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Abstract 

Development of an effective therapeutic for Alzheimer’s disease (AD) is currently a 

global health priority. To prevent, or at least delay, the onset of AD, we must 

understand the initial cellular stresses/changes that drive the disease. These 

initiating changes are likely subtle and occur decades before symptom onset. We 

cannot easily investigate these changes in humans, as pre-symptomatic brain 

material from individuals genetically pre-disposed to AD is inaccessible for detailed 

molecular analyses. For this, we must utilise animal models.  

The most frequently used animal models of AD are mice expressing one or more 

transgenes containing the sequences of human genes bearing mutations which 

cause AD. These transgenic models have been useful in elucidating some aspects of 

the pathogenic mechanisms of AD. However, they have not led to development of 

successful therapeutics.  

Mutations in a small number of genes cause early-onset familial forms of AD 

(EOfAD). These mutations can be introduced into the orthologous, endogenous 

genes of an animal (i.e. knock-in models). However, relatively few papers describe 

research with knock-in models. Transcriptome analysis is currently the most detailed 

form of molecular phenotyping and can give a largely unbiased view of the molecular 

state of the brains of young knock-in models of EOfAD. Surprisingly, this has not 

previously been performed using knock-in models of EOfAD-like mutations.  

To address this gap in our knowledge, the work presented in this thesis (along with 

previous work from the Alzheimer’s Disease Genetics Laboratory (ADGL)), describes 

the generation, and/or characterisation of a collection of zebrafish knock-in models of 

EOfAD-like mutations. The power of zebrafish as a model organism lies in this 
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species’ ability to generate large families of synchronous siblings which can be raised 

together in the same tank. This has allowed the assessment of the effects of 

heterozygosity for EOfAD-like mutations (closely mimicking the genetic state of 

human EOfAD) or the effects of non-EOfAD-like mutations (such as frameshift 

mutations in presenilin genes) on the brain transcriptome with minimal external 

sources of “noise.”  

These analyses have revealed that the only cellular process predicted to be affected 

by EOfAD-like mutations in the heterozygous state, and not by non-AD-related 

mutations, is oxidative phosphorylation. Comparison of these transcriptomes with 

recent, publicly available brain transcriptomes from two knock-in mouse models of 

late onset AD risk alleles  revealed similar affected processes, thereby supporting the 

findings from the zebrafish models.  

Preliminary non-transcriptomic characterisations of previously generated/novel 

zebrafish models were also performed. The effects of heterozygosity for EOfAD-like 

mutations on brain vasculature were assessed, as well as effects on spatial working 

memory. Only limited differences were observed in these studies. However, future 

work with greater statistical power and/or alternate study designs is recommended.  

Overall, the research described in this thesis demonstrates the value of unbiased, 

transcriptome analyses of young, knock-in animals models for understanding the 

early stages of AD pathogenesis.  
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Chapter 1: Literature Review 

 

The literature review is split into two chapters. Chapter 1 consists of an overall 

introduction of Alzheimer’s disease. Then, Chapter 2 consists of a published review 

manuscript detailing the role of the sortilin-related receptor gene (SORL1) in 

Alzheimer’s disease.  
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1.1  Alzheimer’s disease is the most common form of 

dementia 

Alzheimer’s disease (AD) is a devastating neurodegenerative disease, and the most 

prevalent form of dementia [1]. Dementia affects approximately 472,000 people in 

Australia, and 50 million people worldwide [2]. Despite these disturbing statistics, no 

effective therapeutics exist to date.  

AD is defined clinically by progressive cognitive decline and pathologically by the 

presence of neurofibrillary tangles (consisting of hyperphosphorylated tau protein) 

and senile neuritic plaques (consisting of a short peptide named amyloid beta [Aβ]) 

(Figure 1, reviewed in [3]).  

 

Figure 1: Neuritic plaques and tangles in the cerebral cortex found in AD 

patients. Neuritic plaques primarily extracellular deposits of a short peptide called 

amyloid  (Aβ), surrounded by other proteins and structures. Tangles are intracellular 

aggregates composed of a hyperphosphorylated form of the microtubule-associated 

protein tau. Image reproduced with permission from [3].  
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Cases of AD can be classified by the age of disease onset (early- or late-onset, 

where symptom onset occurs before or after an arbitrarily defined threshold of 65 

years of age), and whether a family history of AD is present (familial or sporadic). 

Late-onset sporadic AD (LOAD) is the most common subtype of AD, accounting for 

the majority of AD cases [4]. The etiology of LOAD is a complex interaction between 

genetic and environmental risk factors and this is discussed in 1.4.  In some rare 

cases (<1%), AD can be inherited due to autosomal dominant mutations in, mainly, 

three genes: amyloid Β A4 precursor protein (APP), presenilin 1 (PSEN1) and 

presenilin 2 (PSEN2). This form of AD is known as early-onset familial AD (EOfAD). 

Early-onset sporadic cases, and late-onset familial cases also exist, although these 

are not as commonly discussed. The genetics of AD are discussed in more detail in 

1.3 and 1.4.  

1.2  Pathologies observed in Alzheimer’s disease  

In the AD brain, a wide range of pathologies are observed. These include, but are not 

limited to, oxidative stress [5], aberrant lipid homeostasis (reviewed in [6]), impaired 

glucose metabolism (reviewed in [7]), vascular irregularities (discussed in 1.5.3), 

endo-lysosomal system irregularities [8, 9], gliosis [10] and inflammation (reviewed in 

[11]). A number of reviews describe these pathologies in detail (see [12-18]). 

However, the literature regards the definitive pathological “hallmarks” of the disease 

to be amyloid plaques and neurofibrillary tangles (NFTs). These hallmarks are briefly 

described below.  

1.2.1 Neurofibrillary tangles consist of the protein tau.  

In humans, tau proteins are encoded by microtubule-associated protein tau (MAPT) 

on chromosome 17. They are normally bound to microtubules and promote 
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microtubule stabilisation and assembly from tubulin subunits [19]. In AD, tau is 

abnormally hyperphosphorylated (p-tau) and it disrupts microtubule formation by 

binding to normal tau and sequestering it away from its normal function. P-tau also 

self assembles into paired helical filaments which aggregate further and deposit as 

the neurofibrillary tangles observed in AD and other tauopathies such as fronto-

temporal dementia and Pick’s disease (reviewed in [19-21]). 

1.2.2 Amyloid   is the main component of the senile neuritic 

plaques 

Neuritic plaques primarily consist of aggregates of the short peptide Aβ. A is formed 

from intramembrane proteolysis of APP, a single transmembrane-spanning protein. 

The majority of APP is cleaved at the plasma membrane by α-secretase complexes 

to form a soluble sAPPα fragments. This pathway is non-amyloidogenic since α-

secretase complexes cleave APP within the Aβ peptide sequence. However, some 

APP may be internalised within endosomes by clathrin-mediated endocytosis. 

Internalisation occurs due to interaction of the NPxY motif in the cytoplasmic tail of 

APP and the clathrin adaptor AP2 [22, 23]. After internalisation, APP can move to the 

late endosomal compartments where Aβ peptides of mainly 40-42 amino acids in 

length can be formed. This occurs by cleavage of APP by β-secretase, then by γ-

secretase complexes (contains presenilin) at the C terminus (Figure 2, reviewed in 

[24, 25]). The longer of these peptides (A42) is prone to aggregation and eventually 

deposits as extracellular amyloid plaques [26]. Aβ has been shown to form in other 

cellular locations [27] and this will be discussed in more detail in Chapter 2.  
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Figure 2: Proteolytic processing of APP. Membrane bound APP (AβPP) can be 

processed by a non-amyloidogenic pathway when it is proteolytically cleaved by α-

secretase and then γ-secretase complexes. Soluble fragments are formed in this 

pathway. It also can be processed in an amyloidogenic pathway, where APP is 

sequentially cleaved by β-secretase and then γ-secretase to form the aggregation-

prone amyloid β (A) peptide. Aβ can be secreted into the extracellular space in 

which it can aggregate to contribute to the formation of amyloid plaques. Image 

reproduced from [28].  

1.3  The genetics of early-onset familial Alzheimer’s 

disease 

Mutations in mainly three genes have been shown to cause EOfAD. The majority of 

mutations are found in PSEN1, followed by APP, then PSEN2 (see [29] and 

http://www.alzforum.org/mutations). Sortilin-related receptor 1 (SORL1) was recently 

found to contain EOfAD mutations [30] and, remarkably, is also strongly associated 

with LOAD [31-39]. The role of SORL1 in AD is discussed in detail in Chapter 2.   
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1.3.1  AMYLOID β A4 PRECURSOR PROTEIN 

The APP gene is most well-known for encoding the protein precursor to Aβ. 

However, the APP protein and its proteolytic processing products are also implicated 

in neurogenesis, cell adhesion, axonal transport and other neuro-developmental 

processes (reviewed in [40-42]).  

EOfAD mutations in APP are generally missense mutations and therefore, maintain 

the generation of the full-length protein. The majority of the missense mutations are 

clustered around the sites for -secretase and β-secretase cleavage (Figure 3). 

Additionally, APP gene duplication events, such as in trisomy 21 (Down’s syndrome) 

are also associated with EOfAD [43] (reviewed in [44]). The general consensus in the 

field is that EOfAD mutations in APP result in elevated levels of total Aβ, or altered 

ratios of the longer Aβ42 species (which are more prone to aggregation) to Aβ40 

species (reviewed in [45]). However, mutations in APP also can lead to increased 

levels of the β-secretase cleavage product of APP: C99 [46].  
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Figure 3: EOfAD mutations in the gene encoding the amyloid β precursor 

protein (APP). Schematic of the human APP protein, with the Aβ and APP 

intracellular domain (AICD) regions indicated. The amino acid sequence of the Aβ 

region, and the location of EOfAD mutations are shown below. Image reproduced 

with permission from [45]. Copyright © 2017 Cold Spring Harbor Laboratory Press; all 

rights reserved.  

1.3.2  The PRESENILINs  

The PSEN1 and PSEN2 genes encode for holoproteins of length 476 amino acids 

(52.6kDa) and 448 amino acids (50.1 kDa) respectively [47]. They share 67% of 

amino acid sequence identity. However, they are not fully redundant. Psen1 

homozygous knockout mice are lethal at early embryogenesis [48]. However, Psen2 

homozygous knockout mice (Psen2-/-) are viable and fertile. Psen2-/- mice do have a 

mild phenotype similar to pulmonary fibrosis, but show little to no effect on APP 

processing [49]. Intriguingly, rats lacking 𝛾-secretase activity of Psen1 are viable [50].  

PSEN1 and PSEN2 proteins have similar structures, with 9 transmembrane domains 

connected by cytosolic or extracellular loops. A tenth transmembrane domain may 

exist when a PSEN protein is in the holoprotein state [51]. PSEN holoproteins 
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undergo auto-endoproteolytic cleavage in the cytosolic loop between transmembrane 

domains 6 and 7, and then the two fragments function together as an active 

heterodimer (Figure 4) [52-54]. The most characterised function of the active 

heterodimer is within the γ-secretase complex (discussed below).  

 

A PSEN1

B PSEN2

Catalytic 
aspartates 

Catalytic 
aspartates 

Endoproteolytic 
cleavage 

Endoproteolytic 
cleavage 
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Figure 4: EOfAD mutations in the presenilins. A Schematic of the human 

presenilin 1 (PSEN1) and B PSEN2 proteins. The amino acid residues are coloured 

red if they are pathogenic for Alzheimer’s disease, blue if they have unclear 

pathogenicity, and green if they are non-pathogenic. The transmembrane domains 

(TM), catalytic aspartates required for 𝛾-secretase activity, and the endoproteolytic 

cleavage sites are indicated. A was adapted with permission from 

www.alzforum.org/mutations/psen-1 Version 3.3 (2020). B was adapted with 

permission from www.alzforum.org/mutations/psen-2 Version 2.7 (2020). Copyright 

Ⓒ 1996-2020 FBRI LLC All rights reserved.  

Mutations which cause EOfAD in the PSENs follow a “reading frame preservation 

rule” [55]. Mutations which generate a mutant protein which still utilises the stop 

codon used to generate the wild type protein are causative for EOfAD. Examples are 

missense mutations which only alter a single codon (i.e. PSEN1E280A [56]), in-frame 

insertion/deletion (indel) mutations (i.e. PSEN1T440del [57]), and large deletions which 

preserve the reading frame (i.e. PSEN1𝝙E9 [59]). Additional evidence supporting this 

rule comes from the fact that the only identified, disease-causing frameshift mutation 

of a PSEN gene: PSEN1P242LfsX11 causes an inherited skin condition (acne inversa) 

without EOfAD [60]. Other frameshift mutations in PSEN1 have been observed in 

EOfAD patients [61, 62]. However, these mutations have not been functionally 

validated, and/or have not been demonstrated to cause EOfAD in large pedigrees. 

A particularly interesting mutation of PSEN2 is PSEN2K115Efs* [63]. This mutation was 

originally thought to be the only frameshift mutation of a presenilin gene which 

generates a premature stop codon and is associated with EOfAD, and therefore was 

thought to be an exception to the reading-frame preservation rule. However, a more 

recent characterisation of this mutation in human PSEN2K115Efs* mutation carrier 

tissue revealed the existence of a brain-specific alternative splicing product of 

PSEN2 resulting in a partial intron retention, and restoration of the original, wild type 
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reading frame (after a short frameshift, Figure 5) [64]. Therefore, PSEN2K115Efs* does 

indeed follow the reading frame preservation rule of EOfAD mutations in the 

presenilins, as a putatively translatable transcript is still generated that would utilise 

the wild type stop codon. Intriguingly, if translated, the PSEN2K115Efs* transcripts that 

would be translated to form a truncated protein encode a protein similar to the PS2V 

isoform of human PSEN2 which shows increased expression in LOAD (Figure 5) 

[65]. The expression of PS2V is induced by hypoxia and/or oxidative stress [65, 66], 

is associated with increased Aβ production [67, 68] and suppression of the unfolded 

protein response [67, 68].  
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Figure 5: Alternative splicing of human PSEN2. A Schematic of the human WT 

PSEN2 transcript. The two transcripts arising from the K115Efs (K115fs) allele of 

PSEN2 either produce a premature termination codon (PTC, red asterisk), or a 

partial intron retention (striped box) and restoration of the wild type reading frame. 

The PS2V splice isoform results in a transcript which excludes PSEN2 exon 6, 

leading to a frameshift and a PTC in exon 7. The PS2V splice isoform arising from 

the K115fs allele of PSEN2 is predicted to encode a short frameshift, exclusion of 

exon 6 and restoration of the wild type reading frame  B Schematic of predicted 

protein structures due to the presence of the K115fs mutation of PSEN2. Image 

reproduced with permission from [64].  

The most characterised function of the presenilin proteins is their role as the catalytic 

core of the γ-secretase complex [69-71]. The γ-secretase complex is comprised of 

the active heterodimer of PSEN1 or PSEN2, nicastrin (NCSTN), presenilin enhancer 

2 (PSENEN) and anterior pharynx defective 1 (APH1A or APH1B) in a 1:1:1:1 

stoichiometry (Figure 6) [72]. This complex proteolytically cleaves at least 149 

different substrates [73], with the most well studied substrates being the Notch 

receptor [74] and APP [69]. Many substrates cleaved by γ-secretase release an 

intracellular domain (ICD) which can move to the nucleus to regulate transcription of 

target genes, as well as generation of N-terminal fragments which have various 

biological functions. This is reviewed in detail in [73].  
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Figure 6: Representation of the γ-secretase multi-subunit complex. The 

complex is comprised of four core subunits, presenilin fragments (2) in yellow, 

nicastrin in blue, presenilin enhancer 2 (PEN2 or PSENEN) in green and anterior 

pharynx defective 1 (APH1A) or APH1B in red. PSEN is a nine-pass transmembrane 

aspartyl protease and provides the catalytic activity for the complex. It undergoes 

endoproteolysis and the N- and C-terminal fragments function together as a 

heterodimer. Image reproduced with permission from [75].  

The presenilins also have γ-secretase independent functions. For example, the 

PSEN1 holoprotein is required for (macro-)autophagy by facilitating lysosomal 

acidification. PSEN1 holoprotein is required for N-glycosylation of the V0a1 subunit of 

v-ATPase, which is essential for its successful delivery from the endoplasmic 

reticulum to lysosomes [76]. The v-ATPase complex is a proton pump which acidifies 

components of the endolysosomal system such as newly created autolysosomes, 

which then can fuse with autophagosomes and late autophagic vacuoles (AVs) [77], 

to allow proteolysis of substrates and protein aggregates such as Aβ. This could 

explain the accumulation of autophagosomes and AVs in dystrophic dendrites in the 

AD brain [8].   
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In addition to lysosomal acidification, PSEN1 protein phosphorylated at amino acid 

residue S376 by casein kinase 1 𝛾 isoform (CK1𝛾), facilitates autophagosome-

lysosome fusion by interacting with annexin A2, which then recruits other proteins to 

facilitate the fusion. Mutation of the S376 site resulted in decreased degradation of 

the C99 fragment of APP, consequently increasing Aβ levels [78, 79]. Taken 

together, these studies support that PSEN1 plays an important role in autophagy. 

The PSEN1 holoprotein also plays a role in hypoxia. Psen1 and hypoxia inducible 

factor 1, α-subunit (Hif1-α, a master regulator of the cellular response to hypoxia), 

physically interact in immortalised mouse fibroblasts. The induction of Hif1-α was 

also shown to require Psen1 in a γ-secretase independent manner [80]. The role of 

hypoxia in AD is discussed further in section 1.6. 

PSEN1 has been shown to play γ-secretase independent roles in other cellular 

processes such as Wnt/β-catenin signalling [81] and regulation of calcium levels 

(reviewed in [82, 83]).  

1.4  Risk factors for late-onset sporadic Alzheimer’s 

disease 

Compared to EOfAD, the development of LOAD is not the consequence of 

inheritance of a single variant in a single gene, but, rather, a complex interaction of 

both genetic and environmental factors. The heritability of LOAD is estimated to be 

between 56% and 79% [84], suggesting a strong genetic foundation. Indeed, 

genome-wide association studies (GWAS) have identified many loci associated with 

increased risk for LOAD. These are briefly introduced below.  
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1.4.1 APOLIPOPROTEIN E (APOE)  

The apolipoprotein E (APOE) gene was the first gene to be associated with the 

development of LOAD [85]. There are three main alleles of APOE: ε2, ε3 and ε4, 

which have allele frequencies of approximately 8%, 75% and 13% respectively [86]. 

The ε4 allele is the strongest genetic risk factor for the development of LOAD [87, 

88], and is associated with an increase in risk of approximately 3-fold when 

heterozygous, and 15-fold when homozygous [86]. Conversely, the ε2 allele is 

associated with a small protective effect [86], while the common ε3 allele is AD-risk 

neutral. The three alleles encode isoforms of APOE differing by only two amino acid 

residues (positions 112 and 158), which alter their secondary structure (reviewed in 

[89]).  

APOE’s main role is as a cholesterol and lipid transporter (reviewed in [90, 91]). 

However, APOE can also bind to A and facilitate its clearance (reviewed in [92, 93]). 

The ɛ4 isoform is least efficient at binding Aβ [94], resulting in increased Aβ levels in 

the brain [95]. This is consistent with the observations made in [96], where analysis 

of post mortem LOAD brains showed that patients who were homozygous for the ɛ4 

allele of APOE had significantly greater plaque load than patients who were 

homozygous for the ɛ3 allele. Interestingly, the clearance of Aβ via APOE receptors 

is mediated by SORL1 [97].  

1.4.2 Other loci associated with LOAD implicate particularly the 

endo-lysosomal system and inflammation in disease pathogenesis  

GWAS have identified several other loci associated with increased risk for the 

development of LOAD (reviewed in [98, 99]). These loci include genes such as the 

ATP-binding cassette sub-family A member 7 (ABCA7), bridging integrator 1 (B1N1), 

triggering receptor expressed on myeloid cells 2 (TREM2), siglec-3 (CD33), clusterin 
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(CLU), complement receptor 1 (CR1), ephrin type-A receptor 1 (EPHA1), membrane-

spanning 4-domains, subfamily A (MS4A) and phosphatidylinositol binding clathrin 

assembly protein (PICALM). Pathway analyses of LOAD risk genes have revealed 

their convergence on particular pathways in immune responses and the endo-

lysosomal system (Figure 7) [87, 100]. This is consistent with other studies 

implicating these biological functions in LOAD pathogenesis (reviewed in [101, 102]).  

 

 
 

Figure 7: Genes associated with risk for late-onset Alzheimer’s disease. The 

early onset AD genes PSEN1, PSEN2 and APP are also shown. Image reproduced 

with permission from [98].  
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1.5  Hypotheses of AD pathogenesis 

Many hypotheses have been proposed to explain the pathogenesis of AD (e.g. tau 

axis hypothesis [103], oxidative stress hypothesis, [104], the cholinergic hypothesis 

[105]). To review each hypothesis individually is beyond the scope of this thesis. 

However, three important hypotheses are described below.  

1.5.1 The amyloid cascade hypothesis  

The amyloid cascade hypothesis was formulated in 1992 and predicts that Aβ 

accumulation is the cause of AD pathology. The neurofibrillary tangles, cell loss, 

vascular damage and dementia follow as a result of this accumulation [106]. A flow 

chart of the hypothesis can be found in Figure 8.  
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Figure 8: The amyloid cascade hypothesis. The flowchart summarises the steps 

that eventually result in dementia in dominantly or non-dominantly inherited forms of 

AD. Image reproduced from [107].  

The amyloid cascade hypothesis has been very influential in the AD research field. 

However, it has recently been challenged. It was originally widely accepted since the 

senile plaques, a pathological hallmark of the disease, primarily consist of Aβ [108]. 

Also, the majority of mutations which cause EOfAD arise within genes directly 

involved in A generation (APP, PSEN1 and PSEN2) [47]. Recent evidence 

supporting the hypothesis was found by Leinenga and Götz [109], who removed Aβ 

from the brain of transgenic mice by scanning ultrasound and observed restoration of 

memory function.  
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There is also considerable evidence which does not support the amyloid cascade 

hypothesis. There is a poor correlation between the number of plaques and the 

severity of dementia in AD patients [110]. In fact, neurofibrillary tangle counts 

correlate better with the severity of dementia [111]. Also, amyloid plaques are found 

in cognitively normal individuals [112]. 

Perhaps the most important evidence against the validity of the amyloid cascade 

hypothesis is the repeated failure in clinical trials of drugs targeting A production 

and clearance. Initial clinical trials showed that semagacestat (a γ-secretase inhibitor 

intended to reduce formation of Aβ), did reduce Aβ levels in the plasma of patients 

but not in the cerebrospinal fluid [113, 114]. In following trials, semagacestat did not 

improve cognitive status, and patients receiving the higher dose had significant 

worsening of functional ability. Consequently, the trial was terminated [115]. A more 

recent clinical trial was performed by the Dominantly Inherited Alzheimer Network 

(DIAN), a cohort of individuals who carry dominant mutations in PSENs and APP, 

and therefore are in all likelihood  destined to develop AD. This cohort presents as an 

optimal cohort with which to perform prevention studies. The anti-amyloid drugs 

solanezumab and gantenerumab, two monoclonal anti-Aβ antibodies designed to 

facilitate Aβ clearance from the brain, were tested from a prodromal stage, but failed 

to slow cognitive decline (reviewed in [116]).  

Together, these observations suggest Aβ may not be the causative agent in AD. 

