMD) and highlighted the role of upf1 and upf2 in 
fine-tuning App family members. 

In paper II, we generated appa and appb transgenic zebrafish models using 
CRISPR/Cas9-mediated targeted knock-in strategy carrying, a 
NanoLuciferase (NLuc) reporter upstream of the start codon to enable sensitive 
in vivo quantification of App expression. We then validated the NLuc model 
by treating larvae with drugs known to reduce App protein levels in other 
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species, including cycloheximide, phenserine, and buntanetap, and observed 
similar responses in zebrafish.  

Finally, in paper III, we used aplp1 and aplp2 knock-in and knockout models 
to investigate the expression pattern and functional roles of these two genes 
during development. Using endogenous fluorescent reporters and loss-of-
function mutants, we found out that Aplp1 and Aplp2 together perform 
essential and distinct developmental functions during vertebrate sensory organ 
and lateral line formation.  

In conclusion, this thesis provides insights into App family regulation and the 
roles of Aplp1 and Aplp2 on the lateral line formation during development, in 
addition to introducing a zebrafish-based model suitable for high-throughput 
screening of App modulators. 

Keywords: Alzheimer’s disease, zebrafish, amyloid precursor family 
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luciferase, lateral line, primordium, neuromast. 

ISBN 978-91-8069-439-9 (PRINT)  
ISBN 978-91-8069-440-5 (PDF)  

 

  

 
 

SAMMANFATTNING PÅ SVENSKA 
Amyloid prekursor protein (APP)-familjen, bestående av APP och dess 
homologer, APLP1 och APLP2, spelar viktiga roller under utvecklingen. Även 
om APP har studerats ingående på grund av dess koppling till Alzheimers 
sjukdom (AD), är de regulatoriska mekanismerna som styr uttrycket av APP-
familjen samt de fysiologiska funktionerna hos APLP-proteiner under 
utveckling fortfarande ofullständigt förstådda. 

I arbete I visar vi först att mutationer som introducerar prematura stoppkodon 
(PTC) i zebrafiskens appb-gen inducerar transkriptionell anpassning (TA), 
vilket resulterar i uppreglering av appa och aplp2, oberoende av Appb-
proteinnivåer. Vi visar även att TA aktiveras via nonsense-mediated mRNA 
decay (NMD) och belyser rollen för upf1 och upf2 i finjusteringen av APP-
familjens genuttryck. 

I arbete II genererade vi transgena zebrafiskmodeller med hjälp av 
CRISPR/Cas9-medierad riktad knock-in. Genom att introducera en 
NanoLuciferas (NLuc)-reporter direkt uppströms om startkodonet av appa och 
appb genen möjliggör dessa för känslig kvantifiering av App-uttryck in vivo. 
Därefter utvärderade vi modellen genom att behandla transgena yngel med 
substanser såsom cykloheximid, fenserin och buntanetap, vilka är kända för att 
sänka App-proteinnivåer. 

Slutligen använde vi i arbete III knock-in- och knockout-modeller för aplp1 
och aplp2 för att undersöka uttrycksmönster och funktioner hos dessa gener 
under utvecklingen. Med hjälp av endogena fluorescerande reportrar och 
mutationer som skapar förlust av Aplp1 och Aplp2, visade vi att de 
tillsammans utför essentiella och distinkta funktionerna under utvecklingen av 
vertebraters sensoriska organ och sidolinjesystemet. 

Sammanfattningsvis ger denna avhandling nya insikter i regleringen av APP-
familjen och de funktioner Aplp1 och Aplp2 har vid utvecklingen av 
sidolinjesystemet. Slutligen introduceras en zebrafiskbaserad modell lämplig 
för storskalig screening av droger som förändrar mängden App. 
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1 INTRODUCTION 

1.1 AMYLOID PRECURSOR PROTEIN 
Amyloid precursor protein (APP) is a type-1 transmembrane protein that 
contains a long N-terminal domain that extends into the extracellular space and 
a short C-terminal domain located in the cytoplasm [1]. The APP gene in 
humans is located on chromosome 21 [2, 3], contains 18 exons and, through 
alternative splicing, give rise to three main isoforms: APP695, APP751, and 
APP770 [4, 5]. The APP695 isoform is predominantly expressed in the brain and 
neuronal cells [6-8]. In contrast, APP770 and APP751 isoforms are expressed in 
both neuronal and non-neuronal cells, such as glial cells, vascular endothelial 
cells, muscle, lung, skin, kidney, and heart tissues [8-11]. 

1.1.1 STRUCTURE AND CELLULAR LOCALIZATION 
APP is a multidomain protein, whose structure underlies its diverse biological 
functions. The large extracellular N-terminal region contains several conserved 
domains. The E1 domain is composed of two subregions: a heparin-binding 
domain (HBD), and a copper-binding domain (CuBD). E1 is followed by 
acidic domain (Ac) that has been implicated in APP dimerization [12-16]. The 
longest APP isoform, APP770, contains both a Kunitz-type protease inhibitor 
domain (KPI) and Ox-2 antigen domain (Ox-2) located upstream of the E2 
domain. In contrast, APP751 lacks the Ox-2 domain, while both the KPI and 
Ox-2 domains are missing in the neuronal APP695 isoform [17, 18]. The Ox-2 
domain has been suggested to contribute to cell-cell interactions, whereas the 
KPI domain has been associated with Alzheimer’s disease (AD) pathology and 
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and the trans-Golgi network (TGN), where it undergoes further maturation, 
preparing the protein for delivery to its final cellular destinations. From the 
TGN, APP is sorted into transport vesicles and delivered to the plasma 
membrane, where it can initiate the non-amyloidogenic processing pathway. 
APP at the plasma membrane can also be rapidly internalized through 
endocytosis and enter early endosomes where the acidic environment favors 
cleavage by β-secretase and promotes the amyloidogenic pathway. From early 
endosomes, APP can follow multiple trafficking routes. A fraction of APP is 
transported to recycling endosomes and subsequently returned to the plasma 
membrane, allowing repeated rounds of surface expression and internalization. 
Alternatively, APP can be directed toward late endosomes and lysosomes, 
where it undergoes degradation. This dynamic cycling of APP between the 
secretory pathway, the plasma membrane, and endocytic compartments tightly 
regulates its processing and determines the balance between physiological 
signaling functions and amyloidogenic fragment production (reviewed in [24-
27]). 

 

Figure 1. Schematic representation of APP770, APP751, and APP695. The diagram 
illustrates the domain organization of APP in its three main isoforms. The long 
extracellular domain includes the E1 domain, acidic domain (Ac), Kunitz-type 
protease inhibitor domain (KPI), Ox-2 antigen domain (Ox-2), E2 domain, and the 
Amyloid β (Aβ) region, which is partially embedded in the plasma membrane. The 
short intracellular domain (AICD, shown as a dark gray box) stretching into the 
cytoplasm, contains the YENPTY motif. Illustration created with biorender.com. 
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1.1.2 PROTEOLYTIC PROCESSING OF APP 
Proteolytic processing of APP critically determines its biological function and 
the generation of cleavage products. As a transmembrane protein, APP is 
sequentially cleaved by distinct proteases at specific sites within the 
extracellular and intramembrane regions, which modulate protein turnover 
(reviewed in [24, 27]). Proteolytic processing occurs through two major 
pathways, the non-amyloidogenic and the amyloidogenic pathways, each 
leading to specific biological outcomes. 

1.1.2.1 NON-AMYLOIDOGENIC PATHWAY 
The non-amyloidogenic pathway, which predominantly occurs at the plasma 
membrane, is initiated by α-secretase-mediated cleavage within the Aβ region. 
This cleavage generates a soluble ectodomain fragment, soluble APP-α 
(sAPPα) , which is involved in neuroprotection, synaptic plasticity, and cell 
survival, as well as a shorter C-terminal fragment (CTFα or C83) [28, 29]. 
CTFα lacks the first 16 amino acids (aa) of  the Aβ domain and subsequently 
serves as a substrate for γ-secretase, which cleaves it within the transmembrane 
domain to produce the P3 peptide and the APP intracellular domain (AICD) 
(Figure 2) [30, 31]. The P3 peptides correspond to C-terminal end (aa 17–40 
or 42) of the Aβ, and thus lack the N-terminal residues of Aβ (1–16) due to the 
α-secretase cleavage site [32, 33]. For many years, P3 peptides were thought 
to be biologically inert or minimally toxic (reviewed in [34]). However, recent 
studies suggest that P3 peptides retain amyloidogenic properties and contribute 
to aggregation and membrane disruption under certain conditions [35]. 

1.1.2.2 AMYLOIDOGENIC PATHWAY 
The amyloidogenic pathway predominantly occurs in early endosomes, where 
β-secretase, also known as β-APP-cleaving enzyme-1 (BACE-1), cleaves APP 
ectodomain, resulting in the formation of sAPPβ and the CTFβ (also known as 
C99) [36]. Unlike BACE-1, BACE-2 does not contribute to amyloidogenic 
processing, as it cleaves APP within the Aβ domain at a site similar to α-
secretase [37, 38]. The function of BACE-1 is pH-dependent; therefore, it 
reaches optimal activity levels in acidic compartments including early 
endosomes and the TGN [37, 39]. This process is followed by γ-secretase-
mediated cleavage, leading to the production of an Aβ peptide and an AICD 
fragment (Figure 2) [24]. The γ-secretase is a multi-protein complex 
containing two homologs of presenilin as its catalytic core subunit, presenilin-
1 (PSEN1) and PSEN2 [40, 41]. Depending on the γ-secretase activity and its 
initial cleavage site, Aβ fragments, with lengths between 36 and 48 aa, are 
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produced (reviewed in [42]). Among these isoforms, Aβ40 and Aβ42 are the 
most abundant, with the latter being more aggregation-prone. Soluble Aβ 
oligomers are considered highly neurotoxic and have been shown to impair 
synaptic function. However, their subsequent conversion into insoluble fibrils 
and, ultimately, extracellular plaques appear comparatively less toxic [43, 44]. 

 

Figure 2. Schematic representation of proteolytic processing of APP. The left panel 
illustrates the non-amyloidogenic pathway involving α- and γ-secretases cleavage, 
resulting in the formation of CTFα, P3, and AICD fragments. The right panel 
illustrates the amyloidogenic pathway, which results in the formation of the Aβ peptide 
following cleavage by β- and γ-secretases. The Illustration also depicts the 
accumulation of Aβ peptides and formation of extracellular Aβ plaques as an outcome 
of this pathway (adapted from [45]). Illustration created with biorender.com. 

1.1.3 PHYSIOLOGICAL FUNCTION OF APP 
Despite decades of intensive research into APP’s role in AD and development, 
its diverse physiological functions and underlying molecular mechanisms are 
not yet fully resolved. APP is recognized as a multifunctional protein that 
contributes to key developmental processes, particularly within the nervous 
system.  

As mentioned earlier, sAPPα is one of the fragments generated through the 
non-amyloidogenic processing of APP. sAPPα has been shown to promote 
proliferation of embryonic neuronal stem cell (NSCs) [46, 47], differentiation 
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of neuronal progenitor cells (NPCs) and neurogenesis [48, 49], as well as 
proper neuronal migration [50, 51]. Another important physiological function 
of APP is its role in axonal outgrowth. In vivo studies in zebrafish, mice, and 
Drosophila have shown that defects in APP homologs impair neurite extension 
and axonal guidance [52-54].  The E1 and E2 region of APP mediate dimer 
formation, which supports its function as a synaptic adhesion molecule in both 
cell-based studies [16, 55, 56] as well as in vivo at the neuromuscular junction 
(NMJ), where the motor neurons convert electrical signals into chemical 
messages that trigger muscle fiber contraction [55]. APP also plays a crucial 
role in synaptic activity. Loss of APP affects the density of the spine and 
changes its morphology [57-60]. In contrast, APP overexpression produces the 
opposite effect, resulting in increased spine density [61] (Figure 3). Although 
the initial characterization of APP functions was detected in neurons, APP 
expression extends well beyond the central nervous system (CNS). For 
instance, APP is strongly expressed in mammalian epidermis and is important 
for keratinocyte adhesion [10, 62].  

 

Figure 3. Schematic illustration of selected physiological functions of APP during 
development. APP contributes to axonal outgrowth, neuronal migration, proliferation, 
and differentiation, while also serving essential functions in cell adhesion and 
synaptogenesis. APP is shown in green. Illustration created with biorender.com. 
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1.1.4 APP REGULATION 
APP expression is tightly controlled at multiple levels to ensure precise 
abundance and cellular distribution. Understanding these regulatory 
mechanisms is essential for determining how APP function is coordinated 
under physiological conditions and how consequences of its dysregulation may 
contribute to neurodegeneration. 

1.1.4.1 TRANSCRIPTIONAL REGULATION 
The APP promoter is GC-rich, a feature enabling efficient transcription factor 
and RNA polymerase binding at the gene promoter, thereby enhancing 
transcription [63]. In addition, APP contains distinct positive and negative 
transcriptional enhancer elements located at specific regulatory sites, which 
collectively contribute to the fine-tuned control of APP expression [64, 65]. 
The APP promoter region also harbors multiple transcriptional regulators that 
may serve as potential targets for modulating its expression. Among these, 
stimulating protein-1 (SP-1) plays a prominent role. This factor directly binds 
to specific DNA motifs and enhances transcriptional activity, particularly 
under conditions of oxidative stress [63, 66]. Notably, the SP-1 binding site, 
which is essential for transcriptional activity, overlaps with the APP promoter 
binding-α (APBα) domain [67, 68]. Another key regulatory element within this 
region is activator protein-1 (AP-1), a transcription factor complex that 
contributes to the upregulation of APP expression in response to diverse 
extracellular signals. AP-1 belongs to the c-Fos and c-Jun families, whose 
proteins can form heterodimers to regulate gene expression [69]. Within this 
regulatory sequence, two potential AP-1 binding sites have been identified; 
however, only the site located farther from the 5′ untranslated region (5′ UTR) 
appears to be essential for transcriptional activation [70, 71]. Heat shock 
transcription factor-1 (HSF-1) represents another important modulator, 
interacting with heat shock elements (HSEs) to regulate gene expression under 
conditions of cellular stress [72, 73]. In addition, CCCTC-binding factor 
(CTCF) contributes to transcriptional control by associating with the APBβ 
domain and promoting transcriptional activation [74-76]. Transforming 
growth factor-β (TGF-β) is another mediator that regulates APP expression. 
TGF-β binds to its cell surface receptors and activates the SMAD3 and 
SMAD4 signaling pathway, which subsequently translocates to the nucleus 
and binds to CTCF site to enhance APP transcription together with SP-1 
(Figure 4). 
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Figure 4. Schematic representation of transcriptional regulation of APP. The 
illustration indicates the location of selected APP regulatory elements in the APP 
promoter region. TGF-β is shown binding to its receptors in the cell membrane, which 
triggers SMAD complex in the cytoplasm, resulting in CTCF activation. Illustration 
created with biorender.com. 

1.1.4.2 POST-TRANSCRIPTIONAL REGULATION 
In addition to transcriptional regulators, several regulatory elements located 
within the APP 5′ UTR contribute to post-transcriptional regulation of APP 
expression, including an internal ribosome entry site (IRES), an iron-
responsive element (IRE), and an interleukin-1 (IL-1) translation enhancer 
element (ITEE). Iron also acts as a translational regulator. When iron levels 
are elevated, binding of iron regulatory protein 1 (IRP1) to the IRE is inhibited, 
thereby allowing ribosome recruitment to the mRNA and promoting APP 
translation (Figure 5A) [77, 78]. IRES facilitates the recruitment of ribosome 
to mRNA independent to 5′ cap; however, under conditions of iron deficiency, 
IRP1 binds to IRE, inhibiting ribosome recruitment and repressing APP 
translation (Figure 5B) [77, 79, 80]. IL-1 is a key regulator of immune and 
inflammatory responses, that interacts with the ITEE located near the IRE and 
enhances APP expression at transcriptional level [79, 81]. Studies have shown 
that inhibition of IL-1 signaling reduces cognitive dysfunction, tau pathology 
and Aβ oligomer accumulation in AD mouse model [82]. MicroRNAs 
(miRNAs) are small RNA molecules that do not encode proteins but control 
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gene expression by binding to target mRNAs, thereby affecting protein 
production levels [83, 84]. miR-346 is one such regulatory RNA that has been 
implicated in controlling the expression of APP. Unlike the typical recessive 
role of many miRNAs, miR-346 appears to enhance APP production. It binds 
within the 5′ UTR of APP mRNA at a site that coincides with the IRE. As 
mentioned earlier, under low iron, IRP1 usually limits APP synthesis; 
however, miR-346 can compete with and displace IRP1 from this shared 
binding region, thereby allowing translation to proceed [85] (Figure 5C). 

 

Figure 5. Translational regulation of APP. A) Iron acts as a translational regulator 
by promoting the release of IRP1 from IRE, thereby allowing ribosome recruitment via 
IRES. B) Under low-iron condition, IRP1 binds to IRE and inhibits ribosome 
recruitment, which represses translation. C) miR-346 acts as another APP 
translational activator. Under low iron conditions, miR-346 displaces IRP1 from the 
IRE and promotes APP translation. Illustration created with biorender.com. 
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1.2 AMYLOID PRECURSOR-LIKE PROTEINS 
The APP family includes two closely related homologs, amyloid precursor-
like protein 1 (APLP1) and APLP2 [86]. These proteins share significant 
structural and sequence similarity with APP, including conserved extracellular 
domains involved in cell adhesion and synaptic interaction. However, unlike 
APP, APLP1 and APLP2 do not contain the Aβ domain and are, therefore, not 
directly implicated in amyloid plaque formation [87]. Although APLP1 and 
APLP2 lack Aβ domain, their processing by α-, β-, and γ-secretases results in 
the formation of α- and β-CTF, AICD, as well as P3- and Aβ-like fragments 
[88-92]. APLP1 and APLP2 also contain the YENPTY motif, which is crucial 
for endocytic activity [93].  

APLP1 and APLP2 show partially overlapping expression patterns, 
particularly within the nervous system [25, 89]. APLP2 expression and 
structure are more similar to APP751 and APP770, and is broadly expressed in 
both neuronal and non-neuronal tissues throughout the body [94]. In contrast, 
the structure of APLP1 is closer to APP695, which restricts its expression 
largely to neuronal tissues and is strongly associated with synaptic structure 
[95, 96]. All three family members are found in NMJs [97, 98]. However, APP 
and APLP2 are found at both pre- and postsynaptic sites, whereas APLP1 is 
predominantly localized at presynaptic sites, meaning it is found in motor 
neuron terminals rather than in muscle (postsynaptic cells) [55, 96]. In addition 
to their shared functions, APLP1 and APLP2 have been shown to possess 
distinct roles. For instance, APLP2 is important for retinal development and 
the differentiation of bipolar cells in the eye [99]. In addition, evidence from 
mouse studies indicates that APP and APLP2 are involved in the regulation of 
axonal myelination, as well as demyelination, and remyelination processes 
[100]. Whereas APLP1 has been proposed as a CSF biomarker for γ-secretase 
modulator treatment [101], as well as for distinguishing between relapsing and 
progressive subtypes of multiple sclerosis (MS) [102]. 

Due to the high degree of sequence homology and overlapping cellular 
distribution of the APP family members, loss of one protein is compensated by 
the others. In vivo studies in mice have shown that single knockouts of Aplp1 
and Aplp2 are viable and produce a mild phenotype such as reduced body size 
in Aplp1 mutants [103]. In contrast, combined deficiencies, particularly 
involving Aplp2 are lethal at embryonic stages [103-105], underscoring the 
critical role of APLP2 during development. Studies on App/Aplp2 double 
knockout mice have revealed severe abnormalities in NMJ morphology and 
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neurotransmission, including aberrant apposition of pre- and postsynaptic 
compartments and impaired transmitter release, which likely contribute to the 
observed perinatal lethality [98, 106]. 

1.2.1 GENETIC COMPENSATION 
As mentioned earlier, members of APP protein family exhibit considerable 
structural similarity and overlapping expression patterns which lead to mild or 
no overt phenotype in single mutants, whereas combined deletions lead to 
severe developmental defects and lethality [107, 108]. Such observations 
indicate the presence of compensatory mechanisms among APP family 
members [109]. One potential mechanism underlying this phenomenon is 
transcriptional adaptation (TA). In several model organisms, including 
zebrafish, loss-of-function mutations can trigger the upregulation of related 
paralogous genes, thereby buffering the phenotypic consequences of gene 
distribution. This response has been linked to nonsense-mediated mRNA 
decay (NMD) [110, 111].  

Nonsense-mediated mRNA decay  

NMD is a conserved mRNA surveillance pathway that eliminates transcripts 
containing premature termination codons (PTCs), thereby preventing the 
production of truncated and potentially deleterious proteins [112, 113]. NMD 
is a complex pathway which regulation depends on different factors including 
cell type and differentiation state [114]. The main pathway of NMD activation 
in eukaryotic cells depends on the exon-junction complex (EJC). During 
splicing, EJCs are deposited upstream of exon-exon junctions. If a PTC is 
located more than 50–55 nucleotide upstream of EJC, the ribosome fails to 
displace the downstream EJC during translation [115]. The persistence of the 
EJC downstream of the termination site is recognized as an aberrant signal, 
leading to recruitment of RNA helicase up-frameshift protein 1 (UPF1) in 
association with the translation release factors, eRF1 and eRF3. UPF1 
subsequently interacts with the kinase of SMG1, which phosphorylates UPF1 
and activates the NMD pathway [116]. Phosphorylated UPF1 then engages 
UPF2 and UPF3B, typically bound to the EJC, stabilizing the surveillance 
complex and promoting the recruitment of additional decay factors [112]. This 
ultimately results in the degradation of PTC-containing transcripts (Figure 
6A). 

Beyond its role in eliminating aberrant mRNAs, NMD also regulates the 
stability of a subset of normal transcripts. It is estimated that approximately 
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10% of all physiological mRNAs are subject to NMD-mediated regulation 
[113, 117]. These transcripts often contain features such as long 3′ UTR [118], 
upstream open reading frames (uORFs) [117, 119], and intron retention, or 
alternative splicing events [120] that render them sensitive to NMD (Figure 
6B). 

 

Figure 6. NMD pathway. A) Degradation of faulty mRNA transcripts containing PTC 
with the involvement of SMG1 and the three core factors, UPF1, UPF2, and UPF3s. 
B) NMD-mediated degradation of normal endogenous transcripts. Illustration created 
with biorender.com. 

1.3 ALZHEIMER'S DISEASE 

1.3.1 HISTORY 
AD was first described by the psychiatrist and neuropathologist Dr. Alios 
Alzheimer in the early twentieth century. In 1901, he encountered a 50-year-
old woman patient, Auguste Deter, who exhibited progressive cognitive 
decline, including impaired reasoning and memory, sleep disturbance, 
agitation, and paranoia. After her death in 1906, Dr. Alzheimer performed a 
post-mortem examination on her brain [121]. His neuropathological analysis 
revealed specific abnormalities, later known as amyloid plaques and 
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neurofibrillary tangles (NFTs), and he published his first report describing 
these observations in 1907 [122]. However, the term “Alzheimer's disease” 
was introduced by Dr. Emil Kraepelin, who formally recognized the condition 
as a distinct neurodegenerative disorder in his psychiatry textbook published 
in 1910. 

1.3.2 EPIDEMIOLOGY AND SIGNIFICANCE 
More than half of all dementia cases worldwide are attributed to AD, 
establishing it as the leading cause of dementia among older adults, with a 
global prevalence projected to triple by 2050 [123-125]. AD development is 
strongly age-related, and the disease is commonly classified into two main 
subgroups: early-onset AD (EOAD) and late-onset AD (LOAD) [126].  

EOAD is a rare form of AD (~5% of all AD cases) that occurs before the age 
of 60 and includes both familial and sporadic forms [127]. Familial EOAD is 
characterized by autosomal dominant mutations in APP, PSEN1, and PSEN2 
[128-130]. However, such deterministic mutations account for only a minority 
of EOAD cases. Although many individuals diagnosed with EOAD report a 
positive family history, the majority do not exhibit clear autosomal dominant 
inheritance and are therefore classified as sporadic EAOD [131-133].  

LOAD is the most common form of AD, typically occurring after the age of 
60–65 years, and results from a combination of genetic and environmental 
factors. Among the genetic factors, the ε4 allele of apolipoprotein E (APOEε4) 
is strongly associated with LOAD risk; however, its absence does not exclude 
the possibility of developing AD, as many patients without the ε4 allele still 
develop the disease [134, 135]. Beyond genetic determinants, environmental 
factors contribute substantially to the development of sporadic LOAD. For 
example, cardiovascular and metabolic conditions such as hypertension, 
obesity, and cardiovascular disease are associated with impaired cerebral 
prefusion, blood-brain barrier dysfunction, and increased inflammation, which 
all increase the risk of neurodegeneration and AD development [136-138]. 
Smoking further exacerbates oxidative stress and vascular damage, thereby 
promoting neuronal injury [139]. Insufficient sleep has also emerged as an 
important risk factor, as sleep disturbances are associated with impaired Aβ 
clearance and increased accumulation of pathological proteins in the brain 
[139, 140]. 
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1.3.3 PATHOLOGICAL HALLMARKS 
The neuropathological signature of AD defined by the formation of 
extracellular Aβ senile plaques, together with the accumulation of 
hyperphosphorylated tau protein into NFTs intracellularly [141].  

Tau is a microtubule-associated protein (MAP) that regulates microtubule 
stability and organization. In the healthy brain, tau binds along microtubules 
and promotes cytoskeletal assembly during processes such as neuronal 
development and axonal transport. In the AD brain, tau undergoes 
hyperphosphorylation, which weakens its interaction with microtubules and 
reduces its binding capacity. As a result, tau detaches from microtubules and 
becomes more prone to structural alterations, promoting a misfolded 
conformation. Misfolded tau molecules subsequently associate with each other 
to form aggregated filaments, which over time bundle together inside neurons, 
giving rise to dense intracellular NFTs. The accumulation of NFTs disturbs 
cytoskeletal integrity, impairs proper nutrient transport within neurons, and 
ultimately leads to cell death [142, 143].  