Alternate views of AD pathogenic processes must be explored to develop 

therapeutics which will successfully slow or prevent cognitive decline.  
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1.5.2 The MAM hypothesis  

Mitochondria-associated endoplasmic reticulum membranes (MAMs) are specialised, 

lipid-raft-like  regions of the endoplasmic reticulum (ER) which are directly adjacent to 

mitochondria [117]. MAMs are enriched in lipids such as cholesterol [118] and the 

presenilin proteins [119]. The other components of 𝛾-secretase and APP are present 

in high amounts [119]. Importantly, it appears that the majority of 𝛾-secretase 

cleavage of APP in mouse brains occurs at MAMs [119]. MAMs are involved in lipid 

metabolism, calcium homeostasis, and in mitochondrial function (reviewed in [120-

123]). The formation of autophagosomes occurs at MAM [124], implicating MAM in 

autophagy. Additionally, the NLRP3 inflammasome, a molecular complex which acts 

as a sensor for cellular stress, localises to MAM when reactive oxygen species 

(ROS) are generated (such as when mitochondria are dysfunctional and mitophagy is 

impaired) [125], implicating MAM in inflammation. 

The MAM hypothesis of AD pathogenesis (Figure 9) posits that AD stems from 

upregulated MAM function [120-122, 126]. A very interesting study by Area-Gomez 

and colleagues [118], showed evidence for increased MAM function and ER-

mitochondrial cross-talk in fibroblasts from EOfAD (various PSEN1 mutations) and 

LOAD patients relative to controls. As a measure of MAM function, they measured 

the conversion of free cholesterol to cholesteryl esters, while the measure of cross-

talk between the ER and mitochondria was assessed by rates of phospholipid 

synthesis and transfer [118]. Additionally, the physical area of MAM was observed to 

be increased in the AD cells, providing a possible explanation for the increased 

biochemical activity [118]. Another particularly interesting study from the same group 

explored the role of the C99 fragment of APP in MAM. Further investigation of the 

role of MAM in AD showed that the C99 fragment of APP was enriched in MAMs, and 
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that C99 (and not Aβ) appears to drive mitochondrial bioenergetic defects by 

upregulating sphingomyelin hydrolysis to form ceramide [127], an inhibitor of the 

oxidative phosphorylation pathway and a pro-apoptotic molecule (reviewed in [128]). 

Interesting, inhibition of C99 formation (by inhibiting β-secretase activity) in PSEN 

double knockout cells (which lack 𝛾-secretase activity), rescued the mitochondrial 

respiration defects [127]. Together, these observations strongly implicate that C99, 

and not Aβ, is the pathological agent in AD pathogenesis.  

In summary, the MAM hypothesis provides a mechanistic explanation for many 

pathologies observed in AD (reviewed in [126, 129]).  
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Figure 9: MAM hypothesis of AD pathogenesis. A flow diagram detailing the MAM 

hypothesis, described in a series of review articles from the group of Dr Estela Area-

Gomez and Professor Eric Schon [120-122, 126, 129]. Image reproduced with 

permission from [118].  

1.5.3 The vascular hypothesis  

Another alternative hypothesis of AD pathogenesis is the vascular hypothesis. It was 

proposed by de la Torre JC and Mussivan T [130] and states that ‘AD is caused by a 

cerebral microcirculatory impairment, probably evolving slowly and progressively 

over many years’ [130]. They suggest that aging brain capillaries are disrupted, and 

this causes blood flow problems which limit delivery of nutrients such as oxygen and 

glucose to the brain (Figure 10). 

 

 

Figure 10: The vascular hypothesis of AD. The flow chart describes how aging, 

mutations and vascular risk factors eventually lead to dementia.  

Magnetic resonance imaging (MRI) studies of AD patients have shown that, indeed, 

cerebral blood flow is reduced compared to age matched controls [131, 132]. 

Perhaps the most intriguing evidence supporting the vascular hypothesis of AD 

comes from a large scale (1,171 healthy and AD patients), multifactorial data-driven 
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analysis of various biomarkers of AD in the progression from healthy controls to 

LOAD. This displayed that vascular dysfunction was the earliest, and most prominent 

pathogenic factor in the progression from healthy controls, through the spectrum of 

mild cognitive impairment, to LOAD [133]. The vascular hypothesis of AD is further 

supported by the morphological changes to cerebral vasculature reported in post 

mortem AD brains (i.e. kinking and looping of vessels [134, 135], bumps and knobs 

forming on the surface of vessels [130] and capillary loss in certain regions [136]). 

Vascular abnormalities are also observed in animal models of AD. Gama Sosa et al. 

[137] observed that mice expressing human PSEN1 EOfAD mutations in only 

neurons show morphological changes to brain vasculature. They observed kinked 

and looped vessels, ‘string vessels’, loss of vasculature density and thickening of the 

vascular basal laminae. Interestingly, these phenotypes were observed without A 

accumulation. Morphological abnormalities in the vasculature were also observed in 

a transgenic mouse model of AD [138]. Scanning electron microscopy images of this 

transgenic mouse model (APP23) show regions in the left anterior cortex of the brain 

which lacked microvasculature. These regions were shown to contain amyloid 

plaques. Structures were also observed on the surface of the vessels, which the 

authors referred to as ‘pompoms’ and ‘cubes’ due to their appearance. These 

deposits were mainly composed of A [138]. 

Other evidence for the vascular hypothesis of AD arises from a series of experiments 

performed by the group of de la Torre in the early 1990’s. They investigated the 

effects of chronic brain hypoperfusion (CBH, i.e. reduced blood flow) on young, and 

aged rats and found that the aged animals were less effective at recovering from 

surgically induced CBH than the young animals. The aged rats showed impaired 

neuronal energy metabolism [139, 140], astrocytosis [141], oxidative stress [140], 

learning deficits [142], increased amyloid deposition in perivascular cells [143], brain 
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atrophy and death [139] after the CBH. These observations are reminiscent of AD 

pathology, and support the idea that impaired vasculature may play a role in AD. 

1.6  Hypoxia, iron and HIF1-⍺  in Alzheimer’s disease  

As we age, oxygen supply to the brain gradually becomes impaired as cerebral blood 

flow [131, 132] and angiogenesis [144] decrease with age. Unfortunately, the ability 

of cells in the brain to cope with hypoxic (low oxygen) conditions also decreases with 

age [145]. Longitudinal studies have shown that ischemic stroke increases an 

individual’s risk of developing AD [146]. Also, markers of hypoxia in serum of patients 

with mild cognitive impairment (MCI, a precursor to AD) were found to predict 

whether the patients go onto develop AD or not [147]. Zetterberg et al. [148] 

observed that heart attacks (an extreme form of hypoxia) cause spikes in blood Aβ 

levels in humans and that the magnitude of the spike correlated with worsened 

clinical outcomes. Taken together, these results support that decreased cerebral 

oxygen levels may play a role in the pathogenesis of AD (which is supportive of the 

vascular hypothesis of AD). 

The hypoxia inducible factor (HIF) complexes mediate the cellular response to 

changes in oxygen levels. The HIF complexes are part of the basic helix-loop-helix–

per-arnt-sim (bHLH–PAS) protein family of transcription factors. The complex 

consists of two subunits, HIF-α and HIF-β. In humans, there are three homologues 

for the α subunit (HIF-1α, HIF-2α and HIF-3α) and three homologues for the β 

subunit (HIF-1β/aryl hydrocarbon receptor nuclear translocator [ARNT1], ARNT2, 

ARNT3). HIF-1α and HIF-1β are expressed in most tissue types while the other 

homologues are expressed predominantly in specific tissues (reviewed in [149]). 
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HIF-1β is constitutively expressed, while HIF-1α is degraded in an oxygen (and 

ferrous iron) dependent manner [150]. Under normal oxygen conditions (normoxia), 

HIF-1α is labelled for degradation by prolyl hydroxylases (PHDs). However, under 

hypoxic (or ferrous iron depleted [151]) conditions, HIF-1α is stabilised, allowing it to 

dimerise with HIF-1β. This allows the complex to move into the nucleus to act as a 

transcription factor and regulate expression of target genes involved in cellular 

processes such as angiogenesis and metabolism [149, 150] (Figure 11).  

 

Figure 11: Schematic of the molecular consequences of HIF1-⍺ in the presence of 

oxygen (O2) and iron (Fe2+), or under hypoxia and/or iron deficient conditions. Image 

is modified from [152].  

An interesting experiment by Ndubuizu et al. [153] gave some insight into how the 

brain is more susceptible to hypoxia with age. They observed that, with advancing 

age in rat brains, came decreased HIF-1α accumulation under hypoxia. They showed 

by Northern blot that Hif-1α mRNA levels were similar in young and aged rat brains 
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when under normoxia and hypoxia, which suggested that the change in Hif-1α levels 

is at the protein level. This was reflected in changes of transcript levels of HIF 

response genes such as vascular endothelial growth factor (Vegf). Transcriptional 

activation of this gene was significantly reduced in aging rat brains compared to 

young rat brains under hypoxic conditions. They also showed that this decreased 

expression of HIF target genes was not due to a global decrease in transcriptional 

activity, as the transcription of genes which are responsive to hypoxia independently 

of HIF showed a similar response in old and young rat brains. They showed that this 

age-dependent decrease of HIF-1α under hypoxia is probably due to increased 

levels of PHD. This phenomenon was also observed by Frenkel-Denkberg et al. [154] 

in mouse brains, while Newman et al. [155] observed similar changes in zebrafish.  

The stabilisation of HIF-1α is dependent not only on oxygen but also iron. Iron (Fe) is 

essential for life and is involved in a number of processes in cells. Iron homeostasis 

is a complex phenomenon with many factors influencing the overall activity. For 

comprehensive reviews on this topic, see [156-158]). Briefly, iron is acquired through 

diet, and the majority of iron in circulation is in the ferric state (Fe3+), bound to a 

chaperone transferrin (TF) (reviewed in [157]). Ferric iron bound to TF is internalised 

into cells via TF-receptor-mediated import [159]. Acidification of the endosome 

releases Fe3+  from TF, then Fe3+ is reduced to more reactive ferrous iron (Fe2+) by 

endosomal ferrireductase (STEAP3) [160]. Fe2+ is then transported across the 

endosomal membrane by metal transporters such as divalent metal transporter 1 

(DMT1) and then becomes part of the labile iron pool in the cytosol, which can be 

subsequently utilised by the cell (see Figure 12 and reviewed in [161]). A few 

examples of iron-requiring cellular processes include incorporation into iron-

containing proteins such as cytochromes and iron-sulfur cluster containing proteins, 

metabolism in the mitochondria and storage in the protein nanocage ferritin.  

34



There is strong evidence that perturbation of iron metabolism may play a role in AD 

(a recent review from our laboratory details this evidence, see [162]). However, 

perhaps the most intriguing evidence that iron homeostasis is affected in AD is that 

the genes most commonly implicated in EOfAD: PSEN1 and APP, encode proteins 

which affect acidification of the endo-lysosomal system. Evidence for whether 

PSEN2 plays a similar role to PSEN1 in iron homeostasis is still yet to be presented. 

Failure to acidify the endolysosomal system (such as in PSEN1 EOfAD patient 

fibroblasts [76], or when levels of the C99 fragment of APP are increased [163]), was 

shown to result in a pseudo-hypoxic response (i.e. stabilisation of HIF1-α), 

inflammation and mitochondrial abnormalities in vivo [164], changes which are well 

accepted to occur in the AD brain.  
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Figure 12: Schematic detailing transferrin-dependent ferrous iron (Fe3+) import, 

conversion to Fe2+ via acidification of the lysosome (implicating PSEN1 and APP) 

and export to the labile iron pool in the cytoplasm of cells. Downstream cellular 

processes of Fe2+ from the labile iron pool are depicted. For a more complete 

description of this Figure, see [162] (from which this image is reproduced). Copyright 

© 2018 Lumsden, Rogers, Majd, Newman, Sutherland, Verdile and Lardelli 

1.7  Animal models of AD 

Animal models have been a vital tool to investigate the pathogenesis of human 

diseases. The normal function of genes and their products can be investigated 

through observing the phenotype of a knockout model. Knock-in models of human 

mutations can be engineered into the genome of the model organism to attempt to 

model the pathological effect(s) of that mutation.  

Non-human primates share recent common ancestors with humans. Therefore, they 

are likely the most accurate models of AD pathology. Aged non-human primates do 

naturally show some pathologies reminiscent of AD (e.g. Aβ deposition, reviewed in 

[165]). However, due to their long lifespan, and the cost associated with raising them 

until they are of an appropriate age, non-human primates are not the most practical 

model to study AD. Nevertheless, a PSEN1ΔE9 knock-in marmoset has been recently 

generated [166], presenting as the first non-human primate model of EOfAD. It will be 

some time until this recently generated model of will be old enough for investigations 

of AD pathogenesis. However, it will likely present as the most accurate animal 

model of AD to date.  

Mus musculus (mouse) is by far the most popular organism for modelling AD. Many 

transgenic model lines have been developed which attempt to model AD pathology, 

the first being the PDAPP line. PDAPP mice express a transgene containing the 
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platelet-derived growth factor (PDGF)-b promotor (neuron-specific) driving the 

expression of a human APPV7171F (Indiana) mutant allele. Mice heterozygous for the 

transgene develop amyloid deposition at approximately 6-9 months old but do not 

develop NFT pathology [167]. The 5xFAD mouse model is another commonly used 

transgenic AD model. It overexpresses five EOfAD mutations in two genes (APP 

K670N/M671L, APP I716V, APP V717I, PSEN1M146L and PSEN1L286V) driven by a thymocyte 

antigen 1 promotor (Thy1, neuronal expression). This mouse line exhibits high levels 

of A42, aggressive plaque formation, gliosis, degeneration of synapses, neuron loss 

and memory impairment [168]. Although this mouse model shows many of the 

pathologies observed in AD, it does not show NFT pathology. The 3xTg mouse 

model contains the PSEN1M146V mutation in the endogenous Psen1 gene, and also 

expresses the human APP K670N/M671L, and MAPTP301L mutant alleles under the 

control of a Thy1.2 promotor. This line of mouse may possibly represent a more 

complete model of AD as it exhibits plaque formation, NFTs, cognitive defects and 

neuron loss [169].  

Although these mouse models capture a range of the pathologies observed in AD, 

whether or not they reflect the true pathology of AD is debateable. This is because 

human AD patients generally only carry one EOfAD mutation. Also, most mouse 

models overexpress the human mutant genes from novel promotors which does not 

reflect the physiology of AD in the human brain. Knock-in models of EOfAD exist in 

the literature (e.g. [170, 171]). However, they are not as well characterised and are 

infrequently exploited in comparison to the transgenic models, likely due to their lack 

of discernible phenotypes.   
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1.8  Zebrafish as a model organism : 

Zebrafish (Danio rerio) can be a useful tool for modelling AD pathology. Most 

importantly this species has genes orthologous to the human genes thought to play 

essential roles in AD such as APP, PSEN1, PSEN2 and SORL1 (reviewed in [51]). 

Zebrafish embryos develop ex utero and are particularly manipulable due to their 

large size. Therefore, targeted mutagenesis (i.e. using the CRISPR-Cas9 system) is 

relatively straightforward in zebrafish (compared to mice, where the embryo develops 

inside the mother). Large scale mutagenesis and screening strategies are feasible in 

zebrafish due to their larger progeny numbers. However, one of the most important 

properties of zebrafish in the context of the work presented in this thesis is that 

genetic and environmental variation can be reduced between samples by raising the 

progeny of a single pair mating event together in the same tank.   

1.9  Behavioural characterisations of animal models  

The most characteristic pathology observed in AD is memory impairment. Many 

types of memory are proposed for humans and detailing all of the proposed types is 

beyond the scope of this thesis. However, impairment in working memory (which can 

be thought of as short term memory) is an early pathological change observed in AD 

(and MCI) (reviewed in [172]). Working memory is often tested in animal models by 

assessment of spatial working memory using various shaped mazes, including the Y-

maze (reviewed in [173]). Impairment of working memory has been observed in 

transgenic models of AD mutations (reviewed in [174]), and in the APP knock-in 

models of Saito et al. [171]. Variable changes to working memory have been 

observed in PSEN1M146V knock in mice [175, 176].  
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To assess working memory in zebrafish, the free-movement pattern (FMP) Y-maze 

task was developed [177]. This method involves continuous tracking of zebrafish 

while they freely explore a Y-maze for a set amount of time, and is based on the 

intrinsic behaviour of animals to explore a new area, and alternate their choices 

[178]. The sequences of choices the fish makes of turning left or right when it 

reaches the centre of the Y-maze is noted, and a series of frequencies of overlapping 

tetragrams (i.e. four consecutive arm entries) is calculated. There are 16 possible 

tetragrams (ranging from LLLL to RRRR), and the alternation tetragrams (LRLR and 

RLRL) are proposed to be the measure of working memory (Figure 13). This method 

is verified by the reduced number of alternations zebrafish perform when treated with 

small molecules known to be inhibitors of memory [177]. Intriguingly, both mice and 

humans behave similarly to zebrafish during the FMP Y-maze task [177], supporting 

the translatability of this behavioural task.  

 

A LRLLRLRRRLLLRLR

LRLL

RLLR

LLRL

LRLR
RLRR
LRRR

RRRL

RRLL

RLLL
LLLR

LLRL
LRLR

B

C

39



Figure 13: The Free Movement Pattern (FMP) Y-Maze task. A Image of zebrafish 

inside Y-mazes. A zebrafish is allowed to swim freely in a maze for 1 hour, and the 

choices of whether it turns left (L) or right (R) when it reaches the centre of the maze 

is recorded. B Identification of overlapping tetragrams in the behaviour data. C 

Zebrafish naturally show greater proportions of the LRLR and RLRL (i.e. alternation) 

tetragrams. C is reproduced from [177].  

1.10  Transcriptome analysis using RNA-seq 

The transcriptome is the global set of RNA molecules transcribed in a cell or a 

population of cells. Comparisons of transcriptomes between a condition of interest 

(i.e. mutation, treatment) and a control allows changes to gene expression to be 

assessed, and changes to cellular function can be predicted. Initially, transcriptomes 

were assessed using DNA-microarrays. However, with the emergence of next 

generation sequencing technologies, RNA-sequencing (RNA-seq) has become the 

most popular method for transcriptome analysis. Unlike microarrays, RNA-seq does 

not require any prior knowledge of the genome of the species from which the RNA 

was derived, as the transcriptome can be generated de novo. Additionally, RNA-seq 

has greater sensitivity for genes which are expressed at very high or low levels. It 

also overcomes the problem of cross hybridisation which can occur in microarray 

experiments between highly similar sequences. Additionally, sequence-level 

information is readily available in RNA-seq data (reviewed in [179]).  

The methods typically used to perform RNA–seq experiments first involve extracting 

high quality total RNA from a cell or population of cells. The most abundant type of 

RNA in total RNA is ribosomal RNA (rRNA), which is mostly uninformative for the 

assessment of the transcriptome state. Two popular methods for removing rRNA 

from a total RNA sample include rRNA depletion, or selection of  mRNA by enriching 

for polyadenylated (polyA) tails (reviewed in [180]). Then, the remaining RNA is 
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fragmented, reverse-transcribed into cDNA libraries, and sequencing adaptors are 

ligated. Finally, the cDNA libraries are sequenced using a high-throughput platform 

such as Illumina to generate, typically, millions of short reads per sample. After 

assessment of the quality of the resulting data, and if the reference genome is 

known, reads can then be mapped back to the genome. However, this is not 

necessary and the reads can be aligned into contigs, which then can be used to 

generate transcript sequences. The number of reads per transcript is proportional to 

the level of gene expression (Figure 14, for a review on the principles and methods 

of RNA-seq, see [181]). 
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Figure 14: A simplified, typical, RNA-seq experiment workflow. Total RNA is 

extracted from cells, ribosomal rRNA is depleted (grey boxes), then the remaining 

RNA is converted to cDNA libraries. cDNA is sequenced to produce fastq files 

containing typically millions of reads. After quality control and processing, reads can 

be aligned back to the reference genome/transcriptome. The number of reads per 

transcript/gene is proportional to the level of gene expression and is summarised in a 

counts matrix. This counts matrix is used for differential gene expression analysis 

and enrichment analysis.   
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The most common goal of an RNA-seq experiment is to perform differential gene 

expression (DGE) analysis to obtain a list of differentially expressed genes. After 

normalising for differences between library sizes between samples, and filtering 

genes which only display a few counts (which are statistically uninformative), a 

differential expression test can be performed. Three main algorithms are typically 

used to perform DGE analysis (see Table 1).  

Table 1: Summary of commonly used differential gene expression tests 

Name Type of distribution 
Type of differential 

expression test 
Reference 

limma 
Voom* transformation to 
approximate normality 

Moderated t-tests with 
empirical Bayes methods 

[182] 

edgeR Negative binomial distribution 
Exact test, quasi-likelihood 
F-test or likelihood ratio test 

[183] 

DESeq2 Negative binomial distribution 
Wald test or likelihood ratio 

test 
[184] 

* Variance modelling at the observational level [185] 

To put a list of differentially expressed genes into biological context, enrichment 

analysis of pre-defined gene sets can be performed. Enrichment analysis will test 

whether groups of genes together show significant differential expression, and can 

give insight into whether a particular biological process is altered. Various enrichment 

analysis methods have been developed (see [186] and Table 2). The gene sets used 

in enrichment analysis are pre-defined, based on prior knowledge of genes involved 

in particular biological processes. Common gene sets used in enrichment analysis 

include gene ontologies (GO) [187], and the HALLMARK [188] and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) gene sets [189].  
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Table 2: Summary of commonly used gene set enrichment analysis methods 

Name 
Type of 

hypothesis 
* 

Statistic 
Accounts for 

inter-gene 
correlations? 

Reference 

goseq Competitive 

Overlap of differentially 
expressed genes and 

gene set, correcting for 
sampling bias (typically 

gene length or GC 
content) 

No [190] 

fry/roast 
Self-

contained 
Weighted mean Yes [191] 

camera Competitive 
t-statistic accounting for 
inter-gene correlation 

Yes [192] 

GSEA 
Self-

contained 
Kolmogorov–Smirnov No [193] 

* a self-contained null hypothesis is that no genes in the gene set are differentially 
expressed in the condition of interest (i.e. genotype). A competitive null hypothesis 
is genes in the gene set are not more differentially expressed in the condition of 
interest than genes not in the gene set 

 

1.11  Previous RNA-seq studies of AD 

RNA-seq analysis on post-mortem brain tissue from AD patients has shown that a 

wide range of biological processes are disrupted (see Table 3 for a summary of 

selected RNA-seq studies). The expression of genes involved in neuronal processes 

and inflammation is commonly observed. However, post-mortem AD brain tissues 

represent the end stages of AD pathology, where damage to the brain is 

considerable and the causative molecular event may not be discernible.  
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Table 3: Summary of selected RNA-seq analyses of post-mortem AD brains 

Reference Brain region Samples Main findings 

Twine et 
al. 2011 

[194]  

Whole brain, 
frontal and 

temporal lobes 

13 male and 10 female 
whole brain, 5 male 

frontal lobe and 5 male 
temporal lobe control 

samples, 1 male AD total 
brain, 1 male frontal lobe 
and 1 male temporal lobe 

AD samples. 

Common and region 
specific changes are 
observed in all brain 
samples. Stronger 

changes to synaptic 
processes are observed 

in the frontal lobe. 
Differential usage of 

APOE isoforms.  

Mills et  
al. 2013 

[195] 
Parietal lobe 

1 pooled RNA sample 
from 5 male LOAD 

samples 
1 pooled RNA sample 
from 5 control samples 

Alterations to 
developmental 

processes, endocytosis, 
ATPases, protein 

degradation, nucleotide 
metabolism, synaptic 

transmission, lipid 
metabolism and 

inflammation. 

Bennet 
and 

Keeney 
2018 [196] 

Frontal cortex  
(ventral midbrain 
for Parkinson’s 

disease) 

10 AD patients and 10 
controls, 14 PD patients 

and 10 controls 

Synthesis and salvage 
of nicotinamide adenine 

dinucleotide (NAD) 
appears to a common 
pathway altered in AD 

and Parkinson’s 
disease.  