As described in Section 1.1.2.2, extracellular Aβ plaques are formed through 
the sequential cleavage of APP. The central role of Aβ accumulation in AD 
pathogenesis is reflected by the amyloid cascade hypothesis, which proposes 
that disturbed balance between Aβ production and clearance impairs neuronal 
homeostasis and drives disease progression [144, 145]. Microglia play a 
central role in regulating Aβ clearance and plaque dynamics. Under 
physiological conditions, microglia contribute to the removal of soluble Aβ 
species through receptor-mediated phagocytosis, thereby supporting the 
balance between Aβ production and elimination. In early stages of AD, 
microglia cluster around emerging plaques, which may facilitate Aβ uptake 
and promote plaque compaction, potentially limiting the toxicity of diffusible 
Aβ aggregates [146, 147]. This process is critically influenced by triggering 
receptor expressed on myeloid cells 2 (TREM2), a microglia surface receptor 
that regulates phagocytosis and microglia survival [148]. Genetic variants in 
TREM2, associated with increased AD risk, impair microglia responses to Aβ, 
leading to reduced plaque containment and altered inflammatory signaling 
[149, 150]. However, persistent exposure to accumulating Aβ induces chronic 
microglia activation, characterized by sustained inflammation and reduced 
phagocytic efficiency. Over time, this shift in microglia phenotype from a 
protective to a dysfunctional state contributes to reduced Aβ clearance, 
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increased plaque deposition, and neuroinflammation, thereby further driving 
disease progression [151, 152].  

1.3.4 DIAGNOSTIC APPROACHES 
The diagnosis of AD has traditionally been based on clinical evaluation, 
beginning with patient history, functional assessment, and cognitive testing. 
Standardized cognitive tools such as the Mini Mental State Examination 
(MMSE) are widely used to screen for global cognitive impairment and 
monitor progression [153]. Although cognitive testing is essential for 
identifying symptomatic disease, it does not directly reflect the underlying 
neuropathological processes. 

Neuroimaging is routinely incorporated into the diagnostic evaluation. 
Structural imaging with magnetic resonance imaging (MRI) and brain 
computed tomography (CT) can reveal characteristic patterns of brain atrophy, 
particularly in the medial temporal lobe and hippocampus [154, 155]. 
Moreover, molecular imaging using positron emission tomography (PET) 
allows detection of AD pathology. Amyloid PET identifies the deposition of 
cerebral Aβ plagues, whereas tau PET visualizes NFTs and correlates more 
closely with disease severity [156, 157]. 

Biomarker analysis of cerebrospinal fluid (CSF) has further strengthened 
diagnostic accuracy. The typical AD biomarker profile includes decreased 
Aβ42/Aβ40 levels, thought to reflect plaque deposition in the brain, together 
with increased total tau and phosphorylated tau (p-tau), indicating tau 
pathology and neuronal injury [158, 159]. Importantly, these amyloid and tau 
abnormalities can be detected more than a decade before the onset of clinical 
symptoms, highlighting the prolonged preclinical phase of the disease and 
supporting earlier identification of individuals at risk [160]. 

Recent research has increasingly focused on blood-based biomarkers as less 
invasive and more feasible diagnostic approach. Plasma Aβ42/Aβ40 ratios 
[161], p-tau species (such as p-tau181 and p-tau217) [162], neurofilament light 
chain (NfL) [163], and glial fibrillary acidic protein (GFAP) [164] show 
promising diagnostic performance for detecting AD pathology even before 
overt dementia develops. 
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1.3.5 TREATMENT STRATEGIES 
Current therapeutic approaches for AD focus on reducing cognitive and 
behavioral impairment, delaying disease progression, and enhancing patients’ 
quality of life. Despite major advances in understanding the molecular 
mechanisms underlying AD, therapeutic options remain limited, and most 
available treatments provide symptomatic benefit rather than a cure. At 
present, approved pharmacological treatments consist of symptomatic agents 
and disease-modifying therapies. 

Current symptomatic treatments include cholinesterase inhibitors, such as 
rivastigmine, donepezil, and galantamine, which enhance cholinergic 
neurotransmission and are indicated during early to moderate stages of AD 
[165]. For more advanced AD stages, memantine is prescribed as an N-methyl-
D-aspartate (NMDA) receptor antagonist to reduce glutamate-mediated 
excitotoxicity [166]. These agents provide modest improvement in cognition 
and daily functioning but do not alter the underlying disease process. 

In addition to these symptomatic drugs, as of early 2026, two disease-
modifying drugs, lecanemab and donanemab, have received US Food and 
Drug Administration (FDA) approval for use in individuals at the earliest 
stages of AD, with the aim of slowing cognitive decline [167, 168]. Both drugs 
are anti-Aβ monoclonal antibodies that promote the clearance of Aβ plaques 
and are administered as intravenous infusions at different dosing intervals 
[169]. Lecanemab, which has received full FDA approval, demonstrated 27% 
slowing of cognitive decline in patients with mild cognitive impairment (MCI) 
compared with placebo [170]. Donanemab showed a slightly greater effect, 
with 29% slowing of cognitive decline in phase III of clinical trials [171]. 

Beyond FDA-approval therapies, several drugs are currently in clinical 
development, targeting different aspects of AD pathology, including tau 
aggregation and APP regulation [172]. Buntanetap is the (+) enantiomers of (-
)-phenserine and shares a similar mechanism of action, focusing on post-
transcriptional regulation of APP expression [173, 174]. These compounds 
enhance the iron-binding capacity of IRE, thereby suppressing translation of 
proteins including APP, tau, and α-synuclein [81, 175]. Unlike (-)-phenserine, 
buntanetap lacks acetylcholinesterase (AChE) inhibitory activity and has 
progressed to phase III clinical trials due to improved tolerability and efficacy 
at higher doses [172, 176, 177]. 
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1.4 ZEBRAFISH AS A MODEL ORGANISM 
Zebrafish (Danio rerio) has emerged as a powerful vertebrate model organism 
in biomedical research due to its rapid development, genetic tractability, and 
high degree of physiological conservation with humans. During embryonic 
development, zebrafish progress quickly through a sequence of well-
characterized stages. These include the early zygote phase (0–0.75 hour-post 
fertilization; hpf), followed by cleavage, blastula, gastrula, segmentation, and 
pharyngula stages before reaching the hatching stage between 48 and 72 hpf 
[178]. This rapid and externally developing embryogenesis allows direct 
observation and manipulation of developmental process in vivo.  

The major advantage of zebrafish embryos is their fast ex-utero development 
and optical transparency, which facilitates real-time visualization of 
developmental processes. Furthermore, zebrafish produce large numbers of 
offspring, enabling high-throughput experiments with strong statistical power. 
Zebrafish share substantial genetic similarity with humans, as approximately 
70% of human genes have at least one zebrafish ortholog [179, 180]. The 
availability of advanced genetic tools, including transgenesis, CRISPR/Cas9 
genome editing, and morpholino-mediated knockdown, further enhances their 
utility in modeling human disease. In addition, zebrafish have gained 
increasing recognition as a promising platform for drug discovery and 
compound screening [181, 182]. The ability to administer compounds directly 
into the aquatic environment enables straightforward in vivo evaluation of 
pharmacological efficacy and toxicity.  

1.4.1 APP FAMILY MEMBERS IN ZEBRAFISH 
The human APP gene has conserved homology in zebrafish. Due to the teleost-
specific partial-genome duplication event, zebrafish possess two APP 
orthologues, appa and appb. Appa738 and Appb694 are the most annotated 
isoforms, of which Appa738 is more similar to human APP770 isoform, 
containing the KPI domain, whereas Appb694 share structural features of the 
neuronal APP695 isoform, lacking KPI domain [183, 184]. In addition to appa 
and appb, zebrafish also express homologues of the human APP-like proteins, 
aplp1 and aplp2, which share structural similarities with their mammalian 
counterparts [185] (Figure 7). 

Regarding expression patterns, appa is broadly expressed in multiple tissues 
throughout the developing embryo, including brain, spinal cord, somites, and 
notochord [186, 187]. In contrast, appb expression is largely restricted to the 
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nervous system, with prominent expression in the forebrain, midbrain, 
hindbrain, and notochord [186, 188]. Less is known about detailed protein-
level distribution of aplp1 and aplp2 due to the limited availability of reliable 
antibodies. Current evidence indicates that aplp1 expression is primarily 
confined to neuronal tissues, including brain, trigeminal ganglion, spinal cord, 
and olfactory placodes [186]. Conversely, aplp2 exhibits a broader expression 
pattern and has been detected not only in neuronal tissues such as brain and 
spinal cord, but also in non-neuronal structures including heart and eye, 
suggesting a more ubiquitous role [187, 189].  

 

Figure 7. Illustration representation of App family members in zebrafish. App family 
in zebrafish consists of four members: Appa738 and Appb694 which are orthologues to 
human APP, and Aplp1 and Aplp2 which are orthologues to human APLP1 and 
APLP2, respectively. Illustration created with biorender.com. 

1.4.2 EXPERIMENTAL APPROACHES IN 
ZBERAFISH 

Zebrafish provide a versatile platform for investigating gene function 
supported by efficient genetic, chemical, and pharmacological approaches. 
Both transient and stable gene perturbation can be employed to examine gene 
function during development and disease modeling. Common genetic 
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high degree of physiological conservation with humans. During embryonic 
development, zebrafish progress quickly through a sequence of well-
characterized stages. These include the early zygote phase (0–0.75 hour-post 
fertilization; hpf), followed by cleavage, blastula, gastrula, segmentation, and 
pharyngula stages before reaching the hatching stage between 48 and 72 hpf 
[178]. This rapid and externally developing embryogenesis allows direct 
observation and manipulation of developmental process in vivo.  

The major advantage of zebrafish embryos is their fast ex-utero development 
and optical transparency, which facilitates real-time visualization of 
developmental processes. Furthermore, zebrafish produce large numbers of 
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1.4.1 APP FAMILY MEMBERS IN ZEBRAFISH 
The human APP gene has conserved homology in zebrafish. Due to the teleost-
specific partial-genome duplication event, zebrafish possess two APP 
orthologues, appa and appb. Appa738 and Appb694 are the most annotated 
isoforms, of which Appa738 is more similar to human APP770 isoform, 
containing the KPI domain, whereas Appb694 share structural features of the 
neuronal APP695 isoform, lacking KPI domain [183, 184]. In addition to appa 
and appb, zebrafish also express homologues of the human APP-like proteins, 
aplp1 and aplp2, which share structural similarities with their mammalian 
counterparts [185] (Figure 7). 

Regarding expression patterns, appa is broadly expressed in multiple tissues 
throughout the developing embryo, including brain, spinal cord, somites, and 
notochord [186, 187]. In contrast, appb expression is largely restricted to the 
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nervous system, with prominent expression in the forebrain, midbrain, 
hindbrain, and notochord [186, 188]. Less is known about detailed protein-
level distribution of aplp1 and aplp2 due to the limited availability of reliable 
antibodies. Current evidence indicates that aplp1 expression is primarily 
confined to neuronal tissues, including brain, trigeminal ganglion, spinal cord, 
and olfactory placodes [186]. Conversely, aplp2 exhibits a broader expression 
pattern and has been detected not only in neuronal tissues such as brain and 
spinal cord, but also in non-neuronal structures including heart and eye, 
suggesting a more ubiquitous role [187, 189].  

 

Figure 7. Illustration representation of App family members in zebrafish. App family 
in zebrafish consists of four members: Appa738 and Appb694 which are orthologues to 
human APP, and Aplp1 and Aplp2 which are orthologues to human APLP1 and 
APLP2, respectively. Illustration created with biorender.com. 
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approaches include morpholino-mediated knockdown and CRISPR/Cas9 
genome editing, while chemical or pharmacological interventions enable 
modulation of signaling pathways and induction of phenotypic changes across 
molecular, cellular, behavioral, and morphological levels. In addition, 
behavioral assays offer a functional readout, linking molecular and cellular 
alterations to organism-level outcomes. 

1.4.2.1 MORPHOLINO-MEDIATED GENE KNOCKDOWN 
Morpholino antisense oligonucleotides (MOs) are highly stable, synthetic 
nucleic acid analogues designed to bind to complementary RNA sequences and 
inhibit protein translation or block splicing. In zebrafish, MOs are typically 
injected into one-cell stage embryos, where they can block either translation 
initiation or pre-mRNA splicing, resulting in transient suppression of gene 
expression during development [190]. 

MOs offer several advantages, including rapid experimental implementation, 
temporal control of gene knockdown, and suitability for studies of early 
development. They allow researchers to assess gene function without 
generating stable mutant lines and are particularly useful for studying genes 
that are essential for early embryogenesis. However, morpholino-based 
approaches also present several limitations. MOs do not induce heritable 
genomic modifications, and their effects are transient and typically diminish 
after 3–5 days, thereby restricting analyses to early developmental stages. In 
addition, reported off-target effects and toxicity, together with discrepancies 
between morpholino-induced phenotypes and those observed in stable genetic 
mutants, have raised concerns regarding specificity [191-193].  

1.4.2.2 CRISPR/CAS9 GENOME-EDITING 
CRISPR/Cas9 is a genome-editing tool that enables site-specific modifications 
including targeted insertions and deletions. The system is derived from a 
bacterial adaptive immune response and has been modified for efficient 
genome engineering in various model organisms [194, 195].  