Neff et al. 
2021 [197] 

 frontal pole, 
superior 

temporal gyrus, 
parahippocampal 

gyrus, and 
inferior frontal 

gyrus 

1,543 AD and control 
transcriptomes  

Three major sub-types 
of LOAD are revealed, 
classified by differential 

expression of genes 
involved in: responses 

to tau and Aβ, 
inflammation,   synaptic 
signalling, mitochondria, 

and myelination. 

 

An individual is said to show mild cognitive impairment (MCI) if cognitive decline is 

present without meeting the criteria for dementia (reviewed in [198]). MCI is often a 

precursor to AD, so the changes to gene expression observed in MCI could give 

insight to the biological processes eventually leading to AD. Berchtold et al. [199] 

investigated the gene expression patterns of MCI compared to AD and non-
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demented controls using microarrays. They observed that synaptic and mitochondrial 

bioenergetic genes do not show a progressive linear relationship. Rather, they show 

upregulation in MCI and downregulation in AD, suggestive of that mitochondrial 

changes occur early in AD progression, and that changes observed late in AD 

disease progression are different to the early changes occurring before dementia 

sets in.  

A general consensus in the AD-research field is that early detection and treatment is 

necessary to slow, or even prevent cognitive decline. To prevent cognitive decline, 

we must understand the initiating molecular/cellular stresses which eventually lead to 

AD. As highlighted beforehand, this likely cannot be achieved using post-mortem AD 

brain tissue. Analysis of the molecular changes occurring in the brains of young 

individuals who are predisposed to AD (i.e. who carry mutations in PSEN1/2 or APP) 

would likely reveal these changes. However, the living brains of such individuals are 

inaccessible for detailed molecular characterisations. Therefore, we must utilise 

animal models to investigate these changes.  

The brain transcriptomes of commonly used transgenic mouse models of AD show 

low concordance with human AD, and with each other [200]. This questions the 

validity of these models in interpretation of transcriptomic data relevant to human AD. 

These discrepancies are likely due to the different and complex genetic 

manipulations performed to generate these mice, which deviate significantly from the 

human disease genetic state. Knock-in genetic models which mimic the genetic state 

of the human disease may paint a more accurate picture of how the disease 

manifests. Since mutations in the presenilin genes, APP and, potentially, SORL1, are 

causative for EOfAD, analysis of the effects of these mutations in young animal 

models may illuminate the early cellular processes which eventually lead to AD.  
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1.12  Previous work of the Alzheimer’s Disease Genetics 

Laboratory 

The brain transcriptomes of any young, knock-in EOfAD animal models have not 

been analysed. Filling this gap in knowledge has been the subject of a long-term 

research program of the Alzheimer’s Disease Genetics Laboratory (ADGL). This 

program has aimed to generate a suite of zebrafish genetic models that possess 

similar mutations to those that cause EOfAD in humans. We predict that 

transcriptomic analysis of young zebrafish brains will reveal an “early EOfAD 

transcriptomic signature”. Comparisons with mutations which do not cause EOfAD 

(i.e. frameshift mutations in the presenilin genes) can reveal, by exclusion, the 

specific effects of the EOfAD-like mutations in zebrafish. As shown in Figure 15A, 

we employ a breeding program that results in a family of sibling zebrafish containing 

the genotypes of interest that are raised together in a shared environment. This 

minimises unwanted sources of genetic and environmental variation, and, 

theoretically, should maximise statistical power to detect subtle changes to the 

transcriptome due to the mutation. The cellular processes predicted to be affected in 

common by the different mutations in different genes in the zebrafish brain 

transcriptomes may illuminate the early pathological changes which would eventually 

lead to EOfAD in humans (Figure 15B).  
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Figure 15: A Typical breeding strategy for a zebrafish RNA-seq experiment. A fish 

heterozygous for an EOfAD-like mutation (EOfAD-like/+) is pair-mated with a fish 

heterozygous for a non-EOfAD-like mutation (Non-EOfAD-like/+), such as a 

frameshift mutation in a presenilin gene. This results in a family comprised of sibling 

fish (i.e. with limited genetic variation), each with one of four genotypes: wild type 

(+/+), EOfAD-like/+, Non-EOfAD-like/+ or transheterozygous for these mutations 

(Non-EOfAD-like/EOfAD-like). These sibling fish are raised together in a single tank, 

reducing environmental variation. Pairwise comparisons between each mutant 

genotype relative to their wild type siblings as can be performed in a transcriptome 

analysis are depicted. B Simplified Venn diagram depicting the early EOfAD 

transcriptomic signature. Each oval represents genes or gene sets altered in the 

brain transcriptome(s) of a particular zebrafish mutant. The transcriptomic changes 

which occur in EOfAD-like transcriptomes, but not in non-EOfAD-like transcriptomes, 

define the signature. 
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Previously, the AGDL has generated a zebrafish knock-in model of the frameshift 

mutation PSEN2K115Efs (this mutation was previously described in section 1.3.2) [201]. 

As described earlier, the truncated transcript of PSEN2K115Efs* is predicted to encode 

a protein similar to the PS2V isoform of human PSEN2 which shows increased 

expression in LOAD [65]. The PS2V-like isoform in zebrafish is expressed from their 

endogenous psen1 gene, i.e. PS1IV, rather than their orthologous psen2 gene [68]. 

Therefore, the psen1K97fs mutant line of zebrafish was established to model the 

molecular effects of PS2V. During the isolation of the psen1K97fs mutant line of 

zebrafish, an in-frame deletion of two-codons at the K97 site of psen1 was also 

identified: psen1Q96_K97del. This in-frame deletion follows the reading-frame 

preservation rule of EOfAD mutations and therefore, models a typical EOfAD 

mutation in a presenilin gene. Heterozygosity for the psen1Q96_K97del or the psen1K97fs 

mutation results in apparent hypoxic stress under normoxia in young adult brains, 

and age-dependent changes in transcriptional responses to hypoxia [155]. 

RNA-seq analysis has previously been performed to address the effects of these 

mutations on the young zebrafish brain transcriptome [201-203]. The effect of age 

was also examined in both mutant analyses, while the effect of both age and acute 

hypoxia treatment was examined for the psen1Q96_K97del mutant. In these analyses, 

the brain transcriptomes of 6 month old (i.e. young adult) heterozygous mutant 

zebrafish are compared to their wild type siblings. The psen1K97fs mutation results in 

changes to gene expression suggestive of accelerated aging, and increased 

glucocorticoid signalling [201], while the psen1Q96_K97del mutation appears to have 

effects on mitochondrial function, lysosomal acidification and iron homeostasis [202, 

203]. These transcriptomic changes occurring in young psen1 mutant zebrafish may 

give insight into the early molecular stresses which eventually lead to AD.  
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1.13  Concluding remarks  

The overall aim of the manuscripts presented in this thesis contribute to the ADGL’s 

goal of understanding the changes occurring in young-adult, EOfAD mutation carrier 

brains using zebrafish knock-in models. First, a detailed review on the role of SORL1 

in AD is presented in Chapter 2. Chapter 3 consists of an investigation of the 

hypothesis that young, heterozygous psen1Q96_K97del and psen1K97fs mutant zebrafish 

show an apparent hypoxic response at normal oxygen levels in their brains due to 

changes in brain vasculature. Chapter 4 consists of a preliminary investigation as to 

whether the previously established psen1Q96_K97del zebrafish, and novel sorl1 mutant 

zebrafish (generation of which will be described in Chapters 5 and 6) show any age-

related changes to spatial working memory by assessment of their performance in a 

Y-maze.  

Following these Chapters, this thesis presents a series of manuscripts describing the 

generation and/or brain transcriptome analyses of various knock-in models of EOfAD 

mutations in zebrafish. It concludes with a summary of all of our analyses of 

zebrafish EOfAD genetic models to define the “early EOfAD transcriptome signature.” 

A common theme in these manuscripts is the analysis of zebrafish mutants 

compared to their wild type siblings which are raised together in a single tank (Figure 

15A). Chapters 5 and 6 detail the generation and brain transcriptome analysis of the 

first knock-in animal models of EOfAD-like mutations in SORL1 in vivo. Chapter 7 

consists of a transcriptome analysis of an EOfAD-like, and a frameshift mutation, of 

psen2. Chapter 8 performs a similar experiment for psen1. It compares a frameshift 

mutation (similar to that of the PSEN1P242fs mutation causing the skin disease familial 

acne inversa), with an exact equivalent of the human EOfAD mutation PSEN1T440del 

[57]. Chapter 9 consists of a hybrid Results and Discussion chapter presenting, as a 
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manuscript, a summary of the results from Chapters 5-8, together with those from 

previously analysed transcriptomes of psen1Q96_K97del and psen1K97fs mutant 

zebrafish. These  transcriptomes are subsequently compared with publicly available 

brain transcriptome data from the AppNL-G-F knock-in mouse model of EOfAD, and 

knock-in mouse models of the APOE alleles implicated in LOAD. In summary, this 

thesis adopts mainly as a data-driven approach to illuminating the early cellular 

stresses that, eventually, would lead to EOfAD in humans.  
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Abstract. Sortilin-related receptor 1 (SORL1) encodes a large, multi-domain containing, membrane-bound receptor involved
in endosomal sorting of proteins between the trans-Golgi network, endosomes and the plasma membrane. It is genetically
associated with Alzheimer’s disease (AD), the most common form of dementia. SORL1 is a unique gene in AD, as it appears
to show strong associations with the common, late-onset, sporadic form of AD and the rare, early-onset familial form of AD.
Here, we review the genetics of SORL1 in AD and discuss potential roles it could play in AD pathogenesis.

Keywords: Alzheimer’s disease, amyloid, amyloid-beta protein precursor, endocytosis, endosomes, protein transport

INTRODUCTION

Sortilin-related receptor 1 (SORL1, also known as
LR11 or SORLA) encodes a hybrid receptor with mul-
tiple domains involved in intracellular sorting and
trafficking of proteins into their respective subcellular
compartments. The sorting of proteins is essential for
normal cell function and defects in these pathways are
thought to be important factors in the pathogenesis of
Alzheimer’s disease (AD).

AD, a progressive neurodegenerative disorder, is
the most common form of dementia. It is defined by
progressive cognitive decline, widespread neurode-
generation and two proteinopathies: senile neuritic
plaques [consisting of the product of the prote-
olytic processing of the amyloid-� protein precursor
(A�PP), amyloid-� (A�)], and neurofibrillary tan-
gles (consisting of hyperphosphorylated tau protein)
(reviewed in [1]). AD can be classified into two broad
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subtypes defined by the age of disease onset: early-
onset AD (<65 years of age, EOAD) and late onset
AD (>65 years of age, LOAD). There can be both
sporadic and familial varieties of both EOAD and
LOAD. The majority of AD cases (∼95%) belong to
the LOAD subgroup, and these mainly arise sporadi-
cally. Conversely, ∼5% of cases belong to the EOAD
subgroup [2]. A portion of EOAD cases are caused
by autosomal dominant variants in AβPP [3–7], pre-
senilin 1 (PSEN1) [8–13], and presenilin 2 (PSEN2)
[14–17] (EOfAD). Recently, variants in SORL1 have
been recognized as likely causing EOfAD [18, 19].
Intriguingly, SORL1 is also recognized as a genetic
risk factor for development of late-onset, sporadic
AD (sAD) [20–22]. The exact role of SORL1 in
the pathogenesis of AD is unclear since there are
multiple pathways which link it to AD pathological
mechanisms.

This review will discuss the normal expression
of SORL1 and the genetic evidence which supports
a role in LOAD and EOAD. We then discuss the
possible roles which SORL1 may play in different
pathologies observed in AD. SORL1 appears to be
strongly associated with both EOAD and LOAD and
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provides a unique opportunity to understand the sim-
ilarities and differences between these two subtypes
of AD.

SORL1 HAS MULTIPLE TRANSCRIPT
SPLICING PRODUCTS

SORL1 is located on chromosome 11q23.2-24.2
in humans and is widely expressed in the brain. It
is particularly highly expressed in neurons of the
hippocampus and some nuclei of the brainstem and
Purkinje cells, and has slightly weaker expression in
neurons of the thalamus and the hypothalamus [23].
It is also expressed in other tissue types such as the
testes, ovaries, thyroid, and lymph nodes [24].

Alternative splicing occurs for SORL1, with at
least 5 protein-coding transcripts arising from the
gene in humans according to the ENSEMBL database
[25] (Fig. 1). The shortest alternative splice prod-
uct, SORL1-206, has a transcription initiation site in
intron 30 and is expressed highly in the hippocam-
pus and temporal lobe, moderately in the entorhinal
cortex and frontal cortex and is undetectable in the
testes or kidney [26]. Expression of this particular
splice product is unchanged in the cerebellum of AD
patients. However, total SORL1 mRNA levels are rel-
atively constant in the cerebellum of AD brains [27],
so this is not surprising. Grear et al. [28] reported
two SORL1 mRNA isoforms expressed in the tempo-
ral lobe in both AD and non-AD samples: SORL1-�2
and SORL1-�9, which lack exon 2 and exon 19 cod-
ing sequences respectively. SORL1-�2 comprises of
up to 5% of total SORL1 expression and SORL1-�19
comprises of less than 1% (and was not investigated
further). The SORL1-�2 isoform lacks sequences
coding for amino acid residues V96 to D134, the N-
terminal proximal region of the VPS10 domain of
SORL1 protein. It has increased abundance in white
matter compared to grey matter, which suggests vary-
ing expression across cell types (as white and grey
matter contain different ratios of cell types). How-
ever, expression levels of the SORL1-�2 isoform did
not correlate with Braak staging of AD progression
(while the expression of the longest SORL1 tran-
script splice form did show correlation). Finally, a
non-coding RNA (ncRNA) termed 51A maps in anti-
sense configuration to intron 1 of the SORL1 gene
and drives the alternative splicing of SORL1 towards
two splice products: 1) splice product B (SORL1-B),
with a coding sequence beginning in exon 23 and
ending with the stop codon used for translation of the

full length protein and 2) splice product F (SORL1-
F), with a coding sequence beginning with the start
codon used in translation of the full length protein
within exon 1 and ending in exon 14. Overexpres-
sion of the 51A ncRNA in a neuroblastoma cell line
resulted in increased levels of A� peptides. Interest-
ingly, 51A is upregulated in AD brains (although the
authors observed substantial variation among indi-
viduals) [29].

Together, these studies show the complexity of
alternative splicing of SORL1 transcripts. However,
the scientific literature lacks functional studies inves-
tigating the roles of these alternative splice products.

SORL1 ENCODES A MEMBRANE-BOUND
RECEPTOR WITH MULTIPLE
FUNCTIONAL DOMAINS

The full-length transcript of SORL1 encodes a
∼250 kDa, membrane-bound protein which pri-
marily localizes in the endosomal and Golgi
compartments [30]. The protein is comprised of mul-
tiple functional domains. These include a vacuolar
protein sorting 10 (VPS10) domain, five low-density
lipoprotein receptor (LDLR) class B repeats, an epi-
dermal growth factor-like (EGF-like) domain, eleven
LDLR class A repeats, six fibronectin-type (FN-type)
repeats, a transmembrane domain and a cytosolic
domain containing recognition motifs for cytosolic
adaptors [31–34] (Fig. 1B).

Nascent SORL1 proteins are generated in endo-
plasmic reticulum (ER) and are then transported
through the trans-Golgi network (TGN) and even-
tually to the cell surface. They are initially inactive
due to the pro-peptide at the NH2-terminal which
is removed by furin-mediated cleavage in the TGN
due to the RRKR furin recognition sequence [35].
This allows the receptor to be directed to the cell
surface. Once at the cell surface, it appears that
SORL1 can be utilized either in a signaling pathway
or a trafficking pathway. In the signaling pathway,
SORL1 is subject to ectodomain shedding by the �-
secretase tumor necrosis factor-A converting enzyme
(TACE/ADAM-17) [36–38]. The exact site at which
TACE cleaves SORL1 is unclear. SORL1 is then
processed further by �-secretase at the plasma mem-
brane, releasing a fragment of SORL1 into the
extracellular space and a SORL1 intracellular domain
(SORL1-ICD) into the cytosol [39, 40]. The SORL1-
ICD contains a nuclear localization motif KHRR. It
was demonstrated in a reporter assay that the SORL1-
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Fig. 1. SORL1 encodes a multi-domain containing protein and its transcripts are subject to alternative splicing. (A) depicts gene models for
alternative SORL1 splice products from the ENSEMBL database (ENSG00000137642) and published literature. Exons are numbered and
color-coded to indicate which protein domains they encode. Protein-coding domains are as given for the human SORL1 protein (Uniprot ID:
Q92673) with SMART database annotations. VPS10, vacuolar protein sorting 10; LDLR, low density lipoprotein receptor; EGF, epidermal
growth factor. (B) depicts a schematic of the full length SORL1 protein consisting of a pro-peptide sequence, a VPS10 domain, five
LDLR class B repeats, an EGF-like domain, eleven LDLR class A repeats, six fibronectin-type (FN) repeats, a transmembrane domain
(TMD) and a cytosolic intracellular domain (ICD) containing recognition motifs for cytosolic adaptors. Binding sites of amyloid-� protein
precursor (A�PP), amyloid-� (A�), sorting nexin 27 (SNX27), Golgi-localizing, �-adaptin ear homology domain ARF-interaction (GGA),
clathrin adaptor protein 1/2 (AP1/2), and phosphofurin acidic cluster sorting protein 1 (PACS1) and the nuclear localization signal (NLS)
are indicated.

ICD can enter the nucleus to regulate transcription
[39]. Whether the ICD has this function in reality and
what genes it might regulate are yet to be determined.

As an alternative to processing at the cell surface
for signaling, SORL1 can also enter a trafficking
pathway if it is internalized by clathrin-mediated
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endocytosis employing the chaperone clathrin adap-
tor protein 2 (AP2) [34]. Subsequently, internalized
SORL1 receptors generally shuttle between the TGN
and endosomes, guided by cytosolic adaptor proteins
which will be discussed later in this review in the
context of A�PP trafficking (Fig. 2) (reviewed in
[41, 42]).

GENETIC EVIDENCE FOR A ROLE OF
SORL1 IN AD

The first characterization of genetic variation of
SORL1 in AD came from a candidate gene approach
in 2007. Rogaeva et al. [21] investigated 29 single
nucleotide polymorphisms (SNPs) associated with
AD throughout the SORL1 locus in 6 cohorts of
familial and sporadic forms of LOAD from differ-
ent ethnicities. Associations of these individual SNPs
with AD were modest, with odds ratios (ORs) rang-
ing from 1.4–2.6 (compared to 14.9 for homozygosity

for the �4 allele of APOE [43]). Haplotype analysis
using a sliding window covering 3 SNPs confirmed
these associations by demonstrating that two clusters
of SNPs in SORL1 were independently associated
with AD: the 5’ cluster and the 3’ cluster. The 5’
cluster consists of SNPs 8, 9 and 10 which are located
within intron 6 of SORL1. Possession of the T – A
– T haplotype was associated with decreased risk
of AD in Caribbean-Hispanic families (p = 0.0086)
and in Israeli-Arab (p = 0.0037) and North European
(p = 0.068) case-control cohorts. Conversely, the C
– G – C haplotype for these SNPs was associated
with increased risk for developing AD. The 3’ cluster
consists of SNPs 22 – 25 and two overlapping hap-
lotypes were associated with increased risk of AD:
the C – T – T alleles at SNPs 22–24 and the T – T –
C alleles at SNPs 23–25 in North European families
and North European case-control cohorts. This region
was also associated with AD in an African-American
cohort. However, it was the A – C – T alleles for

Fig. 2. SORL1 trafficking pathways. Nascent SORL1 peptides are generated in the endoplasmic reticulum (ER) and follow the constituent
secretory pathway to the trans-Golgi network (TGN) where the pro-peptide is removed by furin-mediated cleavage. This allows the receptor
to move to the plasma membrane where it can follow a signaling pathway (left) or a trafficking pathway (right). In the signaling pathway,
SORL1 is cleaved by tumor necrosis factor-A converting enzyme (TACE) and then by �-secretase, releasing luminal fragments of SORL1
and a cytosolic SORL1 intracellular domain (SORL1-ICD). SORL1-ICD can move to the nucleus (N) and regulate transcription of as yet
unknown genes. In the trafficking pathway, SORL1 can be internalized via clathrin-mediated endocytosis utilizing the chaperone clathrin
adaptor protein 2 (AP2). Internalized SORL1 receptors then shuttle between the TGN and the endosomes, guided by cytosolic adaptor
proteins such as adaptor protein 1 (AP1), phosphofurin acidic cluster sorting protein (PACS1), Golgi-localizing, �-adaptin ear homology
domain ARF-interaction (GGA) and the retromer complex.
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SNPs 23 – 24 (p = 0.0025) which showed the latter
association.

Further evidence for the association of the SORL1
locus with LOAD comes from a large-scale meta-
analysis of four published genome-wide association
studies (GWAS) with a combined sample size
of 74,046 individuals (25,580 LOAD cases and
48,466 controls). The SORL1 locus was one of the
14 genomic regions to be associated with LOAD
(p < 5 × 10–8). The strongest signal in the SORL1
region was rs11218343, an intronic variant which
was observed to be protective with an odds ratio of
0.77 (95% CI = 0.72 – 0.82) [44]. This study was
extended to include 35,274 cases and 59,163 con-
trols and SORL1 remained as one of the 25 genes
reaching the threshold for genome-wide significance
(p < 5×10–8) [45].

Due to the nature of GWAS, only common variants
can be identified. With the advancement of next gen-
eration sequencing, whole exome sequencing (WES)
experiments have identified rare variants in SORL1
associated with AD. Intriguingly, an early WES study
performed on families showing autosomal dominant
inheritance of EOAD but without pathological vari-
ants in AβPP, PSEN1, or PSEN2 found that 7/29
families carried putatively pathological variants in
SORL1. This supported the idea that SORL1 could
be a fourth autosomal dominant EOfAD gene along-
side the presenilins and A�PP. These variants were
found throughout the coding sequence of the gene
and were either missense (Gly511Arg, Asn924Ser,
Asn1358Ser, Gly1681Asp, and Tyr141Cys) or non-
sense (Cys1478X and Trp1821X) [18] (Fig. 3).
However, Campion et al. [46] noted that some of the
affected individuals in these families possessed vari-

ants in SORL1 and other AD risk loci (e.g., APOE �4,
TREM2, and ABCA7). It is also worthy of note that
the ages of disease onset of some of these reported
patients were close to the conventional threshold of 65
years of age. Therefore, it is still somewhat uncertain
whether SORL1 variants can cause EOfAD.

Despite the observations of Campion et al. [46],
numerous other studies have found that variants in
SORL1 are associated with EOAD. An indepen-
dent study found 3 additional variants in SORL1
segregating with EOAD in families (Arg416X,
Gly1017-Glu1074del, and Arg1303Cys; Fig. 3),
although some of the affected individuals had APOE
genotype �3/�4 and had a later age of disease onset
[19]. Nicolas et al. [47] found an enrichment of rare
variants of SORL1 in AD cases compared to con-
trols in a WES study in a French cohort (OR = 5.03,
95% CI = 2.02–14.99, p = 7.49 x 10–5). When the
authors restricted the analysis to cases showing a fam-
ily history of AD, the OR increased to 8.86 (95%
CI = 3.35–27.31, p = 3.82 x 10–7). Other studies have
shown variants in SORL1 to be associated with EOAD
in different cohorts [48, 49]. However, these studies
do not describe family histories of the EOAD vari-
ants, so no conclusions can be made about Mendelian
inheritance.

SORL1 expression levels are also reduced in
the sporadic form of AD. Gene expression pro-
filing of lymphoblasts from LOAD patients and
age-matched controls found that SORL1 was down-
regulated approximately 2-fold at the mRNA level,
and 2.5-fold at the protein level [50]. Sager et al. [51]
quantified SORL1 protein levels in frontal cortex of
AD patients and found that approximately 30% of AD
cases had reduced SORL1 protein levels. However,

Fig. 3. EOfAD variants in SORL1. Figure 3 depicts a schematic of the SORL1 full length protein, indicating the sites for early-onset, familial
Alzheimer’s disease (EOfAD) variants for which pedigrees have been published to date. Red arrows indicate variants published in [18]
and blue arrows indicate variants published from [19]. VPS10, vacuolar protein sorting 10; LDLR, low density lipoprotein receptor; EGF,
epidermal growth factor; FN, fibronectin-type; TMD, transmembrane domain; ICD, intracellular domain.
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they did not find any significant differences between
AD and control brains overall. Another indepen-
dent study found that SORL1 protein levels were
decreased in post mortem, sporadic AD brains but
not in EOfAD brains [52]. These results suggest that
SORL1 plays different roles in EOfAD and the spo-
radic forms of AD. Thus, the relationship between
SORL1 and the different subtypes of AD is still
unclear.

Taken together, the above genetic studies support
that SORL1 is a unique gene in AD as, currently,
no other genes are strongly implicated in both the
early and late onset forms of the disease. Understand-
ing the molecular and cellular changes occurring due
to variation in SORL1 could help us illuminate the
differences between EOfAD and LOAD.

FUNCTIONAL STUDIES OF SORL1
VARIANTS

Functional studies characterizing the effects of
genetic variation in SORL1 have largely been based
on variants’ effects on A�PP processing (A�PP
processing and trafficking are discussed in detail
later in this review). Cuccaro et al. [53] showed
that the EOfAD variants T588I and T2134M of
SORL1 reduce the binding affinity of SORL1 pro-
tein for A�PP, resulting in altered A�PP trafficking
in HEK293 cell lines. Similarly, Vardarajan et al. [54]
showed that the E270K, A528K, and T947M variants
found in LOAD patients also have reduced bind-
ing affinities for A�PP and alter A�PP trafficking
in HEK293 cell lines.

Young et al. [55] used human induced pluripo-
tent stem cell (hIPSC)-derived neurons from LOAD
patients to investigate the cellular effects of the risk
(R) or protective (P) haplotype at the 5’ SNP clus-
ter in SORL1. They found expression of SORL1 was
variable among their hIPSC-derived neurons, and
there were no significant differences between levels
of SORL1 mRNAs due to SORL1 haplotype or disease
state. This supported that the effect of this haplotype
was likely not due to altered basal SORL1 expression
levels. However, they did find that patients carrying
the R/R haplotype generally do not increase SORL1
expression levels in response to brain-derived neu-
rotrophic factor (BDNF, a known inducer of SORL1
expression [56, 57] that is also implicated in AD
[58, 59]). This led to increased A� levels in R/R
haplotype-containing hIPSC-derived neurons rela-
tive to hIPSC-derived neurons carrying the R/P or

P/P haplotypes and, therefore, can partially explain
the increased risk associated with the R/R haplo-
type. Having one copy of the protective haplotype
appears to be sufficient to increase SORL1 expression
in response to BDNF. Therefore, increasing SORL1
expression in response to BDNF is likely a protective
mechanism.

SORL1 AND A�PP

The most studied role of SORL1 in AD is its role in
A�PP trafficking. A�PP is a single transmembrane-
spanning protein which can be subjected to an
amyloidogenic, or non-amyloidogenic proteolytic
processing pathway. In the non-amyloidogenic
pathway, A�PP is cleaved by �-secretase, giving
two fragments: a secreted form of A�PP, sA�PP�,
and C-terminal fragment C83. The ADAM (A
disintegrin and metalloprotease domain) family of
proteolytic enzymes are responsible for �-secretase
cleavage of A�PP. ADAM-9 [60], ADAM-10 [60,
61], ADAM-17 [60, 62], and ADAM-19 [63] have
been shown to contain �-secretase activity. However,
ADAM-10 appears to be the main �-secretase [64].
Further processing of sA�PP� by �-secretase (of
which the PSENs are catalytic subunits (reviewed
in [65])) gives a p3 fragment and an A�PP intra-
cellular domain (AICD). This pathway is known as
non-amyloidogenic as �-secretase cleaves within,
and prevents the formation of, the A� peptide.
In the amyloidogenic pathway, A�PP is cleaved
by �-secretase (�-site A�PP cleaving enzyme 1,
BACE1), giving sA�PP� and C99 fragments. Then
C99 is further processed by �-secretase to give A�
peptides of mainly 40-42 amino acids in length
(Fig. 4) (reviewed in [66]).

A�PP undergoes a series of trafficking steps within
cells (Fig. 5). Nascent A�PP holoprotein is generated
in the ER, before further processing in the Golgi.
Some A�PP molecules can be transported through
secretory vesicles to the plasma membrane, where
the majority are cleaved by �-secretase and so are
non-amyloidogenically processed [67]. Some sur-
face A�PP may be internalized within endosomes by
clathrin-mediated endocytosis. Internalization occurs
due to interaction of the NPxY motif in the cytoplas-
mic tail of A�PP and the clathrin adaptor AP2 [68,
69]. Amyloidogenic processing of A�PP has been
shown to proceed in many membranous organelles in
the cell including the early and late-endosomal com-
partments [70, 71], the plasma membrane [71, 72],
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Fig. 4. Proteolytic processing of A�PP. Membrane bound amyloid-� protein precursor (A�PP) can be subjected to non-amyloidogenic or
amyloidogenic processing. In the non-amyloidogenic pathway, A�PP is first cleaved by �-secretase within the amyloid-� (A�) sequence,
producing a soluble sA�PP� fragment and a membrane-bound C83 fragment. C83 can be processed further by the �-secretase complex to
give a p3 fragment and an A�PP intracellular domain (AICD). In the amyloidogenic pathway, A�PP can be cleaved by �-secretase, giving
the C99 and sA�PP� fragments. Then C99 is cleaved by �-secretase to give A� peptides and an AICD. �-secretase and �-secretase may
function together as a supramolecular complex. Yellow depicts a lipid bi-layer and pink depicts a cytosolic region.

the TGN [73] (non-amyloidogenic processing is also
thought to occur in the TGN [74]), the lysosomes
[75, 76], and the ER [77, 78]. In regards to amyloido-
genic processing at the ER, Area-Gomez et al. [79]
showed that PSENs (i.e., �-secretase) are particularly
enriched in the mitochondrial associated membranes
(MAMs) of the ER, which are lipid raft-like regions
of the ER that form close associations with mito-
chondria and regulate their activity (reviewed in [80,
81]). BACE1 also is enriched in lipid rafts, and has
been specifically detected in MAMs [82]. Therefore,
the proteolytic cleavage of A�PP to form A�, which
appears to occur in the ER, likely occurs in MAMs.
Intriguingly, MAMs have been implicated in AD (see
[83, 84] for excellent reviews on this topic).

An interesting observation is that SORL1 forms a
complex with BACE1 in perinuclear regions in neu-
rons [85]. BACE1 and �-secretase have also been
shown to form a complex, which sequentially cleaves
A�PP holoprotein to form A� and this also occurs in
perinuclear regions of the cell [86]. MAMs also have
a perinuclear subcellular distribution [79, 87] and, as
mentioned above, are enriched in PSENs and con-
tain the other components of �-secretase [79]. We
have also detected SORL1 protein in the MAM [88].
Taken together, these results support the idea that
SORL1, BACE1, and �-secretase may form a com-
plex in MAMs which proteolytically cleaves A�PP
holoprotein to form A�. However, direct evidence for
this SORL1/A�PP/BACE1/�-secretase complex has
not been observed. As mentioned previously, SORL1

is also cleaved by �-secretase [39, 40] and this could
also occur in this complex. This idea is intriguing, as
it links, functionally, all four EOfAD loci (if SORL1
indeed is an EOfAD locus). Further characterization
of the interactions between these AD-related proteins
is required.

SORL1 can act to modulate the distribution of
A�PP within cells. It has been shown that overexpres-
sion of SORL1 results in an accumulation of A�PP in
the Golgi and prevents it from being sorted to the late
endosomal membranes where some A� is produced
[27, 30, 89]. Conversely, Sorl1 deficiency results
in increased A� levels compared to controls [30,
90]. SORL1 interacts with the carbohydrate-linked
domain of A�PP through its LDLR class A domain
(repeats 5-8 appear to be crucial region for binding)
[30, 91, 92], as well as with the cytoplasmic domain of
A�PP through its intracellular domain [93] (Fig. 1B).
There is evidence supporting that this interaction
between SORL1 and A�PP prevents oligomerization
of A�PP, which is required for the �-secretase-
cleavage of A�PP [94]. It has also been shown that
SORL1 acts as an adaptor between A�PP and other
intracellular sorting proteins (including the retromer
complex, AP1, GGA, and PACS1) which guide A�PP
through the endosomal/secretory pathways, keeping
it away from subcellular compartments where A�
is thought to form (such as in endosomes). These
adaptors are discussed below and are summarized in
Fig. 5. Binding sites of these adaptors in the SORL1
cytoplasmic tail are shown in Fig. 1B.
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Fig. 5. SORL1 dependent trafficking of A�PP. A�PP is translated at the endoplasmic reticulum (ER) and is processed in the Golgi for
direction to the cell surface. Some A�PP is cleaved in the non-amyloidogenic pathway by �-secretase and some A�PP is internalized by
clathrin-mediated endocytosis via the chaperone clathrin adaptor protein 2 (AP2). SORL1 is present in early endosomes and can guide A�PP
throughout different pathways in the cell by interacting with different adaptor proteins. SORL1 and A�PP can move directly back to the
plasma membrane (orange) mediated by sorting nexin 27 (SNX27). They can also move retrogradely to the trans-Golgi network (TGN)
mediated by the retromer complex, clathrin adaptor protein 1 (AP1), and/or phosphofurin acidic cluster sorting protein (PACS1). They
can also move anterogradely from the TGN to the early endosomes mediated by Golgi-localizing, �-adaptin ear homology domain ARF-
interaction (GGA) proteins. Without SORL1, A�PP can move to late endosomal compartments where some �- and �-secretase activities are
thought to be located and can be proteolytically cleaved to form A�. SORL1 can also bind newly-formed A� and direct it to the lysosome
for degradation. SORL1, A�PP, �- and �-secretases are also present in the mitochondrial associated membranes (MAMs) of the ER.

The retromer complex is part of the endocytic
machinery in cells and is responsible for retrograde
transport of cargo from endosomes to the TGN
as well as recycling of cargo from endosomes to
the plasma membrane. It is composed of two sub-
complexes of proteins encoded by genes from the
vacuolar protein sorting (VPS) family. The subcom-
plex responsible for cargo selection consists of the
proteins VPS35, VPS29 and VPS26 while the sub-
complex responsible for vesicle formation consists
of VPS5 and VPS17 (reviewed in [95, 96]). SORL1
interacts with the VPS26 subunit of the retromer com-
plex through a FANSHY motif (Fig. 1B) in SORL1’s
cytoplasmic domain and loss of this binding motif
in SORL1 resulted in aberrant subcellular localiza-
tion of SORL1 and an accumulation of A�PP in

late endosomes [31]. Loss of retrograde transport
of SORL1 back to the TGN would result in reten-
tion of SORL1 in endosomes. This would, in turn,
increase retention of A�PP in endosomes where some
A� is formed. This is supported by results from a
cell culture study, where siRNA knockdown of the
retromer complex caused impaired A�PP traffick-
ing to the TGN [97]. Interestingly, gene expression
profiling of the entorhinal cortex and the dentate
gyrus of AD brains found that expression levels of
genes encoding retromer components VPS35 and
VPS26 were decreased in AD patients (a mix of
EOAD and LOAD) compared to age-matched con-
trols [98]. Also a GWAS showed that SNPs in
retromer-associated genes were associated with spo-
radic AD in a Caucasian cohort [99]. In animal
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models, retromer activity knockdown in the mouse
brain resulted in memory defects, synaptic dysfunc-
tion and increased A� levels, which is reminiscent
of AD pathology [100, 101]. Taken together, these
results indicate the possibility that loss of retromer
function could also play a role in sporadic forms
of AD.

Golgi-localizing, �-adaptin ear homology domain
ARF-interaction (GGA) proteins are responsible for
anterograde transport from the TGN to endosomes.
GGA binds to SORL1 via recognition of a DVPM
motif (Fig. 1B) and an acidic cluster of amino acid
residues in the cytoplasmic domain of SORL1 [32,
33]. Loss of the recognition motif for GGA pro-
teins results in an inability of SORL1 to return to
the TGN so that it accumulates in early endosomes
and at the plasma membrane. This also results in
increased sA�PP� products as A�PP also accumu-
lates in the organelles in which �-secretase resides
[33, 102, 103].

Phosphofurin acidic cluster sorting protein 1
(PACS1) is another sorting protein which mediates
both retrograde and anterograde transport between
the Golgi and endosomes [104]. The furin binding
region of PACS1 interacts with SORL1 by recog-
nizing the acid cluster motif DDLGEDDED in the
SORL1 cytoplasmic domain [33, 34] (Fig. 1B). Loss
of PACS1 activity has a similar outcome to loss of
GGA proteins, where A�PP accumulates in early
endosomes, likely due to aberrant subcellular local-
ization of SORL1 [105].

Clathrin adaptor protein 1 (AP1) binds to an over-
lapping region in the cytoplasmic domain of SORL1
(DDLGEDDE) (Fig. 1B) and knockdown of AP1 also
results in aberrant subcellular localization of SORL1
[34].

Sorting nexin 27 (SNX27) is a sorting protein
involved in retrograde transport from the endosomes
to the plasma membrane. SNX27 mediates the trans-
port of A�PP via binding to the membrane-proximal
region of the SORL1 cytoplasmic tail. Knockdown
of SNX27 resulted in a reduced amount of cell sur-
face SORL1 and A�PP protein levels. Conversely,
overexpression of SNX27 enhanced distribution of
A�PP and SORL1 to the cell surface. An increase in
A�PP protein levels at the cell surface also resulted
in increased �-secretase cleavage of A�PP to give
sA�PP� [106]. However, SNX27 has been shown
to interact with PSEN1 protein and this appears to
reduce �-secretase activity (i.e., reduced cleavage of
A�PP and Notch) [107] so this could also explain the
increased levels of sA�PP�.

SORL1 also plays a role in trafficking of A�.
It interacts with A� through its VPS10 domain as
shown by fluorescence polarization assays. Over-
expression of SORL1 in a neuronal cell line also
expressing a human A�PP isoform resulted in faster
turnover of intracellular A� and accumulation of A�
in lysosomes. Furthermore, an EOfAD variant in the
VPS10 domain of SORL1 disrupts the ability for
SORL1 to bind A� [108, 109]. This process also
appears to be mediated by GGA proteins [103]. These
results indicate that SORL1 directs A� to lysosomes
for degradation.

In summary, SORL1 plays an important and central
role in the complex trafficking pathways of A�PP
within cells. Therefore, it is no surprise that the loss of
SORL1 activity in sporadic and some familial forms
of AD leads to A�PP-related pathologies.

OTHER POTENTIAL ROLES OF SORL1 IN AD

SORL1 and lipoprotein metabolism

When AD was first described by Alois Alzheimer
over a century ago, he observed a third pathological
hallmark of ‘adipose inclusions’ and ‘lipid granules’
in the glia of his deceased patient Auguste Deter
[110]. Subsequently, these observations were largely
overlooked, but it is now well established that aber-
rant lipid metabolism occurs in AD brains. Lipids
in the brain include glycerophospholipids, sphin-
golipids and cholesterol. These lipids play important
roles such as in the structure of the myelin sheath
which insulates axons and in formation of the plasma
membrane. Cholesterol is one of the most well stud-
ied lipids and its homeostasis is implicated in AD.
Indeed, there is an enrichment of cholesterol in cell
membranes in AD patients compared to controls and
there appears to be a positive correlation between
cholesterol level and disease severity [111]. It is
thought that cholesterol in the CNS is synthesized by
glial cells and then imported into neurons as APOE-
containing lipoproteins. However, neurons have also
been shown to express genes involved in cholesterol
synthesis [112] so the reality of brain cholesterol
metabolism may be more complex. SORL1 mediates
cholesterol intake into neurons by acting as a receptor
for APOE. SORL1 has preferential binding affinity
for each of the isoforms of APOE which corresponds
with the relative risk that each APOE allele presents
for development of AD. SORL1’s highest affinity is
with the �4 isoform, followed by �3 then �2 [113].
Each isoform of APOE differs by cysteine (Cys) and
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arginine (Arg) content at positions 112 and 158: �4
(Arg, Arg), �3 (Cys, Arg), and �2 (Cys, Cys). These
amino acid residue changes result in conformational
changes to the protein structure of APOE (reviewed
in [114]) and could explain the differential affinities
between each of the APOE isoforms and SORL1.

Overexpression of SORL1 increases cellular
uptake of APOE �4 and �3 (but not �2, which is pro-
tective for AD (reviewed in [115])) as shown by a cell
culture study [113]. Additionally, neural stem cells
isolated from an AD patient with genotype �4/�4 had
lower SORL1 expression after 5 weeks in culture than
neural stem cells from AD and control subjects with
the other possible APOE genotypes [116]. However,
this study only analyzed one homozygous �4 patient.
Collectively, these results indicate that SORL1 and
APOE are functionally related.

SORL1 and insulin signaling

It has been proposed that AD may represent a ‘type
3 diabetes’ (reviewed in [117]) and that insulin resis-
tance/deficiency underlies AD pathology. The insulin
signaling pathway has been shown to be perturbed in
AD brains [118, 119]. Since insulin signaling stimu-
lates glucose metabolism, this could partly explain
the aberrant glucose metabolism observed in AD
brains in FDG-PET studies (reviewed in [120]).

SORL1 has been shown to act as a sorting recep-
tor for the insulin receptor in adipocytes. It directs
internalized insulin receptor back to the cell surface,
preventing lysosomal catabolism and, thereby ampli-
fying insulin signals [121]. Loss of SORL1 activity
could decrease the amount of insulin receptor at the
cell surface and perturb the insulin signaling path-
way. It is unknown whether this also occurs in the
CNS and further investigation is required.

Is SORL1 involved in iron homeostasis?

There is strong evidence that perturbation of iron
homeostasis may play a role in AD (reviewed in
[122]). To our knowledge, SORL1 has not been
linked directly to iron homeostasis. However, A�PP
is thought to play a role in maintaining iron home-
ostasis and so SORL1 may have indirect effects.

Iron content is increased in both living [123] and
post-mortem [124, 125] AD brains relative to con-
trols. Iron dyshomeostasis may also be linked to many
of the pathologies observed in AD such as mitochon-
drial dysfunction, vascular pathologies, changes in

energy metabolism, and inflammation (reviewed in
[122]).

A recent, elegant study by Yambire et al. [126]
showed that acidification of the endo-lysosomal sys-
tem was critical for ferric iron (Fe3+) to be reduced
to the more reactive ferrous (Fe2+) form and released
into the cytosol. Inhibition of endo-lysosomal acid-
ification was shown to lead to a cellular ferrous
iron deficiency and a pseudo-hypoxic response (as
HIF-1�, a master regulator of cellular responses to
hypoxia, is normally inhibited from acting under nor-
moxia by a degradative mechanism requiring Fe2+).
Mitochondrial biogenesis and function were also dis-
turbed and inflammation markers were increased. It
has been shown that the C99 fragment of A�PP (and
interestingly, also the PSEN1 holoprotein [127]) is
required for acidification of the endo-lysosomal sys-
tem [128]. Also, AβPP−/− mice are observed to
have accumulation of intraneuronal iron [129, 130].
This demonstrates that interference with A�PP activ-
ity affects cellular iron homeostasis. If SORL1 is
required for the proper subcellular localization of
A�PP, then the loss of SORL1 activity observed
in sporadic AD and some EOfAD cases may also
indirectly affect iron homeostasis via A�PP. Further
investigation of the role of SORL1 in iron homeostasis
is required.

SORL1 and estrogens

One hypothesis to explain the female bias observed
in AD incidence [141, 142], is the reduced estro-
gen levels in females due to menopause. This
may increase the susceptibility of post-menopausal
females to AD. Indeed, estrogen levels have been
shown to be reduced in female AD brains relative
to healthy, age-matched, female controls [143].

Estrogens have been shown to have neuropro-
tective effects in the brain. Estrogen administration
reduces the severity of lesions in the brain after either
permanent or transient ischemia [144]. This is rele-
vant to AD as hypoxia/reduced blood flow is evident
in AD brains [145, 146]. It has also been shown that
estrogens are protective against A� toxicity in vitro
[147, 148].

SORL1 expression appears to be stimulated by
estrogens. Ratnakumar et al. [149] found that SORL1
was one of the 504 genes significantly differentially
expressed in laser-dissected, serotonergic neurons
from female, adult, ovariectomized Rhesus macaques
treated with estrogen. Interestingly, AβPP and APOE
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were also among these genes significantly differ-
entially expressed (p < 0.05, log fold change > 2).
SORL1 has also been shown to be differentially
expressed in various cancer cell lines in response to
estrogen treatments [150, 151]. Intriguingly, some
studies have found an association between SORL1
variants and AD in a sex-specific manner in various
cohorts [152, 153]. However, a detailed investigation
of the relationship between estrogens and SORL1 in
the context of AD is yet to be performed.

CONCLUSION

It is no surprise that variation at the SORL1 locus
is associated with AD, as SORL1 plays roles in many
of the cellular processes that have been linked to
AD pathologies. SORL1 shows potential to illumi-
nate mechanistic similarities and differences between
rare EOfAD and the much more common sporadic
forms of LOAD. However, more family-based studies
analyzing the segregation of variants in SORL1 with
EOAD are required to confirm whether SORL1 can
be regarded as a causative EOfAD locus alongside
the PSENs and AβPP.
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No observed effect on brain vasculature 
of Alzheimer’s disease‑related mutations 
in the zebrafish presenilin 1 gene
Karissa Barthelson1*  , Morgan Newman1, Cameron J. Nowell2 and Michael Lardelli1

Abstract 

Previously, we found that brains of adult zebrafish heterozygous for Alzheimer’s disease-related mutations in their pre-
senilin 1 gene (psen1, orthologous to human PSEN1) show greater basal expression levels of hypoxia responsive genes 
relative to their wild type siblings under normoxia, suggesting hypoxic stress. In this study, we investigated whether 
this might be due to changes in brain vasculature. We generated and compared 3D reconstructions of GFP-labelled 
blood vessels of the zebrafish forebrain from heterozygous psen1 mutant zebrafish and their wild type siblings. We 
observed no statistically significant differences in vessel density, surface area, overall mean diameter, overall straight-
ness, or total vessel length normalised to the volume of the telencephalon. Our findings do not support that changes 
in vascular morphology are responsible for the increased basal expression of hypoxia responsive genes in psen1 
heterozygous mutant brains.

Keywords:  Zebrafish, Vasculature, Confocal laser scanning microscopy, 3D reconstruction
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Introduction
The dominant hypothesis of Alzheimer’s disease (AD) 
pathogenesis is the amyloid cascade hypothesis (ACH) 
[1], which postulates the amyloid β peptide (Aβ) as ini-
tiating a pathological process resulting in neurodegen-
eration and dementia (reviewed in (2)). An alternative 
to the ACH is the vascular hypothesis [3], asserting that 
age-related cerebral vascular abnormalities induce AD 
pathologies by limiting nutrient and oxygen delivery to 
produce hypoxic stress, a neural energy crisis and, con-
sequently, neurodegeneration. Significant evidence sup-
ports the vascular hypothesis of AD (reviewed in [4]).

Rare, inherited forms of AD are caused by dominant 
mutations in a small number of genes (early-onset famil-
ial AD, EOfAD). Most EOfAD cases are due to heterozy-
gous mutations in the gene presenilin 1 (PSEN1) that 

obey a “reading-frame preservation rule” [5]. Mutations 
allowing production of a transcript(s) with an altered 
coding sequence but, nevertheless, utilising the original 
stop codon cause EOfAD while mutant alleles coding 
only for truncated proteins do not. We previously gen-
erated knock-in models in zebrafish with each of these 
types of mutant psen1 allele: K97Gfs, a frameshift muta-
tion encoding a truncated protein similar to the human 
PS2V isoform that is increased in sporadic, late onset AD 
[6], and Q96_K97del: an EOfAD-like, reading-frame-pre-
serving deletion of two codons [7].