The first step in CRISPR/Cas9-mediated editing involves the design of guide 
RNA (gRNA), which directs the Cas9 endonuclease to a specific genomic 
locus. The gRNA is composed of two functional components: a CRISPR RNA 
(crRNA) that is complementary to the target DNA, and a trans-activating 
crRNA (tracrRNA) that provides the structural scaffold necessary for Cas9 
binding. The Cas9 protein forms a ribonucleoprotein (RNP) complex with the 
gRNA. Upon recognition of a target sequence adjacent to a protospacer 
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adjacent motif (PAM), typically 5´-NGG-3´ for Streptococcus pyogenes Cas9, 
the Cas9-RNA complex induces a double-stranded break (DSB) at the 
specified genomic site [196]. Following DSB formation, the break is repaired 
by one of the two major cellular DNA repair pathways: non-homologous end 
joining (NHEJ) or homology-directed repair (HDR).  

In the NHEJ pathway, the two DNA ends are directly ligated without the need 
for a repair template. This process is error-prone and frequently introduces 
small insertions or deletions (indels) at the cleavage site. Such indels can 
disrupt the open reading frame by causing frameshift mutations or PTCs, often 
resulting in gene knockout (Figure 8). In contrast, HDR is a template-
dependent repair mechanism. When a donor DNA template containing 
homology arms (HA) flanking the DSB is provided, the cell can use this 
template to precisely repair the break. This enables the correction of specific 
mutations or the introduction of reporter sequences at the desired genomic 
locus (Figure 8) [197, 198]. Although HDR is generally less efficient than 
NHEJ, several donor-design strategies have been developed to improve precise 
knock-in efficiency. The use of double-stranded DNA (dsDNA) with short HA 
flanking the desired integration region and the use of PCR-amplified donor 
templates carrying 5´ end modifications to protect against exonuclease-
mediated degradation, has been shown to enhance targeted integration 
efficiency [199, 200]. 

The CRISPR/Cas9 method greatly facilitates the generation of heritable 
mutations, allowing long-term functional analysis. Compared to earlier 
methods involving random insertion, such as Tol2-mediated transgenesis, 
CRISPR/Cas9 provides more precise and targeted genome modifications [201, 
202]. Similar to other methods, CRISPR/Cas9 editing often produces mosaic 
mutations. These problems are circumvented in zebrafish since elimination of 
unwanted mutations can be done by outbreeding and stable homozygous 
carriers can be generated through in crossing of heterozygous carriers. A 
potential drawback with stable gene knockout is the observation that some 
mutations can activate genetic compensation mechanisms, potentially masking 
the true phenotype [107]. 
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Figure 8. Schematic illustration of CRISPR/Cas9 system. The RNP complex 
consisting of Cas9 protein and gRNA (combined crRNA and tracrRNA), introduces a 
DSB at the target genomic locus. The DSB can be repaired through two main 
pathways: HDR utilizes a donor template to induce precise sequence modifications or 
NHEJ pathway, which often results in deletion or insertion at the cleavage site. 
Illustration created with biorender.com. 

1.4.2.3 CHEMICAL AND PHARMACOLOGICAL MANIPULATION 
The development of a new therapeutic compound is a long and intensive 
process, typically spanning 12–15 years from target identification to clinical 
approval. Following target validation and in vitro characterization, candidate 
compounds are evaluated in vivo before advancing to clinical trials [181]. 
Despite substantial investment, only a small proportion of compounds 
successfully progress through this pipeline, with many failures during early in 
vivo testing [203].  

In this context, zebrafish has emerged as a powerful vertebrate platform for 
chemical and pharmacological screening. As mentioned earlier, its external 
development and physiological accessibility make it particularly amenable to 
whole-organism compound testing [182]. Small molecules can be 
administered directly to the embryo medium, enabling rapid, dose-controlled 
exposure and high-throughput in vivo screening without invasive approaches. 
Chemical manipulation in zebrafish is therefore widely used to modulate 
signaling pathways, assess developmental toxicity, and perform phenotypic 
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drug screens and therefore bridge the gap between in vitro assays and 
mammalian models [204]. 

1.4.2.4 BEHAVIORAL ASSAYS 
Behavioral assays in zebrafish represent a critical experimental approach for 
linking molecular, genetic, and pharmacological manipulation to functional 
outcomes at the whole organism level. One of the key advantages of zebrafish 
behavioral studies is their suitability for high-throughput analysis, especially 
in larval stages [205]. Large numbers of animals can be tested simultaneously 
under controlled conditions, enabling efficient screening of genetic mutations 
and pharmacological compounds. Furthermore, behavioral outputs can be 
quantitatively measured using automated tracking systems [206]. 

Locomotor activity is one of the most widely used behavior readouts in 
zebrafish research. It involves measuring parameters such as swimming 
distance, velocity and movement patterns. This assay is commonly used to 
evaluate motor deficits and the effects of pharmacological agents on neuronal 
activity [207]. Zebrafish also exhibits measurable anxiety-like behaviors that 
can be assessed using paradigms such as the novel tank diving test or light/dark 
preference test. In these assays, increased bottom-swimming or avoidance of 
bright areas is interpreted as heightened anxiety-like behavior [208]. Startle 
response assays measure the reaction of zebrafish to sudden stimuli such as 
acoustic vibrations or tactile input. Analysis of startle responses is useful for 
studying sensorimotor integration and disorders affecting sensory processing 
[209]. 

1.4.3 REPORTER-BASED APPROCAES TO STUDY 
GENE EXPRESSION IN ZBERAFISH 

Reporter-based approaches are widely used to monitor gene expression, 
protein localization, and cellular activity in both in vivo and in vitro studies. 
For this purpose, reporter constructs are typically introduced through random 
integration of a reporter construct driven under a gene promoter or more 
recently through CRISPR/Cas9-mediated knock-in strategies, enabling 
spatiotemporal analysis of gene expression. 

1.4.3.1 FLUORESCENT PROTEIN REPORTERS 
Fluorescent protein (FP) reporters are widely used to monitor gene expression 
through live imaging in cells and whole organisms. FPs do not require an 
external substrate, and their signal can be tracked longitudinally. Beyond their 
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use in monitoring gene expression, FPs are valuable for screening applications. 
In zebrafish, transgenic reporter lines enable rapid and non-invasive 
quantification of pathways or cellular responses following genetic or chemical 
manipulation. However, their sensitivity can be limited by background 
autofluorescence and photobleaching, which may reduce the signal-to-noise 
ratio. Additionally, FPs have a relatively large molecular size and require 
proper folding and specific cellular conditions to emit fluorescence efficiently 
[210, 211]. 

1.4.3.2 BIOLUMINESCENT REPORTERS 
Bioluminescent reporters enable sensitive and quantitative monitoring of 
promoter activity, translation efficiency, and temporal changes in protein 
abundance. Among these reporters, NanoLuc luciferase (NLuc) has emerged 
as one of the most sensitive and widely used bioluminescent reporter [212]. 
Bioluminescence is generated through an enzymatic reaction in which NLuc 
catalyzes the oxidation of a specific substrate, resulting in light emission 
without the need for external excitation. The small size of NLuc (19 kDa), 
together with its rapid folding and high structural stability, contributes to its 
strong luminescent output and efficient performance in vivo [213].  

Compared with fluorescent reporters, NLuc offers several advantages, 
including exceptionally high sensitivity and minimal background signal. 
Moreover, luminescence-based detection provides robust and highly 
quantitative readouts, making this system particularly suitable for the precise 
measurement of gene expression in high-throughput drug-screening platforms 
[214, 215]. However, bioluminescent systems also present certain limitations. 
Because NLuc is relatively stable, with a half-life of approximately 2 h, careful 
optimization of substrate delivery and measurement timing is essential for 
accurate quantification [216, 217]. 
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2 AIM 

2.1 GENERAL AIM 
APP has been extensively studied in the context of neurodegeneration, 
particularly in AD. Nevertheless, key aspects of the regulation of this protein 
family and their role during development remain unclear. In this thesis, 
zebrafish was used as a model system to investigate the regulation and 
developmental roles of App family members. 

2.2 SPECIFIC AIMS 
Paper I 

To investigate the genetic compensation between App family members and 
reveal the molecular mechanism behind. 

Paper II 

To develop a zebrafish reporter model that enables rapid and sensitive 
detection of changes in App expression. 

Paper III 

To study the expression of Aplp1 and Aplp2 during zebrafish development and 
their roles in lateral line formation. 
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3 METHODS 

3.1 ZEBRAFISH HUSBANDARY AND 
ZEBRAFISH LINES 

Zebrafish (Danio rerio) is used as the in vivo model in this thesis at the facility 
of the Institute of Neuroscience and Physiology, University of Gothenburg. 
Zebrafish were maintained in Aquatic Housing Systems on a 14/10 h light/dark 
cycle at 26-28°C. They were fed twice per day with the combination of dry 
food and live rotifers. Up to 6 dpf, larvae were kept in an incubator at 28.5°C 
in embryonic media (EM; 1.0mM MgSO4, 0.15mM KH2PO4, 0.042mM 
Na2HPO4, 1mM CaCl2, 0.5mM KCl, 15mM NaCl, 0.7mM NaHCO3) on 14/10 
h light/dark cycles. For all the experiments, except behavior tests, larvae were 
anesthetized with 0.02% tricaine methane sulfonate (MS-222) before use. 
When needed, 0.003% 1-phenyl-2-thiourea (PTU) was added to the EM to stop 
pigmentation. Zebrafish lines generated in this thesis are listed in Table 1. In 
addition, previously established lines were used in specific studies: appb 
26_2/26_2 (shown as appb-/-) and their wild type (WT) siblings (appb+/+) [186] in 
paper I, and Tg(Olig2:DsRed) [218] in paper III. 
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Table 1. Zebrafish lines generated in this thesis. 
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3.2 MORPHOLINOS AND MRNA 
MICROINJECTIONS 

All microinjections described in this thesis were applied using a FemtoJet 
microinjector (Eppendorf). Injections were performed into embryos at the one-
cell stage either into the cell or as close as possible with borosilicate glass 
needles pulled with a P-97 micropipette puller (Sutter instrument).  

In paper I, to study the effect of appb knockdown, morpholino antisense 
oligomers (MOs) targeting either the translation start site (5′-
TGTGTTCCCAAGCGCAGCACGTCCT-3′) or splicing of exon 2 (5′-
CTCTTTTCTCTCTCATTACCTCTTG-3′) of appb were injected into WT 
embryos at one-cell stage. RNA level of App family members was quantified 
in WT and appb-/- embryos injected with morpholinos to knockdown proteins 
in the NMD pathway; upf1MO (5′-CGCCTCCACACTCATCTTTATATTC-
3′), upf2MO (5′-ATGCACTACAGCACTCACATGAAAT-3′), upf3aMO (5′-
TCTGCTCCTTTTCAGACCTCATATC-3′), and upf3bMO (5′-
ATCGAGGTTTGGCTTTACCAGACAT-3′). All morpholinos were 
purchased from Gene Tools, LLC (Philomath, Oregon, USA). 

To study the effect of appb-/- mRNA degradation on the expression of other 
App family members in paper I, the appb-/- mRNA generated in vitro by 
introducing mutation in pcDNA3 plasmid containing the WT appb cDNA 
[188]. The mutation was created using PfuUltra High-Fidelity DNA 
Polymerase (Agilent) and the QuikChange Primer Design software (Agilent) 
was used to design primers for mutagenesis. After verifying the mutation by 
sequencing, the plasmid was linearized and in vitro transcription was 
performed using mMESSAGE mMACHINE T7 Ultra Transcription kit 
(Invitrogen). 

3.3 KNOCKOUT AND KNOCK-IN STRATEGY 
USING CRISPR/CAS9 METHOD 

The CRISPR/Cas9 method was used to generate all knockout and knock-in 
models. Guide RNA (gRNA) sequences were selected using the 
https://crispor.gi.ucsc.edu/ web tool using NGG as PAM. gRNAs were 
selected based on desired cleavage location, GC content, and the number of 
off-targets. To generate appbP-/- in paper I, a 1129 base-pair (bp) sequence, 
located 127 bp downstream and 1002 bp upstream of the ATG site, was used 
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3′), upf2MO (5′-ATGCACTACAGCACTCACATGAAAT-3′), upf3aMO (5′-
TCTGCTCCTTTTCAGACCTCATATC-3′), and upf3bMO (5′-
ATCGAGGTTTGGCTTTACCAGACAT-3′). All morpholinos were 
purchased from Gene Tools, LLC (Philomath, Oregon, USA). 

To study the effect of appb-/- mRNA degradation on the expression of other 
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USING CRISPR/CAS9 METHOD 

The CRISPR/Cas9 method was used to generate all knockout and knock-in 
models. Guide RNA (gRNA) sequences were selected using the 
https://crispor.gi.ucsc.edu/ web tool using NGG as PAM. gRNAs were 
selected based on desired cleavage location, GC content, and the number of 
off-targets. To generate appbP-/- in paper I, a 1129 base-pair (bp) sequence, 
located 127 bp downstream and 1002 bp upstream of the ATG site, was used 
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for blasting. Selected targeted-specific DNA oligos were assembled with a 
“generic” DNA oligomer (5′-
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTA
GCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-3′) coding for the 
gRNA. Assembled dsDNA fragment was used as a template for in vitro 
transcription using T7 Quick High Yield RNA Synthesis Kit (New England 
Biolabs). To generate the knock-in models in paper II and III, we used a 200 
bp sequence surrounding the ATG site to select gRNAs with predicted 
cleavage site as close as possible to the start codon. Selected gRNAs were 
ordered from IDT as crRNA. The RNP complex was assembled by mixing 
crRNAs, tracrRNA, and Cas9 protein (Alt.R S.p Hifi Cas9 Nuclease) 
according to Mi et al. protocol [199]. The specificity of gRNA was confirmed 
using the T7 endonuclease assay I [219]. 