We recently observed in normoxic adult zebrafish brains 
that heterozygosity for either of the above two muta-
tions causes increased basal expression levels of hypoxia 
responsive genes (HRGs, genes with expression regulated 
by a master regulator of the transcriptional response to 
hypoxia: hypoxia-inducible factor 1 (HIF1)). This implied 
that the heterozygous psen1 mutant fish brains were 
already under some form of hypoxic stress [8], possibly 
due to changes in vasculature, as have been observed in 
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transgenic mice expressing human PSEN1 EOfAD muta-
tion-bearing transgenes in neurons [9]. Therefore, we 
examined the effects on forebrain vasculature with age of 

heterozygosity for the K97Gfs and Q96_K97del mutations 
of psen1 by exploiting the fli1:GFP transgene that labels 
zebrafish endothelial cells [10].
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Methods
Single zebrafish heterozygous for either psen1 muta-
tion were mated with single fish bearing the fli1::GFP 
[10] transgene. GFP-fluorescent progeny were selected 
to form families of siblings either wild type or heterozy-
gous for the psen1 mutant alleles (Fig. 1a). We used n = 4 
brains of each sibling genotype at 6 months (young adult) 
and 24 months (aged) of age for tissue clearing using the 
PACT method [11]. Briefly, PACT involves infusing and 
crosslinking the brain with an acrylamide-based hydro-
gel. Then, light scattering lipids are passively removed 
by incubating the brain with a detergent, allowing light 
to penetrate deep into the tissue [11, 12]. We imaged the 
telencephalons (thought to be the region loosely equiva-
lent of the prefrontal cortex in humans) using an Olym-
pus FV3000 confocal microscope, and performed 3D 
image analysis using Imaris v9.1 (Bitplane) (Fig. 1b). For 
a detailed description of methods, see Additional File 1.

Results and conclusion
No statistically significant differences between sibling 
genotypes at each age were observed for any of the meas-
ured parameters (see Fig. 1). This does not support that 
the increased basal levels of HRGs observed previously in 
our zebrafish psen1 mutants are due to vascular changes. 
However, subtle changes to vasculature due to psen1 gen-
otype may be too small to detect using this method and 
further experimentation using a larger number of bio-
logical replicates may increase statistical power to detect 
changes to these measured parameters. Alternatively, 
other factors such as altered γ-secretase activity [13] and/
or cellular ferrous iron levels [14] may influence HIF1-⍺ 
activity to affect basal HRG expression.

Supplementary Information
The online version contains supplementary material available at https​://doi.
org/10.1186/s1304​1-021-00734​-5.

Additional file 1. Detailed description of sample preparation, imaging 
and 3D image analysis. 

Additional file 2. Quantified values used to produce the graphs in Fig. 1.
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Fig. 1  No statistically significant changes to brain vascular network parameters due to heterozygosity for the Q96_K97del or K97Gfs mutations of 
psen1. a Experimental design flow diagram. Genome-edited psen1 heterozygous mutant fish were pair-mated with transgenic zebrafish expressing 
green fluorescent protein (GFP) under the control of the fli1 promotor (fli1:GFP transgene). GFP-fluorescent larvae were selected to give a family of 
transgenic siblings either wild type or heterozygous for a psen1 mutation. Analysis of the brain vascular network was performed at 6 and 24 months 
of age. b 3D image analysis pipeline. The telencephalon was manually segmented from the optic tectum using contour lines to generate a masked 
surface channel containing only GFP signals from the telencephalon. Then, an additional surface was generated over the vessels to remove 
background fluorescence. A masked surface channel was generated from this surface as input for the filament trace algorithm. c Measured 
values from the surface and filament trace algorithms for the 6 month old zebrafish and d the 24 month old female zebrafish for (left to right) the 
volume of the telencephalon, the density of fli1:GFP positive vessels per telencephalon, the surface area of vessels normalised to the volume of the 
telencephalon, the overall mean diameter of vessels, the overall straightness of the vessels, and the total length of the vessels normalised to the 
volume of the telencephalon. Data are presented as the mean ± standard deviation. Colours of the bars represent the two families of fish used in 
this analysis. P-values were determined by Student’s t-test assuming unequal variance. e Representative images of a 200 µm section of the right 
hemisphere of the telencephalon from fish of each age and genotype. Scale bars indicate 100 µm. Vessels appeared morphologically similar in each 
age and genotype
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Introduction 

Impairment of memory is a defining feature of all dementias. Indeed, impairment of 

working memory is an early pathological change observed in Alzheimer’s disease 

(AD) [1-3]. In humans, working memory is generally assessed on the basis of 

language. However, for animal models, this is not feasible and testing of working 

memory is heavily reliant on assessment of spatial working memory. Spatial working 

memory requires an intact working memory, and construction of a cognitive spatial 

“map” of an individual’s surroundings in working memory and recalling these to 

complete a task.  

Spatial working memory has been assessed in murine models of AD [4-9]. However, 

it is worthy of note that the majority of these models do not closely reflect the genetic 

state of AD (i.e. they often express multiple mutations causing early-onset-familial AD 

(EOfAD) in the same animal under novel promotors). Despite the fact that these 

animals show pathologies reminiscent of human AD pathologies (e.g. neuritic 

plaques), they likely do not accurately represent the molecular state of the human 

disease [10]. Our knock-in genetic models of EOfAD in zebrafish (e.g. in [11-15]) 

avoid this possibly confounding assumption that phenotypes arising from 

transgenic/overexpression of EOfAD-mutant genes are simply more extreme 

versions of heterozygote phenotypes. We believe our approach delivers better insight 

into the early disease mechanisms which eventually progress to AD.  

Ruan (2019) [16], previously assessed whether heterozygosity for the Q96_K97del 

mutation of presenilin 1 (psen1) resulted in impairment of spatial working memory 

with age using the free movement pattern (FMP) Y-maze task [17]. The FMP Y-maze 

task is a recently developed method for assessment of spatial working memory in 

zebrafish (and also mice, flies and, interestingly, humans) [18]. It involves the 
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assessment of movement patterns of zebrafish freely exploring a Y-maze in a 1 hour 

time period. A series of frequencies of “tetragrams” (four consecutive arm entries 

ranging from LLLL to RRRR [17, 19, 20]) are calculated, and differences in 

frequencies of the alternation tetragrams (LRLR and RLRL, the dominant search 

strategy used in vertebrates [18]) are indicative of changes to spatial working 

memory. Ruan (2019) [16] found that heterozygosity for the Q96_K97del mutation of 

psen1 impaired spatial working memory at 12 months of age, but not at any other 

age.  

In the original analysis [16], an improper statistical test was performed to quantify 

whether the psen1Q96_K97del/+ genotype had a significant effect on alternation 

frequency. Therefore, in this Chapter, the raw data of Ruan (2019) [16] was re-

analysed with a more appropriate statistical test. Similar levels of statistical 

significance was found. Replication of the impairment of spatial working memory at 

12 months of age was attempted, but not reproduced. Additionally, an investigation 

was performed to explore whether heterozygosity for the EOfAD-like mutations 

W1818* or V1482Afs of sortilin-related receptor 1 (sorl1) results in an impairment of 

spatial working memory (the generation of these mutant lines of zebrafish are 

detailed in Chapters 5 and 6). However, no statistically significant differences were 

found at 12 months of age. Since EOfAD mutations in human SORL1 are associated 

with a later age of onset in humans compared to EOfAD mutations in PSEN1 

(reviewed in [21]), differences may not be observable until older ages.  
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Methods 

Zebrafish husbandry and animal ethics  

Generation of the EOfAD-like mutant lines of zebrafish are described previously [12, 

13, 22]. Fish were maintained in a recirculating water system on a 14 hour light/8 

hour dark cycle, fed dry food in the morning and live artemia in the afternoon. All 

zebrafish work was conducted under the auspices of the Animal Ethics Committee 

and the Institutional Biosafety Committee of the University of Adelaide. 

Free movement pattern (FMP) Y‐maze task 

The FMP Y-maze task was performed using the Zantiks [AD] fully automated 

behavioural testing environment (Cambridge, UK) on families of heterozygous 

EOfAD-like mutants and their non-mutant siblings at various ages. For psen1 mutant 

fish, Ruan (2019) performed the analysis at three ages (6, 12 and 24 months of age). 

Here, for the sorl1 mutant fish, the analysis was performed at 12 months of age. 

Sample sizes can be found in Figure 1.  

The FMP Y-maze task is described in [17]. Briefly, fish were isolated two at a time for 

30 minutes before being placed alone in the Y-mazes for one hour swimmingly freely. 

Movements of the fish were tracked by the Zantiks system and the raw data was 

generated as a spreadsheet containing a series of time points which identify the 

times each fish entered and exited each arm of the mazes. FMP Y-maze tests were 

always performed between 11am and 4pm to avoid any differences due to circadian 

rhythm, and data collection took up to 11 days to complete. After data was collected 

for each fish, fish were genotyped by allele-specific polymerase reactions (PCRs) on 

genomic DNA isolated from a small fin clip of each fish (this allowed us to be blinded 
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to genotype until after data collection) as described below. A schematic of the 

workflow of the experiment can be found in Figure 1.  

 

Figure 1: A) Schematic of experimental workflow.  We generated families of 

heterozygous mutants and their non-mutant siblings by pair mating wild type fish 

(+/+) with fish with genotypes psen1Q96_K97del/+ , sorl1V1482Afs/+  or sorl1W1818*/+. The 

resulting family of fish were allowed to develop to either 6, 12 or 24 months of age 

(Note that the families of fish analysed had different parents). Each fish were placed 

in the Y maze alone for 1 hour and their movements were recorded. After data 

collection, fish were genotyped by PCRs. B) Table showing the sample sizes for 

each family of fish we analysed (including both male and female fish). 

PCR genotyping 

After data collection, fish were anaesthetised in tricaine solution [23], and a small 

piece of the tail was cut off using a sterile blade. Genomic DNA (gDNA) was 

extracted from the tail clip by incubating in a solution containing recombinant 
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Proteinase K (Roche) diluted to ~2 mg/mL in 1 x tris-EDTA (TE) at 55 °C for 3 hours. 

Proteinase K was inactivated by incubating at 95 °C for 5 minutes, then the gDNA 

preps were centrifuged for 3 minutes at maximum speed to pellet cellular debris. The 

supernatants containing the gDNA were transferred to fresh Eppendorf tubes for 

subsequent PCRs.  

Primers specific to the wild-type and mutant sequences at the sorl1 and psen1 loci 

are described in Table 1. PCRs were performed using GoTaq DNA polymerase 

(Promega) following the manufacturer’s protocol.  
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Table 1: PCR primers used for genotyping in this study 

Primer name Sequence (5’ – 3’) 

psen1 Q96_K97del 
mutation specific F 

TGTCAGCTTCTACACAGACGGA 

psen1 Q96 
wild type specific F 

TCTGTCAGCTTCTACACACAGAAGG 

psen1 Q96 common R CCATCCCTAAACTGCTCCTACTC 

sorl1 V1482Afs 
mutation specific F 

AGATCAGTTTCTGTGTGCCTCC 

sorl1 V1482 
wild type specific F 

GTGTGTGAAGCCTCCAGCAT 

sorl1 V1482 common R GCGAAGATGCACAAGGGAA 

sorl1 W1818* 
mutation specific F 

GTGGCGGTGTGATGATGG 

sorl1 W1818 
wild type specific F 

TGGCGGTGTGGGCTCAC 

sorl1 W1818 common R GCAGGACAAAATAAAAGTGTATGTG 

 

Statistical analyses 

The raw Y-maze spreadsheets were batch-processed using an R [24] (www.r-

project.org) script available from GitHub 

(https://github.com/thejamesclay/ZANTIKS_YMaze_Analysis_Script, [25]). The 

output of the batch analysis gives a series of frequencies of 16 tetragrams (four 

consecutive arm entries, consisting of all possible combinations from LLLL to RRRR) 

over six time intervals of 10 minutes per fish, and also a series of values of time each 

fish spent in each arm of the maze over the six 10 minute time intervals. All statistical 

analyses for this study were performed in R.  
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To determine whether there was a change in the alternation (LRLR and RLRL 

tetragrams) frequency due to psen1 or sorl1 genotype, we fitted the tetragram 

frequency data from each dataset to generalised linear mixed effect models using the 

package glmmTMB [26] specifying a beta-binomial distribution with logit link function. 

The beta-binomial variance function accounts for extra binomial dispersion by 

estimating an overdispersion parameter that is associated with the varying sample 

sizes among the grouped observations. We specified the fixed effects to be psen1 or 

sorl1 genotype (+/+ or EOfAD-like/+), time intervals of the hour spent in the maze (six 

10 minute intervals), an interaction effect of genotype with time interval and the time 

of day that data recording began. Random intercept effects, which account for 

variability among the levels of each factor, were specified for day of data collection, 

fish identifier (to account for the same fish having a data point in each time interval) 

and an interaction effect between the day and time of data collection. Tests of the 

fixed effects in the model used Type II Wald 𝝌2 tests, using the Anova function from 

the package car [27]. Planned contrasts were used to determine whether there were 

differences between group means and a reference, or control level, and adjustments 

for multiple testing used the Dunnett method [28]. Data was visualised using ggplot2 

[29]. Fixed effects were considered to be significant if they had a p-value < 0.05.  

Next, a test was performed to determine whether the genotype of the fish had an 

effect on the total number of arm entries each fish performed as a measure of any 

locomotor deficits. The total number of arm entries each fish performed was 

calculated and fitted to a generalised linear model with a Poisson distribution. 

However, on inspection of the model, it was found to be over-dispersed. Therefore, 

the data was fitted to a generalised linear model with a negative binomial distribution 

and log link function using the function glm.nb of the package MASS [30]. The effect 

of genotype was considered to be significant if the coefficient had a p-value < 0.05.  
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To determine whether the genotype of the fish had a significant effect on the average 

time fish spent in each zone of the Y-maze, the average time each fish spent in each 

zone of the Y-maze over the six 10 minute time intervals was calculated. These data 

were then fitted to a linear model. The response variable was specified as the log of 

the average time in zone and fixed interaction effect of genotype by zone. The effect 

of genotype was considered to be significant if the genotype or any of the genotype 

by zone coefficients had a p-value < 0.05.  

Finally, an investigation was performed to determine whether fish displayed 

behavioural lateralisation. The total number of left turns against the total number of 

right turns per fish was calculated for the hour it spent in the Y-maze. A fish was 

considered to show a lateral bias if it performed left or right turns more than 60% of 

the time. To determine whether having a left or right turn bias has an effect on 

alternation frequency, the alternation tetragram frequency data was fitted to a 

generalised linear mixed effect model specifying a beta-binomial distribution with logit 

link function as described above. However, a bias fixed effect term was added for 

each fish with levels of “Neither”, “Left” or “Right”. Type II Wald 𝝌2 tests on the fixed 

effects were performed to determine their significance as described above.  

Results 

Zebrafish show spontaneous alternation behaviour throughout 

their life 

Figures 2 and 3 show the total frequencies of fish performing the 16 possible 

tetragrams during the FMP Y-maze task. A clear increase is observed in frequency of 

fish performing the alternation tetragrams (LRLR and RLRL) relative to all other 

tetragrams at all ages and in all genotypes. This increase in frequencies is most 

102



evident in the sorl1 mutant families, likely due to the larger sample sizes in these 

families (Nsorl1 ≈ 50-60, Npsen1 ≈ 30). 

 

 
Figure 2: Total tetragram frequencies of zebrafish psen1 mutants during the 

FMP Y-maze task. A, B and C show the frequencies of the 16 tetragrams at 6, 12 

and 24 months of age respectively. Points are colour coded per tetragram and are 

shaped for gender of the fish. Boxplots are also indicated showing the summary 

statistics for each tetragram and are colour coded by genotype.  
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Figure 3: Total tetragram frequencies of 12 month old zebrafish sorl1 mutants 

during the FMP Y-maze task. Points are colour coded per tetragram and are 

shaped for gender of the fish. Boxplots are also indicated showing the summary 

statistics for each tetragram and are colour coded by genotype.  

An EOfAD-like mutation in psen1  can reduce alternation 

frequency at 12 months of age.  

Does alternation frequency alter due to o heterozygosity for the EOfAD-like mutation 

Q96_K97del in psen1 at 6, 12 and 24 months of age? To address this question, the 

movement patterns of the fish were collected and summarised into series of 

frequencies of tetragrams. Figure 4 shows the predicted probability of psen1+/+ and 

psen1Q96_K97del /+ fish performing an alternation tetragram during a the FMP Y-maze 

task at 6, 12 and 24 months of age from generalised linear mixed effect models.  
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The probability of performing an alternation appears to increase marginally with aging 

from 6 to 12 months, then decrease from 12 to 24 months for psen1+/+ fish. At 6 

months of age, the psen1Q96_K97del /+ fish appear to perform alternations slightly more 

often than their psen1+/+ siblings, although this difference was not significant (𝝌2 = 

0.27, df = 1, p = 0.6). At 12 months of age, the probability of fish performing an 

alternation is decreased in the 12 month old psen1Q96_K97del /+ fish relative to their 

psen1+/+ siblings (𝝌2 = 4.1, df = 1, p = 0.04). At 24 months of age, the psen1Q96_K97del/+ 

fish and their psen1+/+ siblings appeared to have similar probability of performing 

alternations (𝝌2 = 0.12, df = 1, p = 0.7).  

 

Figure 4: Probability of zebrafish psen1 mutants performing an alternation 

tetragram overall in the FMP Y-maze task. Points indicate the estimated mean 

probability of fish performing an alternation tetragram and the 95% confidence 

interval from generalised linear mixed effect models. A depicts psen1+/+ zebrafish and 

their psen1Q96_K97del/+ siblings at 6 months of age. B depicts psen1+/+ zebrafish and 

their psen1Q96_K97del/+ siblings at 12 months of age. C depicts psen1+/+ zebrafish and 

their psen1Q96_K97del/+ siblings at 24 months of age. The effect of genotype was 

considered significant if it had a p value < 0.05 from Type II Wald 𝝌2 tests on the 

generalised linear mixed effect models.  

p = 0.04p = 0.7

ns ns

p = 0.7

*
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Replication of this result was attempted in 12 month old psen1Q96_K97del /+ fish. 

However, no significant difference was observed between the psen1Q96_K97del /+ fish 

relative to their psen1+/+ siblings in the second family (p = 0.8, Figure 5).  

In summary, heterozygosity for the Q96_K97del mutation in psen1 possibly impairs 

spatial working memory at 1 year of age, but not at 6 or 24 months of age.  

 

Figure 5: Replication of reduced alternation due to heterozygosity for the 

Q96_K97del mutation in psen1 at 12 months of age. A and B show the estimated 

mean probability and the 95% confidence interval of 2 separate families of 

psen1Q96_K97del/+ fish and their psen1+/+ siblings performing an alternation tetragram 

during the FMP Y-maze task at 12 months of age. The two families each contained 

32 fish and data was collected 1 month apart. Type II Wald 𝝌2 tests of fixed effects of 

generalised linear mixed effect models found that family 1 had a significant effect of 

psen1 genotype (p = 0.04), but not in family 2 (p = 0.8).  

  

*

p = 0.04

ns

p = 0.8
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EOfAD-like mutations in sorl1  do not appear to affect spatial 

working memory at 12 months of age.  

Tentative statistical evidence was observed for EOfAD-like mutations in psen1 

affecting alternation frequency at 12 months of age. Does heterozygosity for EOfAD-

like mutations in another gene, sorl1, also have an effect at this age? 

To address this question, the probability of heterozygous EOfAD-like mutant fish 

(sorl1V1482Afs/+ or sorl1W1818*/+) and their sorl1+/+ siblings performing an alternation 

tetragram in the hour spent in the Y-maze was calculated. No statistical evidence 

was found for the genotype effect alone significantly affected the probability of 

performing an alternation tetragram (V1482Afs: 𝝌2 = 0.20, df = 1, p = 0.65. W1818*: 

𝝌2 = 0.56, df = 1, p = 0.45) (Figure 6). Consequently, the hour that the fish spent in 

the maze was divided into six 10 minute time intervals and the data was re-analysed 

as described in the Methods section. Alternations appeared, overall, to increase with 

time spent in the maze for both families of fish. Generally, the highest number of 

alternations occurred during the 20-30 minutes interval. The probability of any fish 

performing an alternation was, overall, significantly different across the time intervals 

in the V1482Afs family (𝝌2 = 42, df = 5, p = 5.6e-08) and the W1818* family (𝝌2 = 35, 

df = 5, p = 1.3e-06). It appears that the sorl1 EOfAD-like mutant fish broadly perform 

less alternations in the first 30 minutes in the Y-maze. However, I did not find any 

statistical evidence that the V1482Afs mutation or the W1818* mutation affect the 

probability of performing an alternation tetragram across the time intervals 

(V1482Afs: 𝝌2 = 6.3, df = 5, p = 0.28. W1818*: 𝝌2 = 8.7, df = 5, p = 0.12) (Figure 7).  

Together, these results indicate that EOfAD-like mutations in sorl1 likely do not affect 

spatial working memory at 1 year of age.  
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Figure 6: Probability of zebrafish sorl1 mutants performing an alternation 

tetragram overall during the FMP Y-maze task at 12 months of age. Points indicate 

the estimated mean probability of A) sorl1V1482Afs/+  or B) sorl1W1818*/+ zebrafish, and 

their sorl1+/+ siblings performing tetragram alternation and the 95% confidence interval 

from generalised linear mixed effect models at 12 months of age. 

ns

p = 0.7

ns

p = 0.5
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Figure 7: Probability of zebrafish sorl1 mutants performing an alternation 

tetragram throughout the FMP Y-maze task. Points indicate the estimated mean 

probability of fish performing an alternation tetragram and the 95% confidence 

interval for A, the sorl1V1482Afs/+ mutants and B, the sorl1W1818*/+ mutants relative their 

respective sorl1+/+ siblings at 12 months of age.  
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Changes to alternation frequency are likely not due to locomotor 

deficits  

Alteration to locomotor activity could be a confounding effect with genotype to 

alternation frequency. If the mutant fish had some form of locomotor defect, they 

could be performing less alternation tetragrams not due to impairment of spatial 

working memory. To account for this, I tested whether the genotype of the fish had a 

significant effect on 1) the total number of turns the fish performed in the hour spent 

in the maze or 2) the average time spent in each zone of the maze. No statistical 

evidence was found to support that the mutant fish performed more or less total 

numbers of turns in the maze (p > 0.1), or spent on average more or less time in 

each arm of the maze (p > 0.1). Therefore, it is likely that the mutant fish do not have 

any confounding locomotor impediments (Figures 8 and 9). 
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Figure 8: Heterozygosity for the Q96_K97del mutation in psen1 does not 

appear to give any locomotor deficits A, B and C show the total number of turns 

performed by zebrafish in psen1 mutant families at 6, 12 and 24 months of age 

respectively during the FMP Y-maze. We fitted this data to generalised linear models 

and found no statistical evidence that the Q96_K97del mutation in psen1 affects the 

total number of turns performed by fish during the FMP Y-maze task at 6 months (p = 

0.867), 12 months (p = 0.107) or 24 months of age (p = 0.440). D, E and F show the 

average time each fish spent in each of the zones depicted in G, during a 1 hour 

period in the Y-maze. If fish spent longer on average in each arm of the maze, this 

could suggest some locomotor deficits. We fitted these datasets to linear models and 

did not find any statistical evidence that heterozygosity for the Q96_K97del mutation 

in psen1 has a significant effect on the average time spent in each arm of the maze 

at 6 months (p > 0.634), 12 months (p > 0.314) or 24 months of age (p > 0.131). 