3.3.1 KNOCKOUT MODELS 
To generate appb RNA-less mutants (mentioned as appbP-/-) in paper I, we 
selected two active target-specific gRNA binding to exon 1 and the 5′ UTR of 
appb (Table 2). The assembled gRNA was co-injected with Cas9 protein (Alt-
R S.p. Cas9 Nuclease V3) into WT embryos at the one-cell stage. Following 
Cas9-mediated DSB, the DNA break was repaired through the NHEJ pathway 
resulting in ligation of the cleaved DNA ends. This repair generated a 979 bp 
deletion between the two gRNA target sites, together with 7 bp insertion, 
resulting in a net deletion of 972 bp, including the ATG start codon of appb. 
The injected embryos (F0) were raised to adulthood and outcrossed with WT 
zebrafish. Offsprings were screened by PCR for the desired deletion. Founder 
fish (F1) carrying promoter deletion were subsequentially raised, and the 
deletion was confirmed by Sanger sequencing in F2 homozygotes mutants. 

In paper III, to generate aplp1-/- mutants, two gRNA targeting exon 2 and 
positioned 45 bp apart were selected (Table 2). These gRNAs generated +12 
bp and +2 bp insertions, resulting in a PTC in exon 2. The aplp2-/- mutant line 
was generated at the National Institutes of Health (NIH) by Gaurav K. 
Varshney. The gRNA targeted exon 2 and generated +10 bp insertions, leading 
to a PTC in exon 2 (Table 2). aplp1-/-;aplp2-/- double mutants were generated 
by inbreeding aplp1-/- and aplp2-/- lines. All knockout lines were viable. 
However, aplp1-/- and aplp1-/-;aplp2-/- mutants exhibited breeding difficulties 
and offsprings were generated through in vitro fertilization (IVF). 
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Table 2. List of gRNA sequences used to create knockout and knock-in models. 

 

3.3.2 KNOCK-IN MODELS 
To generate the memGFP-T2A-NLuc-P2A-appa and memmScarlet-T2A-NLuc-
P2A-appb knock-in models described in paper II, a plasmid encoding 
membrane-tethered (mem) EGFP (shown as memGFP) or mScarlet 
(memmScarlet) was used for the appa and appb models, respectively. The FPs 
were followed by T2A and a NLuc reporter sequences. Both constructs ended 
with a P2A sequence, allowing separation of NLuc from Appa or Appb after 
translation. In paper III, the plasmid used to generate aplp1 and aplp2 knock-
in models encoded memGFP-P2A and memmScarlet-P2A, respectively. In 
both papers, corresponding plasmids were used to design two primer pairs 
containing short HAs. These primers were used to amplify a dsDNA donor, 
which served as the HDR template for repairing of the Cas9-induced DSB. The 
forward primer contained 40–50 bp homologous to the 5′ UTR (serving as the 
5′ HA) and 20 pb matching the 5′ end of the plasmid. For the 3′ HA, the primer 
included 40–50 bp homologous to the exon 1 of the gene of interest (serving 
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as the 3′ HA) and 20 bp matching the 3′ end of the construct. Both primers 
were ordered with 5′ modification (5′ Amino Modifier C6) to increase the 
knock-in efficiency (IDT). As the knock-in cassette was intended to be inserted 
immediately upstream of the start codon, an active crRNA was selected as 
close as possible to the ATG site (Table 2). The RNP complex was co-injected 
with the dsDNA donor into WT embryos at one-cell stage. Injected embryos 
were screened using a Zeiss fluorescent microscope (Axio-Scope A1) at 24–
48 hpf, and larvae expressing the corresponding FPs were raised to adulthood. 
Germline transmission from mosaic F0 founders was assessed by outcrossing 
adult F0 fish with WT zebrafish, and the resulting F1 offspring were screened 
for FP expression (Figure 9). Experiments described in this thesis were 
performed using F2 and F3 generations. The use of these later generations 
ensured stable germline transmission of the mutation, reduced mosaicism, and 
allowed reliable genotype-phenotype correlation in a uniform genetic 
background.  

 

Figure 9. Schematic illustration of the knock-in strategy. The diagram shows final 
gene loci in the appa and appb knock-in models carrying FP and NLuc reporter 
constructs, as well as aplp1 and aplp2 knock-in models with FP insertion. Created 
with biorender.com. 

3.4 PHARMACOLOGICAL TREATMENTS 
In this thesis we took advantage of using some already established drugs to 
investigate their effects on App family members. In paper I, RNA expression 
of App family members was measured from appb-/- and WT zebrafish treated 
with 10 µM NMDI14 (MCE) at 24 hpf for 24 h. In the same paper 22–24 hpf 
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appb-/- and WT were treated with 15 µg/ml cycloheximide (CHX; Sigma-
Aldrich) for 5 h and the embryos were collected after for RNA extraction.  

In paper II, the following drugs were used on the memGFP-T2A-NLuc-P2A-
appa, memmScarlet-T2A-NLuc-P2A-appb, or WT larvae to check the impact 
of the drugs on the NLuc levels; CHX (Sigma-Aldrich; 14 µg/mL), (-)-
phenserine (MCE; 10-20 µM), buntanetap synonym to (+)-phenserine, 
ANVS401 (MCE, 10-50 µM ), BACE1 inhibitor (Sellechchem; 10 µM), 
DAPT (MCE; 20 µM), citalopram hydrobromide (MCE; 100-1000 µg/L), and 
fluoxetine hydrochloride (MCE; 1-10-100-1000 ng/L). For all treatments, 
0.1% dimethyl sulfoxide (DMSO) was used as control. Drug treatment in paper 
II was performed on larvae at 48 hpf for 24 h, except for 25 µM buntanetap 
which continues for 52h. 

3.5 IMMUNOSTAINING AND CONFOCAL 
IMAGING 

Mauthner cells (MCs) staining in paper I was performed as previously 
published [220] using 1:1000 primary monoclonal mouse anti-neurofilament 
RMO44 antibody (Sigma-Aldrich), followed by 1:500 goat anti-mouse Alexa 
Fluor 488 (Invitrogen) as secondary antibody to label neurofilament proteins 
in MCs. MCs staining was performed in WT, appbMO, appb-/-, and appbP-/- at 
48 hpf and larvae brains were subsequently dissected for imaging as described 
by Turner et al. [221].  

In paper III, euthanized larvae were fixed in 4% paraformaldehyde (PFA) 
solution before staining. To quantify the number of neuromasts (NMs), larvae 
were stained with DAPI (1:1000) at 48 hpf or labeled with 3 µM FM1-43FX 
at 3, 4, 5, and 6 dpf. To characterize primordium size and migration distance, 
fixed larvae were incubated with mouse anti-acetylated tubulin monoclonal 
primary antibody and to stain myelinated cells around the lateral line nerves, 
rat anti-claudin-k and rabbit sox10 primary antibodies were used. Primary 
antibodies were made in blocking solution containing 5% goat serum, 2% 
bovine serum albumin, 1% DMSO, and PBS with 0.1% Triton X-100 (PBTx) 
and incubated at 4°C overnight. The goat anti-mouse-Alexa 488, anti-rabbit 
Alexa-IgG (H+L)-488, and anti-rat Alexa-IgG (H+L)-647 secondary 
antibodies were used the following day, after five rounds of 45-min washes in 
PBTx, and samples incubated in dark overnight. DAPI was used to stain the 
cell nuclei and phalloidin-674 was added to stain cell F-actin. Imaging in this 
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thesis was performed using a Nikon confocal (Nikon Eclipse Ti) and images 
were processed and analyzed using ImageJ Fiji software (NIH) [222]. To 
image the cleared brains (paper I) or stained larvae (paper III), 1% low-
melting point agarose (Sigma-Aldrich) was used for mounting on class-
bottomed dishes (Ibidi). 

3.6 QUANTITATIVE POLYMERASE CHAIN 
REACTION 

In paper I and III, mRNA levels were quantified using real-time quantitative 
polymerase chain reaction (qPCR). Total RNA was extracted from a pool of 
10 larvae per sample using TRI Reagent (Sigma Aldrich) according to the 
manufacturer protocol. Isolated RNA samples were subjected to RNase-free 
DNase (Promega) to eliminate residual genomic DNA contamination. 
Subsequently, complementary DNA (cDNA) was synthesized from the RNA 
samples using high-capacity RNA-to-cDNA kit (Applied Biosystems) 
according to the manufacturer. For most targets included in this thesis, TaqMan 
assays (Thermo Fisher Scientific) with FAM-labeled probes were used. The 
only exception was the appb transcript of appbP-/- larvae in paper I, for which 
a SYBR Green assay targeting exon 16-17 of appb was also employed.  

In the SYBR green assay, dye binds to dsDNA during PCR amplification, and 
the fluorescence intensity correlates directly with the quantity of PCR products 
generated, enabling real-time analysis. In contrast, TaqMan assays rely on 
sequence-specific probes labeled with 5′ fluorophore and 3′ quencher, which 
suppresses fluorescence when the quencher remains close to the fluorophore. 
During PCR amplification, Taq polymerase extends the PCR products using 
the primers until it reaches the probe bound to the target sequence. The 5′–3′ 
exonuclease activity of the polymerase then cleaves the probe, separating the 
fluorophore from the quencher and generating a detectable fluorescent signal 
that is measured by the qPCR instrument [223]. Relative mRNA levels were 
calculated using the ΔΔCt method [224]. Data analysis was performed using 
cDNA from pooled WT larvae of different developmental stages and adult 
brain samples as the calibrator. elongation factor I alpha 1, like 1 (eef1a1l1) 
and actin, beta 1 (actb1) were used as housekeeping genes to normalize 
variation between the samples. 
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3.7 WESTERN BLOT 
Western blot (WB) was used to quantify App levels in papers I and II. In both 
studies, total protein was extracted from pools of 30 larvae at 3 dpf. In paper 
I, an inhouse-generated polyclonal rabbit anti-Appb antibody against the N-
terminal half of Aβ peptides (EER15; 1:10000) was used to confirm the lack 
of Appb protein translation in appbP-/- or the reduced Appb protein level when 
using a translational blocker morpholino. This antibody recognizes an epitope 
unique to Appb, allowing discrimination between Appb and Appa. In paper 
II, WB was performed on WT, memGFP-T2A-NLuc-P2A-appa positive and 
negative larvae (memGFP+, and memGFP-), and positive and negative 
siblings of memmScarlet-T2A-NLuc-P2A-appb (memmScarlet+ and 
memmScarlet-) to quantify App protein levels when validating the model or 
following drug treatments. In these studies two antibodies recognizing highly 
conserved regions shared by Appa and Appb were used: a monoclonal rabbit 
anti-APP antibody (Y188, Abcam;1:2000), targeting the C-terminal region of 
human APP, and mouse anti-APP A4 antibody (clone 22C11, MAB348, 
Sigma; 1:3000), which recognizes a N-terminal epitope of APP. Due to strong 
conservation of these epitopes, both antibodies cross-react with zebrafish Appa 
and Appb. Gapdh or α-tubulin were used as loading controls. 

3.8 BIOLUMINESCENCE DETECTION 
In paper II, the Nano-Glo Luciferase Assay (Promega) was used to detect the 
bioluminescence signal emitted by NLuc larvae expressing either memGFP+ 
and memmScarlet+ construct. For this purpose, one heterozygous memGFP+ 
or two heterozygous memmScarlet+ larvae were placed in white flat-bottom 
96-well plates (Nunc) containing 50 µl of EM supplemented with 1x MS-222. 
Whole larvae were lysed by adding 5 µl of 10x alkaline buffer (250 mM NaOH, 
2 mM EDTA) followed by plate shaking for 1 h at room temperature (RT). The 
lysate was subsequently neutralized by adding 5 µl of the neutralization buffer 
(100 mM Tris-HCL) to each well. Prior to luminescence measurement, the 
Nano-Glo Luciferase Assay Reagent was prepared by mixing Nano-glo 
Luciferase Assay substrate with Nano-Glo Luciferase Assay buffer according 
to the manufacturer’s instructions. The reagent was added to each well at a 1:1 
ratio the sample volume. The plates were shaken for 10 min and incubated for 
an additional 20 min at RT before luminescence was measured using a Spark 
multimode microplate reader (Tecan Life Science) (Figure 10). WT fish 
lacking NLuc expression were used to assess background signal. However, due 
to the very low background signal (0.006%) and the strong signal from NLuc-
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expressing larvae, background subtraction was not performed. When 
applicable, luminescence values were normalized to DMSO-treated controls.  

 

Figure 10. Schematic illustration of the luminescence detection workflow. Treated 
larvae were transferred to white flat-bottom 96-well plates containing EM and alkaline 
buffer. Samples were shaken for 1 h at RT, followed by adding neutralization buffer 
and Nano-Glo Luciferase Assay reagent. The plate was then shaken for 10 min and 
incubated for 20 min at RT in the dark. Luminescence signals were subsequently 
measured by a luminescence plate reader. Created with biorender.com. 

3.9 BEHAVIOUR EXPERIMENTS 

3.9.1 TOUCH-EVOKED RESPONSE TEST 
We used the touch-evoked response on WT, aplp1-/-, aplp2-/-, and aplp1-/-

;aplp2-/- mutant larvae to test their escape response. This test activates Rohon-
Beard (RB) sensory neurons, which synapse with interneurons like 
commissural primary ascending (CoPA), ultimately firing motor neurons to 
cause a classical C-bend escape response [225]. At 6 dpf, larvae were placed 
in 48-well plates and acclimatized for 2 h prior to the test. For the assay, the 
trunk of each larva was gently touched with a pipette tip, and the response to 
the stimulus was scored using a three-point recording scale: no response=0, 
delayed or weak response=1, and fast response=2. The test was performed in 
a blind manner. 
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3.9.2 SOUND STIMULI TEST 
To assess locomotor activity in response to acoustic stimulation, mixed groups 
of aplp1-/-, aplp1-/-;aplp2-/- and WT larvae were individually placed in a 48-
well plate one day prior to experiment. On the day of experiment, larvae were 
transferred to the behavioral testing room and acclimatized for 2 h before 
behavioral recording using the ZebraBox tracking system (Viewpoint). The 
behavioral protocol began with a 10-min habituation period, followed by 
acoustic stimulation at 80 Hz delivered at three intensity levels (30%, 60%, 
and 100%). Larvae were allowed to rest for 5 min between consecutive stimuli. 
Locomotor activity was quantified as the distance travelled during the first 10 
s following each sound stimulus, and the measured distance was normalized to 
the total swimming distance of each individual larva. 

3.10 STATISTICAL ANALYSIS 
Statistical analyses were performed using GraphPad Prism (version 9 and 10; 
GraphPad software). The normality of data distribution was assessed prior to 
selecting the appropriate statistical tests. For comparison between two groups, 
normally distributed data were analyzed using a two-tailed unpaired Student's 
t-test, whereas non-normally distributed data were assessed using the Mann-
Whitney test. For analyses involving more than two groups, normally 
distributed data were evaluated by one-way ANOVA followed by Dunnett’s 
multiple comparison test, while a Kruskal-Wallis test followed by Dunn’s 
multiple comparison test was used for non-normally distributed data. In paper 
II, a two-way ANOVA followed by Tukey’s multiple comparison test was 
used to compare groups in the sensitivity assay. In paper III, differences in 
relative responses in the sound-induce behavior assay were analyzed using a 
lognormal Welch’s t-test. Data are presented as mean ± standard deviation 
(SD). Statistical significance was set at *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. 

3.11 ETHICAL CONSIDERATIONS 
In this thesis, zebrafish have been used as the main model organism. For all 
experiments, except the behavioral assays, 0.02% MS-222 was used to 
anesthetize larvae prior to the experimental procedures. All animal procedures 
were performed in accordance with the regulations of the University of 
Gothenburg animal care committee. All studies involving zebrafish (paper I-
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III) were applied in accordance with local guidelines and approved by regional 
authorities. To minimize potential suffering, all drug exposure experiments in 
papers I and II were designed to be performed on larvae before 5 dpf. Studies 
involving human neuronal progenitors and differentiated neurons (paper I) 
were derived from human induced pluripotent stem cells (iPSCs). These cells 
were either purchased from Cellartis (Takara Bio Europe) or obtained thorough 
collaboration under ethical permit 09/H0716/64 [226]. All cell culture 
experiments were conducted under ethical permit 731-14, and ethical permit 
5.8.18-19441/2021 covers all zebrafish experiments included in this PhD 
thesis. 
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4 RESULTS AND DISCUSSION 

4.1 PAPER I 

4.1.1 RATIONALE 
MO-based approaches are considered rapid and cost-effective methods for 
studying gene function in zebrafish. However, high doses of MOs can induce 
severe toxicity effect, partly due to potential off-target effects [183]. In 
contrast, genome editing strategies such as CRISPR/Cas9 are now widely used 
to generate stable loss-of-function mutants [186]. Since scientists started using 
genome editing techniques for functional studies, phenotypic discrepancies 
between knockdown and knockout models have frequently been reported [107-
109, 227, 228]. For example, our lab has shown that appb-/- mutants exhibit 
milder phenotypic defects compared with appb morphants [186, 188, 220]. 
Recent studies suggest that genetic compensation may underly the 
inconsistencies observed between morphants and mutants. One proposed 
mechanism, known as TA, is triggered when mutant mRNAs are degraded 
through mRNA surveillance pathways, resulting in the upregulation of related, 
often homologous, genes to compensate for the loss-of-function mutation [110, 
229]. 

Eukaryotic cells employ several RNA quality-control systems to ensure the 
fidelity of gene expression. As described earlier, NMD pathway represents one 
such main mechanism that selectively removes transcripts containing PTCs, 
thereby preventing the production of aberrant protein products [230-232]. 
mRNA degradation by NMD occurs through multiple mechanisms, which 
UPF1 acts as the central factor that interacts with different components 
depending on the specific pathway involvement [112, 118, 233]. In EJC-
dependent pathway, NMD is triggered when the ribosome encounters a PTC 
upstream of a 3′ UTR EJC. In this context, UPF3B, which is associated with 
EJC together with, elF4A3, MAGOH, and RBM8A, acts as a bridge linking 
UPF2 to UPF1-SMG1 complex, ultimately leading to translational termination 
[234-236]. This interaction subsequently activates NMD and recruits either the 
SMG5-SMG7 complex or SMG6, initiating mRNA degradation [237, 238]. 
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4.1.2 RESULTS 
In this study we investigated if degradation of appb mRNA in appb-/- mutants 
triggers TA among other App family members. To address this question, we 
employed multiple experimental approaches.  

First, we examined whether the phenotypic differences observed between 
appb-/- mutants and appb morphants (shown as appbMO) could be attributed 
to TA. To this end, we quantified mRNA expression levels of app family 
members in appb-/- larvae, carrying a PTC in exon 2, at 24 hpf. Our data 
confirmed significant downregulation of appb due to the mutation, 
accompanied by upregulation of appa and aplp2 compared to WT control. In 
contrast, qPCR analysis of appb knockdown larvae (appbMO) revealed no 
significant changes in appa or aplp2 expression relative to controls. 
Interestingly, the aplp1 expression did not follow the same pattern as appa and 
appb, suggesting the involvement of an alternative regulatory mechanism. 

We next investigated whether the observed upregulation of appa and aplp2 
occurred independently of Appb protein levels. To test this, we injected 7-
methylguanosine (m7G) capped (stabilized) or uncapped (unstable) appb-/- 

mRNA into WT zebrafish expressing normal levels of Appb protein. Injection 
of capped appb-/- mRNA increased appb transcript levels but did not affect the 
expression level of appa and aplp2. However, appa and aplp2 were 
significantly upregulated in larvae injected with uncapped appb-/- mRNA 
lacking 5′ cap and therefore prone to degradation. In contrast to these 
transcripts, aplp1 expression was significantly reduced in both experiments. 

To further test our hypothesis, we generated mutants without appb mRNA or 
appb RNA-less (appbP-/-) in which transcription of appb mRNA was 
prevented, thereby eliminating mRNA degradation. Gene expression analysis 
in appbP-/- larvae at 24 hpf confirmed that mRNA degradation is required to 
alter expression level of other App family members. Surprisingly, we did not 
observe any severe phenotype in appbP-/- mutants.  

Since faulty mRNA harboring PTC are typically degraded through the NMD 
pathway, we next examined the involvement of NMD factors in this process. 
Pharmacological inhibition of the Upf1-Smg7 interaction with NMDI14 
demonstrated that this complex plays an important role in the degradation of 
PTC-containing appb transcripts but not in the degradation of normal WT 
transcripts. In addition to pharmaceutical inhibition, we performed MO-
mediated knockdown of upf1, upf2, and upf3a and -b in appb-/- larvae. 
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Knockdown of these factors resulted in elevated appb mRNA level, supporting 
their involvement in the degradation of PTC-containing transcripts.  

We next hypothesized that the upregulation of appb following inhibition of 
NMD core factors would reduce the expression of appa and aplp2 by 
suppressing TA. However, the opposite effect was observed in appb-/- mutants. 
Previous studies have shown that NMD factors regulate approximately 10% of 
normal transcripts [117, 239]. To test whether NMD factors regulate App 
family transcripts, we knocked down these factors in WT embryos. 
Interestingly, knockdown of upf1 and upf2 in WT resulted in increased 
expression of appa and appb compared with uninjected controls, suggesting 
that these factors also regulate normal app transcripts. Further analysis 
revealed that, upregulation of appa and aplp2 following upf1 or upf2 
knockdown in appb-/- larvae was greater than that observed in the injected WT 
embryos.  We therefore concluded that the increased expression of appa and 
aplp2 likely results from a combined effect of NMD inhibition and TA, as 
degradation of appb transcripts was not fully rescued after knockdown of these 
factors in appb-/- mutants. Interestingly, our data indicates that Upf3 proteins 
primarily contribute to the degradation of PTC-containing transcripts.  

Finally, we confirmed by mRNA sequencing that the observed upregulation of 
App family members in upf1 knockdown larvae was not due to alternative 
splicing events. In addition, our results suggest that TA occurs during early 
developmental stages and is conserved in humans as human neuronal 
progenitor cells (hNPCs), transfected with uncapped human APP (hAPP) 
mRNA, also showed increased expression of APP and APLP2. 

4.1.3 DISCUSSION 
The APP gene family has been considered functionally redundant, as loss of 
individual genes often produces mild phenotypes in several model systems. 
However, the mechanism underlying this apparent robustness has remained 
unclear. In this work, we demonstrate that compensation between App family 
members is not solely due to overlapping protein function but is actively 
regulated at the transcriptional level through the NMD pathway. Specifically, 
we showed that degradation of mutant appb transcripts triggers TA of appa 
and aplp2, revealing a mechanistic link between mRNA surveillance and 
coordinated regulation within the APP gene family. 

Our data further demonstrates that not all App family members respond equally 
to NMD-dependent TA. In particular, aplp1 did not exhibit the same 
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compensatory upregulation as appa and aplp2, suggesting the involvement of 
transcript-specific regulatory mechanisms that selectively determine the TA 
response. One possible explanation is the involvement of RNA-binding 
proteins that regulate mRNA stability or translation in a transcript-specific 
manner. Supporting this possibility, recent studies have identified the RNA-
binding protein interleukin enhancer-binding factor 3 (ILF3) as a key regulator 
linking mutant mRNA decay to TA by promoting compensatory gene 
upregulation [240]. Such mechanisms could potentially contribute to the 
differential behavior observed among App family members, where selective 
RNA-binding protein interactions may influence how individual transcripts 
respond to NMD activation and TA signaling. In addition, compared to appa 
and aplp2, aplp1 shows lower sequence similarity of appb, which may help to 
explain the observed response. Further investigation will be required to 
determine the regulatory factors interacting with specific App family 
transcripts and thereby shaping the TA response. 

The absence of a detectable phenotype in the RNA-less appb mutant was 
unexpected. Our initial observations showed that appbMO knockdown, in 
which TA between App family members is not activated, induces MC defects, 
whereas PTC-containing appb mutants, in which TA is activated, do not. 
Based on these findings, we hypothesized that the phenotypic discrepancy 
between knockdown and mutant models could be explained by TA-mediated 
compensation in the genetic mutants. Accordingly, we anticipated that 
elimination of appb transcription in appbP-/- mutants, thereby preventing 
mutant mRNA degradation and subsequent TA activation, would result in 
more severe phenotype. However, appbP-/- mutants did not exhibit the reported 
MCs defect and appeared largely normal, at least with respect to the defect in 
cell adhesion during the blastula stage previously described in appb-/- mutants 
[186]. These findings suggest that additional compensatory mechanisms, 
beyond NMD-driven TA, may operate to preserve developmental stability in 
the absence of appb. 
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4.2 PAPER II 

4.2.1 RATIONALE 
The pathological hallmarks of AD, the most common form of dementia, have 
been extensively studied for many years (reviewed in [241]). Among them, 
deposition of Aβ plagues in the brain plays an important role in the disease 
pathogenesis [242, 243]. Studies have shown that the dosage of APP is crucial 
for early-onset of AD diagnosis as individuals with Down syndrome (DS), 
carrying three copies of APP gene, inevitably develop AD already at an early 
age [244-246]. Similarly, rare mutations leading to APP gene duplication are 
also associated with EOAD [247, 248]. However, DS individuals with partial 
trisomy of chromosome 21, lacking APP in the trismic segment, have lower 
chance of AD development compared to other DS patients with full trisomy 
[249, 250]. In other words, increased expression level of APP can promote the 
pathological processes in AD and the necessity of reducing Aβ in AD patients 
seems compelling; however, the effects of decreasing APP expression must be 
carefully evaluated.  

In vivo models are essential tools in drug discovery, enabling researchers to 
evaluate the biological activity, efficacy, and toxicity of candidate compounds 
with the complexity of a living organism. Among those, zebrafish  has emerged 
as a robust model for drug screening due to its genetic conservation with 
humans, rapid embryonic development, optical transparency, and amenability 
to large-scale phenotypic analyses [182, 251]. We therefore focused on 
developing a zebrafish platform that can be used as a tool for high-throughput 
screening to identify compounds with the potential to lower APP levels. Such 
approach may help identify therapeutic candidates that could reduce APP 
levels, that potentially delay or halt AD development in individuals at high 
risk.   