Together, these results indicate that our psen1 EOfAD-like mutant fish likely do not 

have any locomotor deficits. Data are presented as boxplots showing summary 

statistics as well as the raw data points. For the plots in D, E and F, the average time 

in zone is plotted on the log scale.  
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Figure 9: EOfAD-like mutations in sorl1 do not appear to give any 

locomotor deficits . A and B show the total number of turns performed by 

zebrafish in sorl1 mutant families during the FMP Y-maze task. We fitted this data to 

a generalised linear model and found that the V1482Afs mutation (p = 0.736) or the 

W1818* mutation (p = 0.812) do not have a significant effect on the total number of 

turns performed by zebrafish during the FMP Y-maze task. C and D show the 

average time each fish spent in each of the zones depicted in E. We fitted this data to 

a linear model and did not find any statistical evidence that the V1482Afs mutation (p 

> 0.651) or the W1818* mutation (p > 0.127) affect the average amount of time fish 

spend in each zone of the maze. Together, these results indicate that our sorl1 

EOfAD-like mutant fish likely do not have any locomotor deficits. Data are presented 

as boxplots showing summary statistics as well as the raw data points. For plots C 

and D, the average time in zone is plotted on the log scale.  
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A left or right turn bias during the FMP Y-maze task is not 

commonly observed 

Zebrafish (AB strain) have been shown to display some behavioural lateralization in 

the FMP Y-maze at 3 months of age (i.e., a left or right turn bias) [25]. If individual 

fish had a preference for left or right turns, this could affect the number of alternations 

it performs without the use of spatial working memory. I investigated whether our fish 

display a behavioural laterality and found variable proportions of fish within families 

show a bias for left or right turns (Figure 10 and 11). I observed that fish at 12 

months of age in the psen1 Q96_K97del family who had a turn bias performed 

significantly less alterations (p = 4.26e-6). Similarly, fish at 12 months of age in the 

sorl1 W1818* family also performed significantly less alternations (p = 0.00231). 

However, including a turn bias fixed effect in the model only marginally affected the 

significance of the genotype effect, suggesting that overall, containing a L or R turn 

bias did not significantly effect alternation frequency.  
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Figure 10: Behavioural laterality of zebrafish psen1Q96_K97del/+ mutants in the 

FMP Y-maze task with aging. A-C  show the total left turns against the total right 

turns performed by psen1Q96_K97del/+ zebrafish and their psen1+/+ siblings during the 

FMP- Y maze task at 6 months of age, 12 months of age and 24 months of age. 

Points are coloured by genotype and shaped by whether they show a bias towards 

left or right turns more than 60% of the time. Linear-model fitted trendlines are also 

shown and coloured by genotype. The black line indicates when left turns = right 

turns. D-F show the relative proportion of alternations (%) performed by 

psen1Q96_K97del/+ fish and their psen1+/+ siblings at each age, grouped by whether they 

had a bias for left turns, right turns or no bias. For the 6 month old family in D, only 3 
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out of 32 fish showed a bias for right turns and this is insufficient to formally test the 

effect of a turn bias on alternation frequency. For the 12 month old family in E, 10 out 

of 32 fish showed a bias towards a left or right turns. We added whether fish had left, 

right or no turn bias as a fixed effect to a generalized linear mixed effect model (with 

genotype by time interval of the hour in the maze, and also the time of day data was 

collected as fixed effects, and day of data collection, fish id and an interaction effect 

of day with time of data collection as random effects) and found that having a left or 

right turn bias has a significant effect on the number of alternations fish perform (𝝌2 = 

24.7, df = 2, p = 4.36e-6). The significance of the  genotype effect (which was found 

to be significant before including the turn bias as a fixed effect) was reduced  (𝝌2 = 

3.32, df = 1, p = 0.068). We repeated this for the 24 month old family. However, the 

effect of having a left or right turn bias was not significant (𝝌2 = 2.7, df = 2, p = 0.25). 
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Figure 11: Behavioural laterality of zebrafish sorl1 EOfAD-like mutants in the 

FMP Y-maze task at 12 months of age. The plots above show the total left turns 

against the total right turns performed by zebrafish during the FMP Y-maze task in 

the A, V1482Afs family and B, the W1818* family. Points are coloured by genotype 

and shaped by whether they show a bias towards left or right turns more than 60% of 

the time. Linear-model fitted trendlines are also shown and coloured by genotype. 

The black line indicates when L = R. C and D show the relative number of 

alternations (%) fish performed for each sorl1 genotype and whether they had a bias 

for left turns, right turns or no bias. Boxplots are indicated showing summary 

statistics. For the V1482Afs family in C, only 4 out of a 55 fish showed a bias for left 

or right turns and this is insufficient to formally test the effect of a turn bias on 

alternation frequency. It appears these four fish overall perform a lower number of 

alternations. For the W1818* family in D, 15 out of 62 fish showed a bias towards a 

left or right bias. We added whether fish had left, right or no turn bias as a fixed effect 

to a generalized linear mixed effect model (with genotype by time interval of the hour 

in the maze, and also the time of day data was collected as fixed effects, and day of 

data collection, fish id and an interaction effect of day with time of data collection as 

random effects) and found that having a left or right turn bias has a significant effect 

on the number of alternations fish perform (𝝌2 = 12.1, df = 2, p = 0.00231), but did not 

change the significance of the genotype by time interval (𝝌2 = 8.7, df = 5, p = 0.12). 

Discussion 

In this study, the FMP Y-maze was performed to test whether spatial working 

memory is altered due to heterozygosity for EOfAD-like mutations in psen1 and sorl1 

in zebrafish of various ages. Behavioural tests which measure spontaneous 

alternation are commonly used to determine whether there are changes to spatial 

working memory in rodents [6, 19, 31-33]. They have also been shown to be 

applicable to Drosophila [34]. A decrease in spontaneous alternation is thought to 

indicate impairment in spatial working memory.  

Spontaneous alternation behaviour is the tendency of animals to alternate their (non-

reinforced) choices. It is thought to reflect the innate curiosity of animals to recall 
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where they have previously been and to explore novel environments to search for 

resources such as food or a mate or to escape [35]. Spontaneous alternation 

behaviour has been observed in both larval [36] and adult [17, 25, 37] zebrafish. 

However, it is not as extensively characterised in zebrafish as it is in rodents. 

We used a tetragram configuration to measure the spontaneous alternation 

frequency, which involved recording movements of the fish, then calculating the 

frequencies of each tetragrams the fish performed. With a random movement 

strategy, we would expect that fish would perform each tetragram relatively equally. 

However, a clear increase in the alternation tetragrams (LRLR and RLRL) is 

observed (Figures 2 and 3). This is in line with the results of Cleal et al. [17] who 

observed this phenomenon in 3 month old zebrafish, and Gross et al. [19] in rodents.  

The tetragram configuration is slightly different from the traditional Y-maze data 

analysis methods. Spontaneous alternation in a Y-maze can be assessed by tracking 

arm entries of an animal [33, 34, 38]. Alternation in this type of analysis method is 

referred to if the animal entered an arm of the maze it didn’t most recently visit (i.e. 

alternating it’s choices of arm entries). This method based around the spatial location 

of the arms. Conversely, the tetragram configuration is based around the choice the 

fish makes when it reaches the center of the maze (a left or right turn). Since 

zebrafish perform the alternation tetragram more often than all other possible 

tetragrams, it must be able to recall which way it turned previously to be able to 

perform an alternation tetragram. Indeed, Cleal et al. [20] showed that the relative 

frequency of zebrafish performing alternation tetragrams is dependent on a 

functioning working memory in zebrafish by inhibiting long-term potentiation or the 

dopaminergic system, which are known processes required for memory formation.  
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An “accelerated aging” pattern is observed in the spontaneous alternation frequency 

of psen1Q96_K97del /+ fish. The young adult psen1Q96_K97del /+ fish were predicted to have 

a probability of performing an alternation more similar to that of 12 month old psen1+ 

/+ fish. Then the psen1Q96_K97del /+ fish at 12 months of age have a predicted 

probability of performing an alternation more similar to the aged psen1+/+ fish (Figure 

4). A similar pattern of “accelerated aging” is observed in the gene expression 

response to acute hypoxia in psen1Q96_K97del /+ fish [39]. At 6 months of age,  

psen1Q96_K97del /+ fish express hypoxia response genes when exposed to acute 

hypoxia to a more similar level to aged psen1+ /+ fish.  

Ruan (2019) [16] collected FMP Y-maze data for two families of psen1Q96_K97del /+ and 

their psen1+ /+ siblings at 12 months of age. However, the re-analysis in this Chapter 

found that psen1Q96_K97del /+ fish only showed a significantly decreased probability of 

performing an alternation in one of the families. The psen1+ /+ fish in the affected 

family appeared to have a higher probability of performing an alternation than the 

psen1+ /+ fish in the family that showed no difference. Potentially, either the two 

families of fish were not the same “age” in molecular terms, or behaved differently. 

Both these possibilities could be due to cryptic environmental differences during 

housing of the fish. Alternatively, since the two families were generated from different 

parents, fish in one of the families may have carried genetic variants not found in the 

other and this may have influenced the results. Future work will include another 

replication of the experiment of psen1Q96_K97del /+ and their psen1+ /+ siblings at 12 

months of age with a larger sample size to confirm whether the psen1Q96_K97del /+ 

genotype alters spatial working memory.  

Human patients who carry EOfAD mutations in PSEN1 generally have an age-of-

onset of between 40 and 50 years of age [40], while EOfAD mutations in SORL1, 
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although not as broadly characterised due to their rarity, tend to be older than 60 

years of age [41-43]. This difference in the age-of-onsets could explain why our 

zebrafish model of an EOfAD mutation in PSEN1 appears to possibly show 

impairment of spatial working memory at 12 months of age, but fish that carry 

EOfAD-like mutations in sorl1 do not. Future work will include analysis of our sorl1 

mutant fish at older ages to determine whether spatial working memory is affected.  

Some zebrafish show a behavioural lateralisation while performing the FMP Y-maze 

task. Our results did not fully support the results of Fontana et al. [25], who observed 

that approximately 1 in 4 zebrafish showed a right turn bias, 1 in 4 zebrafish show a 

left turn bias and 1 in 2 zebrafish show no preference for left or right turns. We 

observed much lower proportions of zebrafish showing a behavioural lateralisation 

(Figures 10 and 11). We suspect that these differing results could be due to strain 

differences (our zebrafish were generated from an inbred Tübingen strain, whilst 

Fontana et al. [25] used the AB strain of zebrafish), or due to differences from being 

raised and handled in different laboratories.  

Unfortunately, this experiment contained limited throughput due to only having one 

set of two Y-mazes, meaning that we can only test two fish at a time. This extends 

out the data collection period over many days and likely introduces extra variation 

and reduces our statistical power. Additionally, we analysed families of zebrafish with 

different parents at the different ages for the psen1Q96_K97del/+ analysis. Ideally, we 

would like to have performed a longitudinal study, monitoring the alternation of each 

fish as it ages. However, this is not feasible in zebrafish as to monitor each individual 

fish, they would need to be separated as they age. Since zebrafish are, naturally, 

gregarious, this would cause confounding stresses on the fish and would likely mask 

the effect of genotype.  
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Conclusion 

This work serves as a pilot study for more complete characterisation of the effects of 

heterozygosity for EOfAD-like mutations on spatial working memory in our zebrafish 

models of EOfAD. We presented statistical evidence that an EOfAD-like mutation in 

the zebrafish orthologue of PSEN1 impairs spontaneous alternation frequency at 12 

months of age, which is indicative of impairment of spatial working memory. 

However, further replication of this experiment is required to confirm this result. We 

did not observe any statistical evidence that EOfAD-like mutations in sorl1 affect 

spatial working memory at 12 months of age. Future work analysing the effect of 

heterozygosity for EOfAD-like mutations in sorl1 on spatial working memory in older 

fish will be performed. A complete characterisation of the effects of EOfAD-like 

mutations on spatial working memory in zebrafish is part of our overall goal to 

understand the pathological changes which eventually lead to EOfAD.  
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RESEARCH

Brain transcriptome analysis reveals subtle 
effects on mitochondrial function and iron 
homeostasis of mutations in the SORL1 gene 
implicated in early onset familial Alzheimer’s 
disease
Karissa Barthelson1*  , Stephen Martin Pederson2, Morgan Newman1 and Michael Lardelli1*

Abstract 

To prevent or delay the onset of Alzheimer’s disease (AD), we must understand its molecular basis. The great major-
ity of AD cases arise sporadically with a late onset after 65 years of age (LOAD). However, rare familial cases of AD 
can occur due to dominant mutations in a small number of genes that cause an early onset prior to 65 years of age 
(EOfAD). As EOfAD and LOAD share similar pathologies and disease progression, analysis of EOfAD genetic models 
may give insight into both subtypes of AD. Sortilin-related receptor 1 (SORL1) is genetically associated with both 
EOfAD and LOAD and provides a unique opportunity to investigate the relationships between both forms of AD. 
Currently, the role of SORL1 mutations in AD pathogenesis is unclear. To understand the molecular consequences of 
SORL1 mutation, we performed targeted mutagenesis of the orthologous gene in zebrafish. We generated an EOfAD-
like mutation, V1482Afs, and a putatively null mutation, to investigate whether EOfAD-like mutations in sorl1 display 
haploinsufficiency by acting through loss-of-function mechanisms. We performed mRNA-sequencing on whole 
brains, comparing wild type fish with their siblings heterozygous for EOfAD-like or putatively loss-of-function muta-
tions in sorl1, or transheterozygous for these mutations. Differential gene expression analysis identified a small num-
ber of differentially expressed genes due to the sorl1 genotypes. We also performed enrichment analysis on all detect-
able genes to obtain a more complete view on changes to gene expression by performing three methods of gene set 
enrichment analysis, then calculated an overall significance value using the harmonic mean p-value. This identified 
subtle effects on expression of genes involved in energy production, mRNA translation and mTORC1 signalling in 
both the EOfAD-like and null mutant brains, implying that these effects are due to sorl1 haploinsufficiency. Surpris-
ingly, we also observed changes to expression of genes occurring only in the EOfAD-mutation carrier brains, suggest-
ing gain-of-function effects. Transheterozygosity for the EOfAD-like and null mutations (i.e. lacking wild type sorl1), 
caused apparent effects on iron homeostasis and other transcriptome changes distinct from the single-mutation 
heterozygous fish. Our results provide insight into the possible early brain molecular effects of an EOfAD mutation in 
human SORL1. Differential effects of heterozygosity and complete loss of normal SORL1 expression are revealed.
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Background
Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder and the most common form of dementia. 
AD brains show a broad range of pathologies including 
deposition of intercellular deposits of insoluble amyloid 
β (Aβ) peptides within plaques, intracellular tangles pri-
marily consisting of hyperphosphorylated tau proteins, 
vascular abnormalities [1, 2], mitochondrial dysfunction 
[3–5], inflammation [6, 7], lipid dyshomeostasis [8–10], 
metal ion dyshomeostasis [11, 12] and numerous others.

To prevent or delay the onset of AD, we need to under-
stand the early cellular changes which eventually lead 
to these AD pathologies. This is difficult to investigate 
in humans, as pre-symptomatic, living AD brain tis-
sue is inaccessible for detailed molecular analysis. Con-
sequently, animal models can be extremely useful for 
understanding the stresses driving this disease. The com-
monly used mouse models of AD overexpress human 
mutant forms of the EOfAD genes to show histopatho-
logical phenotypes reminiscent of the human disease. 
Troublingly however, the brain transcriptomes of these 
mouse models show low concordance with human AD, 
and with each other [13]. Thus, these mouse models are 
unlikely to mimic, accurately, the genetic state of the 
human disease.

In rare, familial cases of AD, patients can show symp-
toms of disease onset before 65 years of age. These cases 
are most often due to single, autosomal dominant muta-
tions in one of three genes: amyloid β A4 precursor pro-
tein (APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2) 
(EOfAD) [14]. All EOfAD mutations in the PSENs and 
APP follow a “reading-frame preservation rule”, where 
mutations causing truncation of the open reading frame 
do not cause EOfAD (reviewed in [15]). Recently, muta-
tions in sortilin-related receptor 1 (SORL1) have been 
found that segregate with early onset AD in dominant 
inheritance patterns [16, 17], suggesting that SORL1 may 
represent a fourth EOfAD-causative gene. Interestingly, 
both missense and reading frame-truncating mutations 
in SORL1 have been observed in early-onset AD fami-
lies [16, 17]. Since reading frame-truncating mutations in 
SORL1 have been shown likely to cause nonsense medi-
ated mRNA decay of the mutant alleles’ mRNA [16], it is 
thought the mutations may act through a haploinsuffi-
cient, loss-of-function mechanism. However, this has not 
been explored at the molecular level in vivo.

Most AD cases arise sporadically and have an age 
of onset of later than 65  years (LOAD). The etiology of 

LOAD is still unclear. However, there are variants at 
numerous loci associated with increased risk of devel-
oping LOAD, such as the ε4 allele of the gene encoding 
apolipoprotein E (APOE) [18]. Interestingly, variation at 
the SORL1 locus is also associated with LOAD [19–22] 
so that understanding the function of this gene may illu-
minate a mechanistic link between EOfAD and LOAD. 
However, whether or not SORL1 should be regarded as 
an EOfAD-causative locus in the manner of the PSEN 
and APP genes is still debated [23].

SORL1 protein is a membrane-bound, multi-domain-
containing protein and localises mainly in cells’ endolys-
osomal system and the trans-Golgi network. We have 
previously found that SORL1 localises to the mitochon-
drial associated membranes (MAMs) of the endoplasmic 
reticulum [24]. SORL1 belongs to the family of vacu-
olar protein sorting 10 (VPS10)-containing proteins, or 
sortilins. These proteins all carry a VPS10 domain with 
homology to the VPS10P domain found in yeast [25]. 
SORL1 also belongs to the low density lipoprotein recep-
tor (LDLR) family of proteins and contains both LDLR 
class A repeats and LDLR class B repeats (reviewed in 
[26]).

The functional role of SORL1 has been investigated 
mostly in the context of the distribution and processing 
of APP within cells. SORL1 guides APP throughout the 
endolysosomal system and is thought to prevent forma-
tion of Aβ by promoting recycling of APP (reviewed in 
[26]). Mutations in the protein-coding region of SORL1 
have been shown to reduce the capacity of the SORL1 
protein to bind APP and result in increased levels of Aβ 
[27, 28]. A single nucleotide polymorphism (SNP) cluster 
consisting of 6 SNPs spanning a region between exon 6 to 
intron 9 of SORL1 is associated with decreased elevation 
of SORL1 expression in response to brain-derived neuro-
trophic factor (BDNF) in neurons derived from human 
induced pluripotent stem cells (hiPSCs). This results in 
aberrant processing of APP [29]). However, the non-APP 
related functions of SORL1, and the effects of mutations 
in SORL1 on the molecular state of the central nervous 
system in vivo, remain largely unexplored.

Here, we describe a study addressing two questions: (1) 
What are the effects on the young-adult zebrafish whole 
brain transcriptome due to heterozygosity for a mutation 
modelling the putatively EOfAD-causative SORL1 muta-
tion C1481*? (2) Are these effects due to loss or gain of 
function? To address these questions, we introduced a 
similar mutation, V1482Afs, into the zebrafish orthologue 

Keywords:  Familial Alzheimer’s disease, SORL1, RNA-seq, Zebrafish, Mitochondria, Iron homeostasis, Harmonic mean 
p-value
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of SORL1 (sorl1) [16]. We also generated a putatively loss-
of-function mutation, R122Pfs, as a control representing 
haploinsufficient loss-of-function. We performed RNA 
sequencing (RNA-seq) on mRNAs derived from entire 
brains from a family of young-adult sibling zebrafish that 
were either heterozygous for the V1482Afs mutation 
(for simplicity, hereafter referred to as EOfAD-like/+), 
heterozygous for the R122Pfs loss-of-function mutation 
(hereafter referred to as null/+), transheterozygous for 
both the EOfAD-like and null mutations (i.e. EOfAD-
like/null, a complete loss of wild type sorl1) or wild type. 
We found that, in the heterozygous state, the EOfAD-like 
mutation causes subtle changes to gene expression and 
appears to act through both loss-of-function and gain-of-
function mechanisms. Differences in the EOfAD-like/+ , 
null/+ and transheterozygous mutant sibling brain tran-
scriptomes highlight the importance of analysing animal 
models which reflect, as closely as possible, the genetic 
state of the human disease, and illuminate novel cellular 
processes previously unknown to be affected by loss of 
normal SORL1 expression.

Methods
Zebrafish husbandry and animal ethics
Work with zebrafish was performed under the auspices 
of the Animal Ethics Committee of the University of Ade-
laide, permit numbers S-2017-089 and S-2017-073. All 
zebrafish used in this study were maintained in a recir-
culating water system on a 14 h light/10 h dark cycle, and 
fed NRD 5/8 dry food (Inve Aquaculture, Dendermonde, 
Belgium) in the morning and live Artemia salina in the 
afternoon. In total, 36 fish were used over all the experi-
ments described in this study.

Genome editing constructs
To introduce an EOfAD-like frameshift mutation near 
the C1481 codon of zebrafish sorl1, we used a TALEN 
pair designed by, and purchased from, Zgenebio Biotech 
Inc. (Taipei City, Taiwan). The genomic DNA recognition 
sites (5′–3′) were TGA​GGT​GGC​GGT​GTG (left TALEN) 
and CTG​AAA​TAC​ATG​CTGG (right TALEN) (Addi-
tional file 1). The DNAs encoding the TALEN pair pro-
tein sequences were supplied in the pZGB2 vector. These 
constructs were linearised with Not I (NEB, Ipswich, 
USA) and then mRNA was transcribed in vitro using the 
mMESSAGE mMACHINE T7 in vitro Transcription Kit 
(Invitrogen, Carlsbad, USA) following the manufacturer’s 
protocol.

To generate a putatively null mutation in sorl1, we 
targeted exon 2 of sorl1 using the CRISPR-Cpf1 system 
[30]. A crRNA was designed to recognise the sequence 5′ 
GGG​GTC​TGT​GGC​ACC​AAC​GCT 3′ in exon 2 of sorl1, 
with a PAM sequence of TTTT (Additional file 1). Both 

the crRNA and Cpf1 recombinant protein were synthe-
sised by, and purchased from, IDT Technologies (Iowa, 
USA).

We injected these constructs into zebrafish embryos 
at the one-cell stage and, ultimately, isolated fish carry-
ing the mutations of interest (V1482AfsTer12, hereafter 
referred to as V1482Afs or “EOfAD-like”, in exon 32 and 
R122PfsTer118, hereafter referred to as R122Pfs or “null”, 
in exon 2). For a detailed description of the methods used 
to isolate these mutant lines of fish, see Additional file 2.

Breeding strategy
To generate families of fish for analysis, we crossed an 
EOfAD-like/+ fish to a null/+ fish to generate a fam-
ily of siblings with one of four sorl1 genotypes: EOfAD-
like/+, null/+, EOfAD-like/null (transheterozygous) 
or +/+ (Fig. 1). Each family of fish was raised in an 8 L 
capacity tank, with approximately 40 fish per tank (i.e. 
approximately 5 fish per litre) to avoid stresses due to 
overcrowding. The tanks were placed side-by-side in the 
same recirculated water aquarium system to reduce envi-
ronmental variation between them.

Allele‑specific expression of sorl1 transcripts
Adult zebrafish (6 months old) were euthanised in a loose 
ice slurry. Entire heads were cut off and placed in 600 µL 
of RNAlater™ Stabilization Solution (Invitrogen, Carls-
bad, USA) before incubation at 4  °C overnight. Brains 
were then removed from the heads using sterile watch-
maker’s forceps. Total RNA was extracted from the brains 
using the QIAGEN RNeasy® Mini Kit (Qiagen, Venlo, 
Netherlands) according to the manufacturer’s protocol. 
Recovered RNA concentrations were estimated using 
a Nanodrop spectrophotometer. RNAs were stored at 
− 80 °C until required. We prepared cDNA using 400 ng 
of total RNA input (to give a 20  ng/µL cDNA solution) 
and the Superscript III First Strand Synthesis System 
(Invitrogen, Carlsbad, USA) according to the manufac-
turer’s instructions (random hexamer priming method).