4.2.2 RESULTS 
We used CRISPR/Cas9 strategy to generate appa and appb transgenic lines 
that can serve as a platform for identifying App modulators. Those models 
were generated by inserting dsDNA donors encoding memGFP-T2A-NLuc-
P2A and memmScarlet-T2A-NLuc-P2A upstream of the appa and appb start 
codon, respectively. The dsDNA donors were amplified using primer pairs 
containing two short HAs, each matching with 40–50 bp of 5´ UTR and exon 
1 of  appa and appb, together with 20 bp sequences complementary the donor 
templates (Figure 9). These knock-in models contain membrane tethered 
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EGFP (memGFP) or mScarlet (memmScarlet), enabling visualization of cells 
expressing appa and appb and facilitating founder screening at early 
developmental stages. In addition, the memGFP-T2A-NLuc-P2A-appa and 
memmScarlet-T2A-NLuc-P2A-appb lines contain NLuc reporter, which is 
separated from the gene of interest by the self-cleavage P2A peptide. This 
design enables equal expression of the NLuc reporter and Appa or Appb, 
allowing quantification of NLuc activity as a proxy for Appa or Appb protein 
expression. Our knock-in strategy yielded 1.3% to 3.8% mosaic F0.  Among 
the positive mosaic F0s, 10% of memGFP-T2A-NLuc-P2A-appa and 75% of 
memmScarlet-T2A-NLuc-P2A-appb larvae transmitted the insertion through 
their germlines, producing 8-53% positive F1 offsprings. The expression 
patterns of memGFP+ and memmScarlet+ larvae were validated by confocal 
microscopy, and correct genomic insertion was confirmed by Sanger 
sequencing. In addition, endogenous Appa and Appb protein level were 
quantified in positive and negative F2 siblings. The validated lines were 
subsequently used to measure NLuc level following treatment with compounds 
known to modulate APP protein levels.  

CHX is a general translational inhibitor that has been shown to reduce APP 
protein level [252]. Consistent with previous reports, WB analysis confirmed 
a near-complete loss of App protein in WT treated with CHX. We then tested 
whether this reduction could also be detected on NLuc level. To this end, we 
measured the luminescence signal emitted from CHX-treatment memGFP+ 
and memmScarlet+ larvae and compared it with DMSO-treated controls. Our 
data showed an approximately 70% reduction in NLuc activity, demonstrating 
the sensitivity of luminescence-based readout compared with less quantitative 
methods such as western blotting. 

(-)-Phenserine and buntanetap are two other compounds reported to reduce 
APP translation and Aβ levels [253-255]. We tested both compounds at 
different concentrations in memGFP+ and memmScarlet+ larvae at 48 hpf for 
24 h. Our results showed toxicity of (-)-phenserine at concentrations above 20 
µM, whereas buntanetap was well tolerated up to 50 µM. To confirm their 
effects on App protein levels, WT larvae were treated with both compounds at 
the highest tolerated concentrations and App levels were quantified by western 
blotting. Using the Y188 antibody, we observed significant downregulation of 
App following (-)-phenserine treatment, whereas no significant change was 
detected in buntanetap-treated larvae compared with DMSO-treated controls. 
In contrast to WB results, both compounds induced a reduction of 
approximately 20% in NLuc levels. We were subsequently able to detect the 
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effect of buntanetap on App protein levels by treating the larvae with a lower 
concentration (25 µM) for a longer period (52 h). This reduction was also 
detected at the NLuc level in both memGFP+ and memmScarlet+ larva. 

Because the reporter cassette was inserted within the promoter region, we did 
not expect the model to detect changes occurring at post-translational level. To 
test this assumption, we treated memGFP+ and memmScarlet+ larvae with the 
ɣ-secretase inhibitor, DAPT, and BACE1 inhibitor, which blocks β-secretase 
activity. As expected, no significant changes in NLuc activity were observed. 
In addition, as several studies have reported that selective serotonin reuptake 
inhibitors (SSRIs) reduce Aβ levels [256, 257], we tested fluoxetine 
hydrochloride and citalopram hydrobromide. However, no significant changes 
in NLuc activity were detected under the tested conditions.  

4.2.3 DISCUSSION 
In this study, we generated a zebrafish platform for detecting changes in App 
protein levels. APP plays a central role in the development of AD and 
identifying modulators that reduce APP levels could be beneficial for AD 
prevention, particularly in individuals at high risk. Our models were generated 
using a CRISPR/Cas9-targeted knock-in strategy, resulting in precise 
integration of an inserted dsDNA donor upstream of the star codon. 

The efficiency of the knock-in strategy to generate F0 mosaic larvae was below 
5%; however, the germline transmission rate and the proportion of positive F1 
larvae were relatively high. These results indicate that although a large number 
of injections are required to obtain positive F0 mosaic founders, once founders 
are established, the generation of stable knock-in lines becomes considerably 
more efficient. 

Interestingly, we confirmed the sensitivity of our model as a quantitative tool 
for detecting changes in App protein levels compared with less quantitative 
methods such as western blotting. Nevertheless, it is important to consider that 
the half-life of NLuc can be longer than of APP, which may result in prolonged 
intracellular stability of the reporter [216, 217]. While NLuc is well suited for 
detecting low-level protein expression, its relative stability may limit the 
detection of rapid changes in promoter expression. In contrast, destabilized 
NLuc variants, such NanoLuc-PEST (NLucP), which contains a PEST 
degradation sequence, exhibit a shorter half-life [213, 258]. Given that APP 
itself has a relatively short half-life, the use of such destabilized reporters can 
be advantageous, as their rapid turnover reduces signal accumulation and 
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enables a more accurate representation of dynamic changes in APP expression. 
In addition, our platform showed strong consistency within experimental 
batches, demonstrating high reproducibility. However, detectable batch-to-
batch variability highlights the importance of including internal controls to 
account for both biological and technical variability. Moreover, the presence 
of two APP paralogues in zebrafish (appa and appb), with differential neuronal 
and non-neuronal expression, provides a distinct advantage for compound 
screening. This distinction enables the identification of compounds that not 
only modulate APP activity in general, but also allows assessment of tissue-
specific effects, thereby facilitating a more comprehensive understanding of 
APP function across different biological contexts. 

Given the central role of APP processing in AD pathogenesis, reducing overall 
APP levels could theoretically decrease Aβ production while preserving the 
generation of its physiological cleavage fragments at lower concentrations. A 
comparable principle is observed in carriers of the protective Icelandic APP 
A673T mutation, located at the BACE1 cleavage site. This variant is associated 
with lower risk of AD and reduces BACE1-mediated APP cleavage and lower 
Aβ production by approximately 40% [259]. Importantly, Aβ has been shown 
to exert physiological functions in the brain, including regulation of synaptic 
plasticity and facilitate of long-term potentiation [260]. Therefore, controlled 
downregulation of APP expression may preserve normal functions while 
limiting excessive Aβ accumulation. 
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4.3 PAPER III 

4.3.1 RATIONALE 
Despite extensive research on APP and its role during development and in AD, 
considerably less is known about the physiological functions of its paralogues, 
APLP1 and APLP2. Members of the APP protein family share a conserved 
domain structure and have been shown to perform overlapping functions 
during neuronal development and synaptic formation [56, 96]. Genetic studies 
in mice further support functional redundancy among family members. While 
single knockout mice lacking either Aplp1 or Aplp2 are viable and exhibit 
relatively mild phenotypes, combined loss of App family members, particularly 
in the presence of an Aplp2 mutation, leads to severe developmental 
consequences. Notably deletion of Aplp1 together with Aplp2 causes 
embryonic lethality, highlighting the essential and partially overlapping roles 
of these proteins during development [103, 104]. Despite these findings, the 
specific functions of Aplp1 and Aplp2, particularly during early development 
and neuronal differentiation, remain to be fully defined. 

Not only are functional studies hampered by redundancy between proteins in 
this family, but the lack of reliable and specific antibodies has also restricted 
studies in vivo [186, 187, 189]. Although mRNA-based approaches provide 
valuable insights into gene expression patterns, they capture expression at a 
fixed time-point that does not necessarily correlate with protein abundance, 
localization, or activity, related to post-transcriptional or post-translational 
regulation. Moreover, these methods lack sufficient spatial resolution, limiting 
detailed cellular or subcellular expression analysis. Consequently, approaches 
to follow the spatiotemporal expression of these proteins could facilitate 
studies of their functional roles during development and aging. 

4.3.2 RESULTS 
In this study we employed a similar strategy as in paper II to generate knock-
in zebrafish lines expressing FP under the control of the endogenous aplp1 and 
aplp2 promoters, resulting in the memGFP-P2A-aplp1 and memmScarlet-P2A-
aplp2 lines, respectively. These transgenic models enabled in vivo 
identification and detailed characterization of the cellular expression profiles 
of the corresponding proteins. Our observations largely corroborate previously 
reported expression patterns, while also revealing expression in additional cell 
types not documented in earlier studies. Collectively, our findings in 
conjunction with prior work, indicate that aplp1 exhibits a prominent neuronal 
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expression within both the CNS and the peripheral nervous system (PNS) [186, 
189]. In contrast, aplp2 shows a broader expression pattern, including the eye, 
skin, gut epithelium, skeletal muscle, spinal cord, notochord, and floor plate 
[187, 189]. Notably, we detected aplp1 expression in afferent neurons 
innervating hair cells within aplp2 expressing NMs. NMs are mechanosensory 
organs of the lateral line system of aquatic animals and consist of hair cells that 
detect water movement through deflection of a gelatinous structure known as 
the cupula. These hair cells are surrounded by supporting cells that function as 
progenitors capable of regenerating new hair cells following damage. 
Mechanical stimuli detected by hair cells are transmitted to the CNS via 
afferent neurons (Figure 11) [261, 262].  

To elucidate the functional roles of aplp1 and aplp2 in the cells in which they 
are expressed, we generated loss-of-function mutants. To this end, we created 
aplp1-/- and aplp2-/- mutants introducing indels that result in PTC within exon 
2 using the CRISPR/Cas9-based method. The accessibility and observation of 
both memGFP and memmScarlet signals in the lateral line prompted us to 
investigate whether the loss of aplp1 and aplp2 influence its developmental 
process. Labeling NMs at 6 dpf with FM1-43FX dye in aplp1-/- mutants 
revealed reduced numbers of trunk NMs compared with WT larvae. In 
contrast, aplp1-/-;aplp2-/- double mutants, generated by crossing aplp1-/- and 
aplp2-/-, exhibited an increased number of trunks NMs. Notably, we observed 
no change in the number of trunk NMs in aplp2-/- at this time point. To 
determine when these phenotypic changes arise, we quantified trunk NM 
numbers between 2–6 dpf. Our analysis showed that the reduction in NM 
number in aplp1-/- mutants was already evident at 2 dpf, whereas the 
phenotypes observed in double mutants became apparent only after 5 dpf and 
the number of NMs in aplp2-/- remained unchanged during this period. 

To investigate the mechanism underlying these phenotypic changes, we 
characterized the posterior lateral line primordium (pLLP) in the mutant lines. 
The pLLP consists of more than 100 tightly connected cells that comigrate 
from the head, along the horizontal myoseptum, toward the tip of the tail, 
periodically depositing NMs along this path. The pLLP deposit interneuromast 
cells (INCs) in between the NM that later on can differentiate into new NM. 
Migration of the primary pLLP begins at approximately 22–24 hpf and is 
largely completed by 42–48 hpf [178, 263-265]. We first quantified the size of 
the pLLP and the number of cells within the pLLP at 24 hpf since this can 
change the number of NM being deposited. Interestingly, the pLLP in aplp1-/- 
and aplp2-/- mutants contained more cells than WT, although the overall size 
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of the pLLP was comparable. In contrast, the pLLP in aplp1-/-;aplp2-/- mutants 
was smaller in size while containing a similar number of cells compared with 
WT. Given that the pLLP migration is already initiated by 24 hpf, we next 
measured the migration distance of the primordium in all mutants and WT 
larvae at 36 hpf. Notably, we observed a significant shorter migration distance 
in all mutant lines compared with WT.  

Previous studies have shown that the inhibitory effect of glial cells on INC 
differentiation begins around 48 hpf, resulting in the formation of 
supernumerary NMs in the absence of glia cells [266-268]. Oligodendrocytes 
and Schwan cells are the myelinating glial cells in CNS and PNS, respectively 
and play essential roles in supporting neuronal axons [269, 270]. Although 
transcriptomic data indicates the presence of aplp1 expression in 
oligodendrocytes [271-273], we did not detect aplp1 expression in 
differentiated glial cell in the PNS at 7 dpf. To investigate if the phenotypes 
observed in our mutants were linked to myelination, we evaluated cells 
expressing Sox10 and Claudin-k at the dorsal-ventral muscle boundary. The 
transcription factor Sox10 is critical for development of both Schawn cell and 
oligodendrocytes; however, unlike oligodendrocytes, Schwann cell 
differentiation is particularly dependent on Sox10 expression [266, 274]. In 
addition, Claudin-k is a tight junction protein that marks and contributes to the 
development and function of myelinating glial cells in zebrafish [275]. 
Quantitative image analysis revealed a modest but significant reduction in 
Sox10-positive cells in aplp1-/- mutants compared to WT. This reduction was 
more pronounced in aplp1-/-;aplp2-/- mutants, whereas no significant change 
was observed in aplp2-/- mutants. In addition, Claudin-k coverage within the 
selected region was significantly reduced in both aplp1-/- and aplp1-/-;aplp2-/- 
mutants, while no significant change was observed in aplp2-/- mutants. 

Finally, we assessed sensory function with two different behavioral assays: the 
touch-evoked escape response, which reflects primary sensory function, and a 
sound-induced stimulus assay, in which vibrations are detected by the lateral 
line system. The touch-evoked response revealed that 58.3% of aplp1-/- larvae 
and 45.8% of tested double mutants exhibited weak or delayed responses 
revealed stimulation, whereas this effect was less pronounced in aplp2-/- 

mutants. The sound test was performed on aplp1-/- and aplp1-/-;aplp2-/- double 
mutants at 6 dpf, when these lines displayed lateral line defects. Our results 
showed that, while aplp1-/- exhibited a normal response to sound stimuli, the 
response of aplp1-/-;aplp2-/- double mutants was significantly reduced, despite 
the presence of supernumerary NMs. 
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Figure 11. Schematic illustration of NM structure. The illustration shows hair cells 
within the NM, covered by the cupula and surrounded by supporting progenitor cells. 
Afferent neurons (shown in red) connect the hair cells to the CNS. Created with 
biorender.com. 

4.3.3 DISCUSSION 
We successfully generated aplp1 and aplp2 knock-in lines, enabling 
investigation of the developmental expression patterns of these two genes in 
vivo.  

Using the memGFP-P2A-aplp1 and memmScarlet-P2A-aplp2 lines, we show 
the expression of memGFP and memmScarlet within several cell types 
including components of the lateral line. Interestingly, we observed that aplp1 
and aplp2 contribute to different aspects of lateral line formation including 
primordium migration, NM formation and Schwann cell development. 

The analysis of NM number revealed distinct phenotypic outcomes among the 
mutants, indicating that these genes may influence lateral line development 
through partly overlapping but also independent mechanisms. Importantly, the 
reduced primordium migration observed in all three mutants, suggests that both 
Aplp1 and Aplp2 are needed to maintain collective cell migration.  

NM deposition depends on both primordium size and migration. In aplp1-/-

mutants, the reduced NM number may thus result from the changes in 
primordium migration. Glial cells distributed along the horizontal myoseptum 
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normally act to inhibit premature differentiation of INC [266, 267]. However, 
although aplp1-/- showed reduced Sox10-positive cells and significantly 
decreased in Claudin-k coverage, this reduction does not appear enough to 
promote INC differentiation or indicates that there is a general loss in INC 
number in aplp1-/- due to reduction in NM differentiation and proliferation. 
Furthermore, these results also show that aplp1 is required for Sox10 cell 
migration or proliferation as well as differentiation of these precursor cells to 
Schwann cells.  

Interestingly, while single aplp2 mutants also displayed reduced primordium 
migration, the NM number was unchanged relative to WT, suggesting that the 
slower primordium migration is not enough to change NM deposition. 
Furthermore, the requirement of aplp2 in Schwann cell development does not 
seem to be as important as aplp1 as we did not find a difference in area covered 
by Claudin-k+ cells nor the number of Sox10 expressing cells. It should 
however be noted that there was a trend towards lower Sox10-positive cells in 
aplp2 mutants. These findings suggest the presence of compensatory 
mechanisms, with appa and appb representing strong candidate genes due to 
their expression patterns (Rahmati et al., Submitted).  

The stronger phenotype observed in aplp1-/-;aplp2-/- double mutants, including 
reduced primordium size, severely reduced migration and increased number of 
NMs also suggest the presence of compensatory effects in aplp2 mutants. The 
condensed primordium and slower migration rate indicate that both aplp1 and 
aplp2 are needed to support collective cell migration. Primordium migration 
can also be hampered by problems in cell rearrangements; however, our initial 
count shows normal amount of primordium rosettes, rather supporting the 
latter. In addition, the initially normal number of NM suggests that the slower 
pLLP migration does not contribute to this phenotype. A more likely cause is 
the pronounced reduction in both Sox10-positive cells and Claudin-k coverage 
in aplp1-/-;aplp2-/- mutants, pointing to a stronger glial defect than that seen in 
single mutants. Thereby a marked reduction in glial cells in the double mutant 
may release this inhibition, allowing INCs to differentiate into NMs and 
thereby resulting in supernumerary NMs. In this context, the combined 
mutation may shift the balance from a migration-related reduction in NM 
number towards excess NM formation driven by loss of glial effect.  

Given the knock-in strategy employed, it is necessary to consider differences 
in the half-life of the FPs and the endogenous Aplp1 or Aplp2 proteins, as these 
may influence our interpretation. Consequently, the detected fluorescence 
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Figure 11. Schematic illustration of NM structure. The illustration shows hair cells 
within the NM, covered by the cupula and surrounded by supporting progenitor cells. 
Afferent neurons (shown in red) connect the hair cells to the CNS. Created with 
biorender.com. 
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reflects the presence of the FP at a given time-point and may not precisely 
correspond to the actual expression level of the endogenous protein. While 
direct fusion of the FP to Aplp1 or Aplp2 could provide a better representation 
of protein stability and temporal dynamics, such fusions may interfere with 
protein function, localization, or trafficking which may change cell 
development and function. We therefore employed a P2A-based strategy to 
preserve the native structure and function of the endogenous proteins. 

Taken together, our findings highlight aplp1 and aplp2 as key regulators of 
lateral line formation, acting both to support collective cell migration and to 
promote Schwann cell development. How these processes are coordinated by 
Aplp1 and Aplp2 remains an open question. One intriguing possibility is that 
they modulate ErbB2/3 interactions with Nrg1-3 signaling pathways, which 
are essential for communication between sensory neurons and Schwann cell 
precursors [276]. Beyond the lateral line, the roles of Aplp1 and Aplp2 in other 
regions of the PNS remain largely unexplored and warrant further 
investigation.  
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5 CONCLUSION 
The aim of this thesis was to investigate the regulatory mechanisms and 
functional roles of the APP gene family using zebrafish as a model system. By 
integrating genetic, molecular, and functional approaches, this work provides 
novel insights into the transcriptional regulation of APP family members and 
their contributions to developmental processes. Furthermore, the new in vivo 
appa and appb transgenic lines were established to facilitate the study of APP 
biology and to enable the identification of modulators of APP expression. 

In paper I, the mechanism underlying compensatory regulation among APP 
family members were elucidated. Through multiple experimental approaches, 
it was demonstrated that degradation of mutant appb mRNA in appb-/- mutants 
induces TA, leading to the upregulation of appa and aplp2 during early 
development. By generating RNA-less mutants, it was further shown that TA 
depends on the presence and degradation of mutant mRNA transcripts. In 
addition, key components of the NMD pathway, including upf1, upf2, and upf3 
were identified as essential for the degradation of PTC-containing mRNAs. 
Notably upf1 and upf2 were also found to contribute to the fine tuning of App 
family gene expression in the absence of PTC, indicating a broader regulatory 
role for NMD factors. 

In paper II, two transgenic zebrafish lines were generated, expressing a NLuc 
reporter inserted at the 5´ ends of appa and appb. These knock-in models 
provide a sensitive and quantitative platform for monitoring changes in App 
protein levels in vivo. NLuc activity was shown to accurately reflect App 
expression and to detect reductions in protein levels following treatment with 
known APP translation inhibitors, such as CHX and buntanetap. These 
findings establish the models as valuable tools for screening and evaluating 
modulators of APP expression. 

In paper III, aplp1 and aplp2 knock-in zebrafish lines were generated, 
incorporating FPs into their promoter regions to enable detailed 
characterization of spatiotemporal expression patterns. These models revealed 
distinct cellular expression profiles that were consistent with previous studies 
and also revealed new expression patterns. The knock-in models clearly 
revealed the expression of aplp1 in sensory neurons and lateral line nerves, and 
aplp2 expression in NMs. In this paper we further employed a CRISPR/Cas9 
knockout strategy to generate aplp1-/-, aplp2-/-, and aplp1-/-;aplp2-/- mutants. 
The double mutants exhibited supernumerary trunk NMs at 6 dpf, whereas the 
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aplp1-/- single mutant displayed fewer NMs at this time-point and no change in 
NM count was observed in aplp2-/- compared with WT controls. The observed 
reduction in glial cells surrounding the lateral line suggests that the 
supernumerary NM in double mutants may result from premature INCs 
differentiation. However, we still need to identify the molecular pathway 
involving Aplp1 and Aplp2. 
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6 FUTURE PERSPECTIVES 
In this thesis, we elucidated several aspects of App regulation, provided insight 
into the expression pattern and function of Aplp1 and Aplp2, and introduced a 
promising in vivo model for drug screening to identify App modulators. 
However, further studies are required to fully expand these findings.  

In paper I, we demonstrated that upf1 and upf2, two core components of the 
NMD pathway, play important roles in the fine tuning of App family members. 
This finding provides a basis for further investigation into how these factors 
regulate endogenous transcripts of APP family members. Previous studies 
have shown that normal transcripts with 3´ UTR longer than 1000 bp can be 
subjected to NMD independent of the EJC. In such cases, the termination 
signal from the poly(A) is insufficiently transmitted to the stop codon, 
impairing the recruitment of translation termination factors to the ribosome 
[112, 113, 118]. Given that APP family members have long 3´ UTR, it is 
plausible that UPF1 directly binds to these regions and contributes to the 
regulation of their transcript stability. This would then increase binding of 
UPF1 to the 3´ UTR and its subsequent phosphorylation by SMG1. Ultimately, 
the mRNA is degraded either through SMG6-mediated endonucleolytic 
cleavage or via exonucleolytic decay mediated by SMG5-SMG7 complex 
[112, 238]. Further investigation of this mechanism may provide deeper insight 
into APP regulation. For instance, immunoprecipitation approaches in human 
cell lines expressing APP family members could be used to determine whether 
UPF1 associates APP mRNA. In addition, the activation of TA among APP 
family members together with the involvement of NMD factors in APP 
regulation suggests that alteration in APLP2 or NMD components may 
influence APP levels and thus contribute to AD development. A better 
understanding of these processes could facilitate the identification of targets 
for reducing APP protein levels, thereby potentially lowering AD development 
risk. Such mechanisms could be investigated in individuals with AD through 
genetic analyses, measurement of gene and protein expression levels, or 
studies in patient-derived cells to determine whether alternations in APLP2 or 
NMD pathways are associated with disease pathology.  

In paper II, the memGFP-T2A-NLuc-P2A-appa and memmScarlet-T2A-NLuc-
P2A-appb zebrafish models generated and validated as a valuable platform to 
detect App modulators. These models can be used not only to quantify the 
effect of compounds that modulate APP expression via NMD-related pathways 
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but also enables high-throughput screening of large drug libraries. Such 
approaches may identify candidate compounds that directly or indirectly 
influence APP protein levels and reveal the underlying regulatory pathways. 
Subsequent validation of identified targets can be performed using 
complementary techniques, such as qPCR and WB, as well as confirming them 
in human cell-based assays. 

The studies presented in paper III, primarily focused on Aplp1 and Aplp2, 
two members of the App family that remain poorly characterized. Using 
CRISPR/Cas9-mediated knock-in and knockout strategies in zebrafish, we 
provided insights into the spatiotemporal expression patterns and 
developmental functions of Aplp1 and Aplp2 in an in vivo model. In addition, 
we identified novel phenotypes associated with their expression patterns, 
accompanied by observed behavioral alterations. While we have proposed a 
cellular basis for these defects, further investigation is required to fully 
elucidate the underlying molecular mechanisms. To date, our analyses have 
focused on formation of the lateral line; however, it remains unclear whether 
mutations in aplp1 and aplp2 also affect the structure organization of NMs. 
One potential approach would be to label hair cells within NM using Myosin7a 
(Myo7a) antibody and quantify whether these mutations alter the number of 
hair cells [277]. Furthermore, hair cells contain synaptic ribbons at the basal 
pole, which tether synaptic vesicles and support rapid and sustained 
neurotransmitter release [278, 279]. At this site, the presynaptic membrane, 
enriched in voltage-gated Ca2+ channels, facilitates vesicle fusion and 
neurotransmitter release. This presynaptic is closely opposed to the 
postsynaptic membrane of the afferent neuronal dendrites, where glutamate 
receptors mediate synaptic transmission [280, 281]. Immunostaining of the 
pre- and postsynaptic components using with Ribeye b and MAGUK 
antibodies, respectively, would enable assessment of synapse integrity within 
NMs [277]. Hair cells in zebrafish share key structural and functional features 
with mammalian inner ear hair cells while retaining the capacity for 
regeneration, therefore such analyses could provide insight into whether loss 
of Aplp1 and Aplp2 is associated with sensory impairment, including hearing 
and balance disorders. In addition, human atlas data indicates high expression 
of APLP1 in oligodendrocytes [272, 273]. This protein has been proposed as a 
CSF biomarker, with levels reported to differ significantly across MS subtypes 
[102]. Considering these findings, together with and our results demonstrating 
the involvement of Aplp1 and Aplp2 in glial cell formation, it would be of 
interest to investigate whether mutations in APLP1 are associated with MS in 
humans. 
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