We quantified the absolute copy numbers of sorl1 tran-
scripts in EOfAD-like/+ mutant brains by allele-specific 
digital quantitative PCRs (dqPCRs) as described in [31]. 
The mutant allele-specific forward primers described 
in Additional file  2 were used with a common reverse 
primer binding over the sorl1 exon 33–34 junction (5′ 
GAC​CTG​CTG​TTC​ATC​AGT​GC 3′) to avoid amplifi-
cation from any genomic DNA carried over during the 
RNA extraction. We used 50 ng of cDNA as input in each 
dqPCR reaction.

To compare the sorl1 transcript expression levels in 
null/+ mutant brains, we amplified a ~ 250  bp region 
spanning the R122 codon in exon 2 from 50 ng of brain-
derived cDNA from wild type and null/+ fish using 
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reverse transcription PCRs (RT-PCRs) and resolved the 
RT-PCR products on a 3% agarose gel in 1 × tris–acetate-
EDTA (TAE) in milliQ water. Since the null mutation 
deletes 16 bp from the gene, this procedure resolved the 
two bands representing the two alleles of sorl1 and we 
could inspect the relative intensity of the bands.

RNA sequencing data generation and analysis
We performed RNA sequencing in the “four-way” analy-
sis described in Fig.  1. Adult zebrafish (6  months old) 
were euthanised in an ice slurry. Whole heads were 
removed for preservation in RNAlater solution (Invitro-
gen, Carlsbad, USA), and a fin biopsy was removed for 
genotype determination by PCRs (Additional file 2). The 
whole brains were removed from the preserved heads 
using sterile watchmaker’s forceps and then total RNA 
was isolated using the mirVana™ miRNA Isolation Kit 
(Ambion, Life Technologies, Thermo Fisher Scientific, 
Waltham, USA) following the manufacturer’s proto-
col. Genomic DNA was removed from the total RNA by 
DNase treatment using the DNA-free™ Kit (Ambion, Life 
Technologies, Thermo Fisher Scientific, Waltham, USA).

500 ng of total RNA was then delivered to the Genom-
ics service at the South Australian Health and Medical 
Research Institute (SAHMRI, Adelaide, AUS) for poly-
A+, stranded library preparation and RNA sequencing 
using the Illumina Nextseq platform. We used a total of 
24 fish at 6 months of age (EOfAD-like/+: n = 6, null/+: 
n = 4, wild type: n = 8 and transheterozygous: n = 6). 

We initially aimed to have n = 6 fish per genotype, 
based on a previous power calculation from a brain 
transcriptome analysis of a mutation in the psen1 gene 
of zebrafish. This had indicated that n = 6 would pro-
vide approximately 70% power to detect the majority 
of expressed transcripts in a zebrafish brain transcrip-
tome at a fold-change > 2 and at a false discovery rate 
of 0.05 (data not shown). However, genotype checks of 
the RNA-seq data revealed that two samples had been 
misidentified during the genotyping by PCRs and were 
reclassified as wild type.

Demultiplexed fastq files were provided by SAHMRI 
as 75 bp single-end reads. All libraries were sequenced to 
a depth of between 30 and 38 million reads, across four 
NextSeq lanes which were subsequently merged. The 
quality of the provided reads was checked using fastQC 
[32] and ngsReports [33]. We then trimmed adaptors 
and bases with a PHRED score of less than 20 from the 
reads using AdapterRemoval (v2.2.0). Reads shorter than 
35 bp after trimming were discarded. We then performed 
a pseudo-alignment to estimate transcript abundances 
using kallisto v0.43.1 [34] in single-end mode, specify-
ing a forward stranded library, the fragment length as 
300 with a standard deviation as 60, and 50 bootstraps. 
The index file used for the kallisto pseudo-alignment was 
generated from the zebrafish transcriptome according to 
the primary assembly of the GRCz11 reference (Ensembl 
release 96), with the sequences for unspliced transcripts 
additionally included.

Fig. 1  Breeding strategy. We mated a pair of fish with sorl1 genotypes null/+ and EOfAD-like/+ to generate families of fish composed of sorl1 
genotypes EOfAD-like/+, null/+, EOfAD-like/null (transheterozygous) or wild type (+/+). The values of n are representative of the numbers of fish 
used in the RNA sequencing experiment
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We imported the transcript abundances from kallisto 
for analysis using R [35] using the catchKallisto function 
from the package edgeR [36]. We summed the counts of 
each of the mature transcripts arising from a single gene 
(i.e. omitting any unspliced transcripts with intronic 
sequences remaining) to generate gene-level quantifica-
tions of transcript abundances. We filtered genes which 
were undetectable (less than 0.66 counts per million reads 
(CPM)) in at least 12 of the 24 RNA-seq libraries, leaving 
library sizes ranging between 13,481,192 and 22,737,049 
counts. We normalised for differences in library sizes 
using the trimmed mean of M-values (TMM) method 
[37], followed by removal of one factor of unwanted vari-
ation using the RUVg method of RUVSeq [38]. The nega-
tive control genes for RUVg were specified from an initial 
differential gene expression analysis using the generalised 
linear model capabilities of edgeR in an ANOVA-type 
method. A design matrix was specified with the wild type 
sorl1 genotype as the intercept, and the coefficients as 
each of the other sorl1 genotypes (EOfAD-like/+, null/+, 
transheterozygous), the sex of the fish (male or female, 
with female as the reference level), and the tank in which 
each fish was raised (tank 1, tank 2 or tank 3, with tank 
1 being the reference level). The 5000 least differentially 
expressed genes (i.e. the genes with the largest p-value) 
due to all sorl1 genotypes were then used as the nega-
tive control genes. The resulting W_1 offset term, setting 
k = 1, from RUVSeq was included in the design matrix 
for an additional differential gene expression analysis. We 
considered a gene to be differentially expressed (DE) if 
the FDR-adjusted p-value was below 0.05 for each spe-
cific comparison.

We also checked within the differential expression 
analysis described above to determine whether there was 
a bias for GC content or length with the fold change or 
significance of each gene. No discernible length or GC 
bias was found (Additional file 3).

For enrichment analysis, the gene sets used were 
the HALLMARK [39] and KEGG pathway [40] gene 
sets available from the Molecular Signatures Database 
(MSigDB, www.gsea-msigd​b.org/gsea/msigd​b/index​.jsp). 
We downloaded these gene sets as a .gmt file with human 
Entrez gene identifiers and converted the Entrez identi-
fiers to zebrafish Ensembl identifiers using a mapping file 
obtained from the Ensembl biomart [41] web interface. 
We also used the four gene sets of genes with an iron-
responsive element (IRE) described in [42] to determine 
whether there was a possible iron dyshomeostasis signal 
in our dataset. Finally, the GROSS_HYPOXIA_VIA_
HIF1A_DN and GROSS_HYPOXIA_VIA_HIF1A_UP 
[43] gene sets from MSigDB (C2, CPG subcategory) were 
used to characterise any changes to expression of genes 
involved in the cellular response to hypoxia.

Enrichment testing was performed using fry [44] and 
camera [45] from the limma package [46], and the fast 
implementation of the GSEA algorithm described in 
[47] using fgsea [48] for each comparison between the 
sorl1 mutants and their wild type siblings.

Since each algorithm of enrichment analysis gave dif-
ferent levels of significance for each gene set, we calcu-
lated a consensus p-value by calculating their harmonic 
mean p-value [49]. The harmonic mean p-value is a 
method of combining dependent p-values while con-
trolling for the family-wise error rate. We further pro-
tected from type I errors by considering gene sets to be 
significantly altered as a group if the FDR-adjusted har-
monic mean p-value was less than 0.05.

Visualisation for the RNA-seq analysis was performed 
using ggplot2 [50], pheatmap [51] and upsetR [52].

Results
Creation of in vivo animal models of null and EOfAD‑like 
mutations in SORL1
The C1478* mutation in SORL1 was identified in a 
French family and appears to segregate with AD with 
an autosomal dominant inheritance pattern [16]. We 
aimed to generate a zebrafish model of this mutation by 
editing the endogenous sequence of zebrafish sorl1. The 
C1478 codon is conserved in zebrafish, C1481 (Fig. 2). 
Consequently, we used TALENs to generate double 
stranded breaks at this site in the zebrafish genome 
(Additional file  1) and then allowed the non-homolo-
gous end-joining pathway of DNA repair to generate 
indel mutations. We identified a family of fish carrying 
a 5 nucleotide deletion, causing a frameshift in the cod-
ing sequence. This results in 11 novel codons followed 
by a premature termination codon (V1482AfsTer12, 
or more simply, V1482Afs, hereafter referred to as 
“EOfAD-like”).

To investigate whether the EOfAD-like mutation acts 
through loss-of-function, we generated a putatively null 
mutation in sorl1. We targeted exon 2 of sorl1 using 
the CRISPR-Cpf1 system, as exon 1 contained three 
in-frame ATG codons which could, potentially, act as 
alternative translation initiation codons to allow trans-
lation of the majority of the protein. We identified a 
family of fish carrying a 16 nucleotide deletion, result-
ing in a frame shift in the coding sequence. This frame 
shift is predicted to encode 118 novel amino acids fol-
lowed by a premature termination codon (R122Pf-
sTer118, or more simply, R122Pfs, hereafter referred to 
as “null”). The protein encoded by the null allele of sorl1 
is predicted to lack most of the functional domains of 
the wild type Sorl1 protein (Fig. 2).
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Protein‑truncating mutations in sorl1 are likely subject 
to nonsense‑mediated mRNA decay
The C1478* mutation in human SORL1 has been shown 
likely to cause nonsense mediated mRNA decay (NMD) 
in lymphoblasts from a human mutation-carrier [16]. 
Therefore, we investigated whether transcripts of the 
EOfAD-like allele of sorl1 are also subject to NMD 
by allele-specific digital quantitative PCRs (dqP-
CRs) on cDNA generated from EOfAD-like/+ brains. 
We observed significantly fewer transcripts of the 
EOfAD-like allele than the wild type allele in EOfAD-
like/+ brains (p = 0.05). We also observed significantly 
fewer (p = 0.02) transcripts of the wild type allele in the 
EOfAD-like/+ brains than in their wild type siblings 
(Fig. 3a).

We were also interested to determine whether the null 
transcript of sorl1 was subject to NMD. It proved diffi-
cult to obtain differential amplification distinguishing 
the null and wild type alleles of sorl1 in dqPCRs. There-
fore, we used reverse transcription PCRs (RT-PCRs) 
to amplify a 290  bp region encompassing sorl1 exon 2 
from 50 ng of brain-derived cDNAs from null/+ fish and 
+/+ fish (Fig. 3b, upper). After electrophoresis through 
a 3% agarose gel, two RT-PCR products were observed 
from null/+ fish: one corresponding to transcripts of 

the wild type allele (290  bp) and the other correspond-
ing to transcripts of the null allele (274  bp). The signal 
from the smaller RT-PCR product, from the null allele 
transcript of sorl1, was visibly less intense than that of the 
larger, wild type transcript RT-PCR product. Addition-
ally, the wild type RT-PCR product from null/+ brains 
appeared less intense than the wild type RT-PCR product 
from +/+ brains (Fig. 3b, lower). Although this method 
of analysis is not strictly quantitative, these results sup-
port that the sorl1 null allele transcript is likely subject 
to NMD and that there are fewer copies of the wild type 
transcript in the null/+ brains relative to their +/+ sib-
lings. In summary, the mutant alleles of sorl1 are likely 
subject to NMD.

Transcriptome analyses of null/+, EOfAD‑like/+ 
and transheterozygous sorl1 mutant brains compared 
to +/+ sibling brains
Do dominant EOfAD mutations of SORL1 act through 
loss- or gain-of-function mechanisms or both? To address 
this question, we sought to make a detailed molecular 
comparison of the effects of our EOfAD-like mutation 
and our putatively null mutation. We performed RNA-
seq on brain-derived mRNA in a “four-way” analysis 
(Fig. 1) with the aim of identifying the global changes to 

a

b

c

Fig. 2  Mutations generated in zebrafish sorl1. a Zebrafish (Dr) sorl1 wild type (WT) and null (R122Pfs) exon 2 sequences with the chromatogram 
showing the Sanger sequencing of the null allele. Both the DNA and amino acid sequences are shown. b Alignment of the WT and EOfAD-like 
(V1482Afs) zebrafish sorl1 exon 32 sequences, with the chromatogram showing Sanger sequencing of the EOfAD-like allele of sorl1. The human 
(Hs) SORL1 exon 32 region is also shown with the C1478* mutation site and the equivalent C1481 zebrafish codon highlighted in red. c A schematic 
of the zebrafish Sorl1 protein with the protein domains and mutation sites indicated. VPS10 vacuolar protein sorting 10 domain. LDLR low density 
lipoprotein receptor, EGF epidermal growth factor, FN fibronectin, TMD transmembrane domain, ICD intracellular domain, Hs Homo sapiens, Dr Danio 
rerio 
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gene expression caused by mutations in sorl1. We first 
visualised the relationship between the individual sam-
ples by principle component analysis (PCA) (Additional 
file 4). We observed limited separation of samples across 
principal component 2 (PC2), which explained only ~ 6% 
of the total variance in this dataset. This suggests that 
sorl1 genotype had only subtle effects on the brain tran-
scriptomes. The PCA also revealed that the first princi-
pal component, PC1, i.e. the largest source of variation 
in this dataset, appeared to be highly correlated with the 
library size of the samples, even after normalisation using 
the TMM method. After removal of unwanted of varia-
tion using RUVSeq, samples mostly separated by geno-
type across PC1, although some variability was observed 
within the wild type and transheterozygous mutant sam-
ples. Importantly, after RUVSeq, PC1 was no longer cor-
related with library size (Additional file 4).

Mutations in sorl1 have subtle effects on gene expression 
in the brain
To our knowledge, an in  vivo characterisation of the 
effects of mutations in sorl1 on the brain transcriptome 
has not previously been performed. Therefore, we inves-
tigated which genes were dysregulated due to heterozy-
gosity for the EOfAD-like mutation, or the null mutation, 
or complete loss of wild type sorl1 function (i.e. in the 
transheterozygous mutant brains).

We could detect differential expression of only one 
gene, cytochrome c oxidase subunit 7A1 (cox7a1) in 

EOfAD-like/+ brains relative to wild type brains. In the 
null/+ brains, we detected 15 differentially expressed 
(DE) genes relative to wild type, while transheterozygo-
sity for the EOfAD-like and null sorl1 mutations revealed 
20 DE genes relative to wild type (Fig. 4a, b, Additional 
file 5). Four DE genes were found to be shared between 
the null/+ and transheterozygous mutant brains: 
pim proto-oncogene, serine/threonine kinase related 
191 (pimr191), cue domain containing 1b (cuedc1b), 
CABZ01061592.2 and heat shock 105/110 protein 1 
(hsph1). Differential expression of cox7a1 was observed 
in both the EOfAD-like/+ and transheterozygous mutant 
samples. No DE genes were shared between the null/+ 
and EOfAD-like/+ brains relative to their wild type 
siblings, suggesting that, at the single-gene level, the 
EOfAD-like mutation does not act through a simple loss-
of-function mechanism (Fig. 4c).

Gene set enrichment analysis reveals that an EOfAD‑like 
mutation in sorl1 appears to have both loss‑of‑function 
and gain‑of‑function properties
Since few DE genes were observed in the sorl1 mutant 
brain transcriptomes relative to the wild type brain tran-
scriptomes, we aimed to obtain a more complete view 
of the changes to gene expression and cellular func-
tion by performing enrichment analysis on the entire 
list of detectable genes in the RNA-seq experiment. If 
EOfAD-like mutations in sorl1 caused, exclusively, loss-
of-function effects, we would expect similar gene sets to 

a b

Fig. 3  Allele-specific expression of sorl1 transcripts. a The number of copies of sorl1 transcripts present in +/+ (n = 3) and EOfAD/+ mutant (n = 3) 
brains per 50 ng of brain-derived cDNA. Data is presented as the mean ± SEM. In the +/+ brains, there were approximately 1400 copies of the 
wild type (WT) sorl1 transcript and no copies of the EOfAD-like (V1482Afs) allele transcript. In the EOfAD-like/+ brains, there were approximately 
440 copies of the WT sorl1 transcript, and approximately 80 copies of the EOfAD-like allele transcript. P-values were determined by a one-way 
ANOVA with Dunnett’s T3 post-hoc test. b A schematic of sorl1 mRNA from exons 1–3. Primer binding sites are indicated by orange arrows, and the 
mutation site by the red star. Below is an image captured after agarose gel electrophoresis of the RT-PCR products. Lanes 1–3 are amplifications 
from three +/+ brains, while lanes 4–6 are amplifications from three null/+ brains. All fish were siblings
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be altered in the EOfAD-like/+ brains and the null/+ 
brains.

For enrichment analysis, we used the KEGG and 
HALLMARK gene sets from MSigDB. The HALLMARK 
gene sets represent 50 distinct biological processes built 

both computationally and manually from the intersec-
tions between several gene set collections. These gene 
sets are useful to generate an overall view of key, distinct 
biological processes [39]. In contrast, the KEGG gene 
sets (186 gene sets) give a more precise view of changes 

Fig. 4  Differential gene expression analysis. a Mean-difference (MD) plots for each comparison between the three sorl1 mutant samples and 
the wild type samples. b Volcano plots for each comparison between the three sorl1 mutant samples and the wild type samples. c Venn diagram 
displaying the overlap of differentially expressed genes in each comparison. trans transheterozygous
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to gene expression in particular cellular processes [40], 
but pathways are more likely to share many common 
genes. We used these gene sets in the self-contained 
gene set testing method fry [44], and the competitive 
gene set testing method camera [45]. However, we did 
not find any statistical evidence that any of the KEGG or 
HALLMARK gene sets were significantly altered in any 
comparison (for the top 10 most altered pathways, see 
Additional file 6).

We also used fgsea [48], which is the fast implementa-
tion of the self-contained gene set testing method GSEA 
[47]. Using fgsea, we observed gene sets significantly 
showing changes as a group after Bonferroni adjust-
ment for multiple testing in each comparison (Addi-
tional file 6). However, fgsea does not take into account 
inter-gene correlations and can be prone to false posi-
tives [47]. Therefore, we a calculated a consensus p-value 
derived from the p-values from each of the three meth-
ods of enrichment analysis by calculating the harmonic 
mean p-value [49]. After FDR adjustment of the har-
monic mean p-values, we found 11 gene sets to be sig-
nificantly altered by heterozygosity for the null mutation, 
16 gene sets significantly altered by heterozygosity for 
the EOfAD-like mutation and 11 gene sets significantly 
altered by transheterozygosity for the null and EOfAD-
like mutations. A summary of the significant gene sets is 
shown in Fig.  5. In contrast, 100 random datasets were 
generated by permuting the gene labels 100 times and 
subjected to the enrichment analysis using fry, camera 
and fgsea, then the harmonic mean p-value calculation. 
No KEGG, HALLMARK or IRE gene sets were found 
to be significantly altered after FDR adjustment of the 
p-values for each individual algorithm, or the combined 
harmonic mean p-value. (For this analysis, please see 
the Github repository: https​://githu​b.com/karis​sa-b/sorl1​
_4way_RNASe​q_6m.) This provides further evidence for 
the statistical significance of the observed alterations in 
the gene sets shown in Fig. 5.

Out of the 16 gene sets significant in the EOfAD-like/+ 
brains, 5 were also observed to be significantly altered 
in the null/+ brains. Intriguingly, three of these gene 
sets involve mitochondria (the KEGG and HALLMARK 
gene sets for oxidative phosphorylation, and Parkin-
son’s disease). Genes encoding ribosomal subunits, and 
genes involved in the mammalian target of rapamycin 
complex 1 (mTORC1) signalling pathway, also appear 

to be affected by the EOfAD-like mutation and the null 
mutation, indicating that these effects are likely due to 
decreased sorl1 function.

Intriguingly, heterozygosity for the EOfAD-like muta-
tion also gives rise to changes in gene expression which 
do not appear to be affected in the null/+ brains, suggest-
ing gain-of-function action. Interestingly, the KEGG gene 
set for Alzheimer’s disease is one of these significantly 
altered gene sets. Other gene sets span inflammation, cell 
adhesion, protein degradation, bile acid metabolism, myc 
signalling and the tricarboxylic acid (TCA) cycle.

Many HALLMARK and KEGG gene sets consist of 
shared genes and so are commonly co-identified as sig-
nificantly altered in enrichment analysis. Therefore, we 
inspected whether any of the gene sets found to be sig-
nificantly altered were being driven by changes to expres-
sion of the same genes. Genes in the “leading edge” of 
the fgsea algorithm can be interpreted as the core genes 
which drive the enrichment of the gene set. We found 
the leading edge genes within the significant gene sets 
in each sorl1 genotype comparison to be mostly inde-
pendent of one another (Additional file  7). However, 
we observed some overlap of leading edge genes for the 
oxidative phosphorylation and neurogenerative diseases 
gene sets in the EOfAD-like/+ and null/+ comparisons 
(i.e. KEGG_ALZHEIMERS_DISEASE, KEGG_HUN-
TINGTONS_DISEASE and KEGG_PARKINSONS_DIS-
EASE). This indicates that the enrichment of these gene 
sets is driven mostly by the same gene differential expres-
sion signal (genes encoding electron transport chain 
components) (Additional file 7).

Changes in gene expression due to sorl1 mutations are 
not due to broad changes in cell‑type distribution
One possible, artifactual explanation for the apparent 
changes in gene expression we observe could be changes 
to the proportions of cell-types within the brains of fish 
with different sorl1 genotypes. To account for this, we 
obtained a list of representative marker genes for four 
broad cell types found in zebrafish brains: neuron, astro-
cyte and oligodendrocyte markers [53], and microglial 
markers [54]. We then examined their expression across 
the brain samples. We did not observe any obvious dif-
ferences between genotypes, supporting that the changes 
seen in gene expression are not due to broad changes in 
cell type proportions within the brains (Additional file 8).

(See figure on next page.)
Fig. 5  Gene set enrichment analysis. Figure 5 depicts the significantly altered KEGG and HALLMARK gene sets in the null/+, EOfAD-like/+ and 
transheterozygous mutant brains relative their wild type siblings. The sizes of the dots indicate the negative log10 of the harmonic mean p-value 
(i.e. larger dots indicate greater statistical significance) of three methods of enrichment analysis (fry, camera and fgsea) when combined within 
each comparison. Gene sets are grouped as to the comparisons in which they are significant. Numbers associated with each dot are FDR adjusted 
harmonic mean p-values.
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The effects of heterozygosity for an EOfAD‑like mutation 
are distinct from those of complete loss of wild type sorl1 
function
In research in AD genetics, it is common for cell- and ani-
mal-based studies to analyse mutations in their homozy-
gous state. This allows easier identification at contrasting 
functions between mutant and wild type alleles. How-
ever, this ignores that, in humans, EOfAD mutations 
and LOAD risk variants are rarely homozygous and that 
interaction between mutant and wild type alleles can 
generate unique molecular effects. The transheterozy-
gous genotype in our study can be considered somewhat 
similar to a homozygous loss-of-function, since it lacks 
the wild type sorl1 allele. We found that genes of the oxi-
dative phosphorylation pathway were the only genes to 
be significantly affected as a group in common across the 
EOfAD-like/+, null/+, and transheterozygous mutant 
brains (Fig.  5). Concerningly, the genes which make up 
this gene set mostly showed opposite direction of change 
in the EOfAD-like/+ (and the null/+ brains) compared 
to the transheterozygous mutant brains (Fig.  6a, Addi-
tional file 9). Indeed, we found that the majority of genes 
within the gene sets significantly altered in the EOfAD-
like/+ brains generally showed opposite directions of 
change in the transheterozygous mutant brains (Fig.  6). 
This suggests that heterozygosity for this EOfAD-like 
mutation has very different effects to complete loss of 
normal sorl1 function, and highlights the importance of 
analysing genetic models that mimic the heterozygous 
genetic state of the human disease.

Loss of sorl1 function may cause iron dyshomeostasis
A recent, sophisticated study in [55] demonstrated 
that impairment of acidification of the endolysoso-
mal system inhibits the ability of cells to reduce fer-
ric iron to more reactive ferrous iron. This results in 
a pseudo-hypoxic response, since a master regulator 
protein of the cellular response to hypoxia, HIF1-⍺, is 
degraded under normal oxygen conditions by a ferrous 
iron-dependent mechanism. Ferrous iron deficiency 
was shown to result in mitochondrial dysfunction and 
inflammation. We recently developed a method to 
detect possible iron dyshomeostasis in RNA-seq data, 
by examining changes to the expression of genes with 

iron-responsive elements (IREs) in untranslated regions 
(UTRs) of their mRNAs [42]. We hypothesised that 
the changes in gene expression observed in the sorl1 
mutant brains in the oxidative phosphorylation path-
way may be co-occurring with changes in, or responses 
to, cellular iron levels. To test this, we obtained the 
IRE gene sets developed in [42]. These four gene sets 
consist of genes classified as having a canonical or 
non-canonical IRE in the UTRs of their mRNAs, and 
having an IRE motif in the 5′ or 3′ UTR of the mRNA. 
We performed an enrichment analysis similar to those 
performed above for the KEGG and HALLMARK gene 
sets to determine whether each set of IRE genes showed 
changes in expression as a group. We found that gene 
transcripts containing 3′ IREs were significantly altered 
in the transheterozygous mutant brains. Expression of 
gene transcripts with both canonical and non-canon-
ical 3′ IREs generally was decreased. We did not find 
any statistical evidence that any of the other sorl1 geno-
types affected the expression of gene transcripts con-
taining IREs (Fig. 7).

As mentioned earlier, changes to iron homeostasis 
result in stabilisation of protein HIF1-⍺. This combines 
with the protein HIF1-β to form the transcription fac-
tor HIF1 that then initiates a pseudo-hypoxic response 
[55]. The HALLMARK gene set for hypoxia was found 
to be significantly altered in the transheterozygous 
mutant brains, but not in the other sorl1 genotypes. We 
aimed to characterise further whether the sorl1 mutant 
fish were responding transcriptionally in a hypoxia-
like manner by performing an enrichment analysis on 
the HIF1 target gene sets GROSS_HYPOXIA_VIA_
HIF1A_UP and GROSS_HYPOXIA_VIA_HIF1A_DN 
(hereafter referred to as HIF1 targets). These gene 
sets were described in [43] and show the genes found 
to be up- and down-regulated in response to siRNA 
knockdown of HIF1-⍺ respectively. We found that the 
downregulated HIF1 targets were significantly altered 
in the transheterozygous samples, but not in any other 
mutant samples. However, downregulation of the genes 
of the GROSS_HYPOXIA_VIA_HIF1A_DN gene set in 
transheterozygous mutant brains was not consistently 
observed (Fig. 7d).

Fig. 6  Heterozygosity for an EOfAD-like mutation in sorl1 often results in changes to gene expression in the opposite direction to more complete 
loss of wild type sorl1 function. a–p LogFC of the genes making up the gene sets in each comparison of sorl1 mutants. Only the gene sets found 
to be significantly enriched in EOfAD-like/+ brains are shown. The colour legend indicates the magnitude of the logFC in the heatmaps (red is 
upregulation, blue is downregulation). Remarkable contrast is seen in the directional changes in gene expression between the heterozygous 
mutants and the transheterozygous mutants for KEGG_PROTEASOME and KEGG/HALLMARK_OXIDATIVE_PHOSPHORYLATION and gene sets in 
which oxidative phosphorylation genes are an important components (KEGG_HUNTINGTONS_DISEASE and KEGG_ALZHEIMERS_DISEASE, see 
Additional file 7)

(See figure on next page.)
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Together, these results support that complete loss of 
wild type sorl1 results in changes to iron homeostasis.

Discussion
Here, we generated and analysed the first knock-in 
animal models of null and EOfAD-like mutations in 
SORL1. We introduced an EOfAD-like mutation into 
the zebrafish orthologue of SORL1 using TALENs. 
This mutation, V1482Afs, models the human mutation 
C1478* in SORL1. C1478* was identified in a French fam-
ily and appears to segregate with early onset AD with a 
dominant inheritance pattern [16]. Since there is cur-
rently some uncertainty regarding the EOfAD-causative 
nature of mutations in human SORL1 [23], our descrip-
tion of V1482Afs as “EOfAD-like” assumes only that it 
generates effects similar to the human C1478* mutation 
at the molecular/cellular level.

The C1478* transcript of human SORL1 was shown to 
be likely subject to NMD in peripheral blood [16]. We 
showed that the zebrafish V1482fs transcript of sorl1 
also appears to be subject to NMD, as there is a clear 
imbalance in the expression of the mutant and wild 
type alleles of sorl1 present in the EOfAD-like/+ brains. 

Nevertheless, transcripts of the EOfAD-like allele can 
still be detected and so, potentially, can be translated 
to produce a truncated protein that may act in a domi-
nant manner. In humans, SORL1 is alternatively spliced 
to generate at least five protein-coding transcripts 
(reviewed in [26]). The C1478* mutation, which is in 
exon 32 of the full length human transcript, is predicted 
to affect all protein-coding transcripts. In zebrafish, only 
one sorl1 transcript is predicted to exist (according to 
the Ensembl database [56]). This is in-line with evidence 
that alternative splicing is less complex in zebrafish rela-
tive to in humans [57]. In this study, we assumed that the 
EOfAD-like and null mutations of zebrafish sorl1 do not 
affect splicing to generate transcripts with protein-coding 
sequences that do not include the mutations.

Our study aimed to identify global changes to gene 
expression in a relatively unbiased manner in the brains 
of young adult (6 month old) zebrafish heterozygous for 
the EOfAD-like mutation. At 6 months of age, zebrafish 
are recently sexually mature, and we consider this to be 
the equivalent of early adulthood in humans. Analysis at 
this age allowed us to model the early changes to gene 
expression occurring in human mutation carrier brains 

Fig. 7  Loss of wild type sorl1 results in dysregulation of genes with an iron responsive element in their transcript’s 3′ untranslated region, and of 
genes involved in the cellular response to hypoxia. The harmonic mean p-values for the enrichment analyses of gene sets with a, iron responsive 
elements (IRE) in their untranslated regions, and b, regulated by the HIF1 transcription factor, are shown with the significant gene sets in blue. The 
logFCs of genes in brains of each genotype with c, a canonical IRE in their transcript’s 3′ untranslated region and d, shown to be downregulated by 
loss of HIF1 activity. The genes and comparisons are clustered based on their Euclidian distance
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long before cognitive symptoms are predicted to occur. 
We also wanted to investigate whether the EOfAD-like 
mutation was deleterious due to haploinsufficiency or 
neomorphism. Therefore, for comparison, we generated 
a putatively null mutation in sorl1, R122Pfs, which is pre-
dicted to encode a protein product containing approxi-
mately 5% of the coding sequence of wild type Sorl1 
protein, and lacking any of its functional domains other 
than the secretory signal sequence. (We assume that 
expression of this sequence alone has negligible effect on 
the brain’s biology.)

We generated a family of zebrafish composed of sibling 
fish heterozygous for the EOfAD-like mutation, or het-
erozygous for the null mutation, as well as fish transhet-
erozygous for the null and EOfAD-like mutations and 
their wild type siblings (Fig.  1). We initially intended to 
omit transheterozygous fish from our analysis, as at the 
time, we believed this genotype was unrepresentative of 
the human EOfAD genetic state. However, a recent case 
study presenting a human patient transheterozygous 
for sorl1 mutations was described in the literature [58]. 
Additionally, the transheterozygous fish lack wild type 
sorl1 and, therefore, might be informative as an extreme 
loss-of-function phenotype. A family of siblings was 
raised together in a similar environment (in three tanks 
side-by-side in a re-circulating water system) to reduce 
genetic and environmental sources of variation in our 
analysis thereby maximising the possibility of identifying 
subtle changes in gene expression due to sorl1 genotype.

Mutations in sorl1 have subtle effects on the young‑adult 
brain transcriptome
We identified a small number of DE genes in the brains 
of each of the different sorl1 mutant fish relative to their 
wild type siblings (Fig. 4). The transheterozygous mutant 
fish had the greatest number of genes identified as DE. 
This was not surprising as these fish lack any wild type 
sorl1 expression. Only cox7a1 was found to be sig-
nificantly differentially expressed in the EOfAD-like/+ 
brains. This nuclear gene encodes a subunit of the mito-
chondrial cytochrome c oxidase complex, the terminal 
component of the respiratory electron transport chain. In 
humans, this gene has two isoforms, one which is mainly 
expressed in the heart and skeletal muscle and the other 
which is mostly expressed in the brain and uterus [59]. 
Only one of the three isoforms of cox7a1 known to exist 
in zebrafish was expressed in the brains of these fish (data 
not shown).

In comparison to heterozygosity for the EOfAD-like 
mutation in sorl1, heterozygosity for an EOfAD-like 
mutation in psen1, the gene most commonly mutated in 
EOfAD [14, 60], resulted in differential expression of 251 
genes in young-adult, zebrafish brains [61]. This suggests 

that EOfAD-like mutations in sorl1 are not as disrup-
tive to cell function as EOfAD-like mutations in psen1. 
Campion and colleagues [23], noted that carriers of the 
C1478* mutation generally had an age of onset closer to 
the established LOAD threshold of 65 years, which arbi-
trarily defines the difference between early and late onset 
AD, and that unaffected, aged (≥ 66 years of age), carri-
ers of this mutation exist. This, together with our results, 
supports the idea that SORL1 resembles more closely a 
LOAD genetic risk locus, rather than an EOfAD-causa-
tive locus such as PSEN1.

EOfAD‑like mutations in sorl1 appear to have 
both haploinsufficient loss‑of‑function and neomorphic 
gain‑of‑function properties
EOfAD mutations in the PSENs and APP follow a “read-
ing frame preservation rule”, where mutations preventing 
translation of C-terminal sequences of the protein do not 
cause AD (reviewed in [15]). Reading frame-truncating 
mutations in SORL1 have been found in EOfAD families 
so EOfAD mutations in SORL1 do not follow this rule 
[16, 17]. Since the protein-truncating mutations have 
been shown to be subject to NMD [16], it is thought 
that these mutations have loss-of-function disease phe-
notypes due to haploinsufficiency. Understanding the 
mechanism behind the action of EOfAD mutations in 
SORL1 is critical to understanding how these mutations 
increase risk for developing the disease. We observed 
that heterozygosity for the EOfAD-like mutation resulted 
in changes to gene expression involved in cellular pro-
cesses including energy production, mRNA translation 
and mTORC1 signalling. These changes are also observed 
in null/+ brains, supporting that they are loss-of-func-
tion effects due to haploinsuffiency. Restoring sorl1 
expression levels in EOfAD mutation carrier brains could 
provide a means of ameliorating these apparently patho-
logical changes. We also observed significant changes 
to gene expression involved in cellular processes in 
EOfAD-like/+ brains which are not significantly altered 
in the null/+ brains, suggesting that these effects are 
due to neomorphic gain-of-function. These cellular pro-
cesses are likely affected by the residual expression (after 
NMD) of N-terminal Sorl1 protein domains without the 
C-terminal sequences. These effects span other path-
ways involved in energy production, such as glycolysis 
and the TCA cycle, cell adhesion, myc signalling, protein 
degradation and cell adhesion. However, we cannot rule 
out that these changes are not occurring in the null/+ 
brains, as the analysis of the null/+ brains had less sta-
tistical power than for the other genotypes (n = 4 rather 
than n = 6). For example, the myc targets and glycolysis 
gene sets had FDR adjusted p-values of approximately 
0.1 in the null/+ brains. With n = 6 or greater, these gene 
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sets may have been found to be statistically significantly 
altered.

Cellular processes potentially dependent on normal sorl1 
function
Our enrichment analysis has identified cellular processes 
not previously known to require normal sorl1 function. 
We observed gene sets linked to energy production to 
be significantly altered in sorl1 mutant brains relative to 
their wild type siblings. Genes involved in the oxidative 
phosphorylation pathway were observed to have altered 
expression as a group in all three sorl1 mutant genotypes 
(Fig. 5). Expression of genes in this pathway were mostly 
reduced in the EOfAD-like/+ and the null/+ brains, sug-
gesting that this effect is due to loss-of-function through 
haploinsufficiency. Intriguingly, expression of genes 
in the oxidative phosphorylation pathway was mostly 
increased in the transheterozygous mutant brains relative 
to their wild type siblings (Additional file 9). This oppo-
site direction of change was also observed in other gene 
sets involving energy production (i.e. glycolysis in Fig. 6h 
and the TCA cycle in Fig. 6i). These effects are subtle, as 
the genes individually were not detected as differentially 
expressed (other than cox7a1) and the signal was only 
detected at the pathway level. Genes encoding the com-
ponents of the electron transport chain have been shown 
previously to be dysregulated in early in AD [62–64], 
supporting that changes to mitochondrial function are an 
early pathological change in AD.

One explanation for changes in gene expression in the 
oxidative phosphorylation pathway could be changes 
in the function of the mitochondrial associated mem-
branes (MAMs) of the endoplasmic reticulum. MAMs 
are lipid-raft like regions of the endoplasmic reticulum 
which form close associations with mitochondria and 
that regulate mitochondrial activity through calcium ion 
release (reviewed in [65–67]). It has been shown that 
the presenilins, APP, BACE1 (β-secretase) and other 
components of the γ-secretase complex are enriched in 
MAMs relative to the rest of the endoplasmic reticulum 
[68, 69]. SORL1 has been shown to form a complex with 
APP and BACE1 [70], and is also cleaved by γ-secretase 
[71]. We have shown previously that SORL1 is present 
in the MAM in the brains of mice [24] (see Additional 
file 10 for a reproduction of this result). SORL1 may bind 
APP in the MAM and affect its cleavage by BACE1 and 
γ-secretase (which can function as a supramolecular 
complex [72]). Whether mutations in sorl1 affect normal 
MAM function is yet to be determined.

We also found evidence that iron homeostasis is 
affected by complete loss of wild type sorl1 func-
tion. The transcripts of genes possessing a canonical 
or non-canonical IRE in their 3′ UTR were found to be 

dysregulated in transheterozygous mutant brains. It has 
generally been assumed that transcripts with an IRE in 
their 3′ UTR have increased stability under cellular iron 
deficiency, and decreased stability under iron overload 
(reviewed in [12]). However, this is not necessarily the 
case and transcripts with 3′ IREs can have increased or 
decreased stability under cellular iron deficiency [42]. 
Therefore, whether transheterozygous mutant brains are 
under cellular iron deficiency or overload is still unclear 
and further investigation is warranted.

The cellular response to hypoxia is mediated by 
hypoxia-inducible factor 1, ⍺ subunit (HIF1-⍺) in an iron 
dependent manner (HIF1-⍺ is less stable under normoxia 
and in ferrous iron replete conditions). We also observed 
that genes involved in the cellular response to hypoxia 
are affected in transheterozygous mutant brains. Since 
oxygen and iron homeostasis are both involved in the 
stabilisation of HIF1-⍺, this further supports a role for 
sorl1 in iron homeostasis. Yambire and colleagues, [55], 
showed that insufficient acidification of the endolyso-
somal system results in a pseudo-hypoxic response 
(stabilisation of the HIF1-⍺ not due to a low oxygen envi-
ronment) and the consequent ferrous iron deficiency led 
to mitochondrial instability and an increase in markers of 
inflammation. We also observed that genes involved in 
inflammation (HALLMARK_TNFA_SIGNALING_VIA_
NFKB and HALLMARK_IL2_STAT5_SIGNALING gene 
sets) are significantly affected as a group in the transhet-
erozygous mutant brains consistent with a role of sorl1 
function in iron homeostasis. Since the effects on iron 
homeostasis, hypoxic response and inflammation are 
most evident when both copies of wild type sorl1 are lost, 
this implies that these effects may be recessive in nature.

Recently, Jiang and colleagues [73], demonstrated that 
increased expression of the β-CTF/C99 fragment of 
APP (produced by β-secretase cleavage, also known as 
“amyloidogenic processing” of APP) results in decreased 
acidification of the endolysosomal system in cells. SORL1 
physically interacts with APP to modulate its amyloido-
genic processing [74–76], and this suggests a molecular 
mechanism for SORL1’s action in iron homeostasis. A 
more indirect action on iron homeostasis via modula-
tion of APP’s C99 fragment would be consistent with the 
generally later age of AD onset seen for carriers of puta-
tive EOfAD mutations in SORL1 compared to carriers of 
EOfAD mutations in APP [16].

Surprisingly, we did not observe any endolysosomal 
gene sets to be significantly altered by mutation of sorl1 
mutant genotype despite that one of the primary sites 
of action of SORL1 protein is thought to be within the 
endolysosomal system [74]. Loss of SORL1 by CRISPR-
Cas9 mutagenesis in neurons (but not in microglia) 
derived from human induced pluripotent stem cells 
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(hiPSCs) resulted in early endosome enlargement [77], a 
commonly observed pathology in AD brains [78, 79]. To 
determine whether endolysosomal defects occur in our 
sorl1 mutant zebrafish brains requires further investi-
gation, as any effects may be too subtle to detect when 
analysing RNA-seq data from whole brains, or the effects 
may not be present until later ages.

Heterozygosity for an EOfAD‑like mutation appears 
to have effects distinct from complete loss of sorl1 function
Our results support that caution should be used when 
assuming that homozygous disease mutation model ani-
mals have similar, only more severe, phenotypes com-
pared to heterozygous animals. We found little similarity 
between the transcriptomes of EOfAD-like/+ and tran-
sheterozygous mutant brains (that lack wild type sorl1, 
but may retain some mutant protein function). At the 
pathway level, most processes affected in the transhet-
erozygous mutant brains appeared unaffected in the 
EOfAD-like/+ mutant brains and vice versa. Only the 
oxidative phosphorylation pathway was affected in both 
comparisons. However, as discussed previously, the over-
all changes in oxidative phosphorylation gene expression 
appeared to be in opposite directions in the brains of fish 
from the two genotypes, suggesting different mecha-
nisms of action. This highlights the importance of using 
a genetic model closely resembling the genetic state of 
the human disease to make exploratory analyses of the 
effects of a human mutation in an unbiased manner. 
Hargis and Blalock [13], showed that some of the com-
monly used transgenic “mouse models of AD” (which 
do not closely reflect the genetic state of AD) have very 
little transcriptome concordance with human LOAD, or 
even with each other. We recently demonstrated little 
similarity between brain transcriptome changes in young 
adults of the popular 5xFAD transgenic mouse model 
and zebrafish heterozygous for an EOfAD-like, knock-in 
mutation of psen1 [42]. The similar apparent effects of 
EOfAD-like mutations in psen1 and in sorl1 on oxidative 
phosphorylation in the young adult brains of zebrafish 
supports that knock-in models of EOfAD mutations may 
provide more consistent modelling of the early molecular 
pathogenesis of EOfAD.

Transcriptomic analyses of knock-in models of AD 
mutations are beginning to be appear in the literature. 
Our analysis of an EOfAD-like mutation in the zebrafish 
orthologue of PSEN1 found that heterozygosity for this 
mutation affects expression of genes involved in acidi-
fication of the endolysosomal system, oxidative phos-
phorylation and iron homeostasis in the brain [42, 61]. 
Additionally, male knock-in APOE mice, which carry 
a humanised form of APOE (with genotype APOE ε3/
ε4) associated with LOAD, showed changes to brain 

gene expression in the oxidative phosphorylation path-
way at 15  months of age [80]. Interestingly, these mice 
(and APOE ε4/ε4 mice) also show abnormalities in the 
endolysosomal system, which could mean that iron 
homeostasis is dysregulated. These results together sug-
gest that iron dyshomeostasis and changes in oxidative 
phosphorylation may be unifying characteristics of AD, 
linking the rare, early-onset, familial subtype of AD with 
the common, late-onset, sporadic subtype.

Candidate genes for regulation by the SORL1 intracellular 
domain in the brain
Finally, it is worth noting that the genes detected as dif-
ferentially expressed in transheterozygous mutant brains 
likely include candidates for regulation by the intracel-
lular domain of Sorl1 protein (Sorl1-ICD). It has been 
shown that human SORL1 protein is cleaved by both ⍺- 
and γ-secretases to produce various fragments [71, 81, 
82]. The human SORL1-ICD has been demonstrated to 
enter the nucleus and regulate transcription [81]. How-
ever, the genes it regulates are yet to be identified. Both 
the EOfAD-like and null mutations of zebrafish sorl1 are 
predicted to truncate Sorl1 protein so that it lacks the 
Sorl1-ICD sequences. Therefore, the genes identified as 
differentially expressed in the transheterozygous mutant 
brains are possible direct targets for regulation by the 
Sorl1-ICD and warrant further investigation.

Conclusion
We have made an initial, in  vivo characterisation of 
changes in gene expression in the brain due to mutations 
in sorl1. Our results provide insight into novel cellular 
processes involving sorl1, such as energy production and 
iron homeostasis. It is possible that these changes are 
specific to mutations in sorl1 in zebrafish. However, since 
this is the first in vivo analysis of a mutation in a SORL1-
orthologous gene in any model organism, we must await 
similar studies in other models to support the results’ 
translatability. Nevertheless, the changes observed due to 
the EOfAD-like mutation in zebrafish sorl1 may represent 
early cellular stresses ultimately driving the development 
of AD in humans. Our results support both loss- and 
gain-of-function actions for EOfAD-like mutation of 
sorl1. The severity of sorl1 mutation effects are more con-
sistent with human SORL1′s action as a LOAD risk locus, 
since the effects are subtle compared to an EOfAD-like 
mutation in psen1. Future work may include “four-way” 
analyses of brain transcriptomes at older ages, where any 
effects may be more pronounced as well as further char-
acterisation of those cellular processes we have identified 
as altered by mutations in sorl1.
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Additional file 1: Genome editing of zebrafish sorl1. a and b show 
sections of the sorl1 genomic sequence (ENSG00000137642) with the 
sense sequence (upper), translation (middle) and anti-sense sequence 
(lower). a sorl1 exon 2, with the crRNA binding site and PAM sequence for 
cleavage by Cpf1 indicated by pink arrows, and the R122 site indicated by 
the orange bar. b sorl1 exon 32, with the C1481 codon indicated by the 
orange arrow and the TALEN binding sites by blue arrows.

Additional file 2: Generation of mutant zebrafish lines. A detailed 
description of the isolation of the mutant lines of zebrafish.

Additional file 3: No observed bias for differential expression with GC 
content or length. Plots showing a ranking metric using the sign of logFC 
multiplied by − log10 of the p-value against a the GC content of the gene 
and b the length of the gene. The blue curve indicates the line of best fit 
from a generalised additive model (gam), whilst the black dashed line rep-
resents the y = 0 line. Given the gam fit is a nearly horizontal line mostly 
overlapping y = 0, a significant bias for GC content or length is likely not 
present in this dataset. The ranking statistic limits were constrained to − 10 
and 10 for visualisation purposes, and in b, gene length was plotted on 
the log10 scale.

Additional file 4: Principal component analysis. a Plot of principal com-
ponent 1 (PC1) against PC2 from a principle component analysis (PCA) of 
the logCPMs from each sample. b PC1 against the library size per sample. 
The linear relationship observed between PC1 and library size suggests 
that the largest source of variability in this dataset is due to library size. c 
PC1 against the W_1 covariate from RUVseq. A linear relationship between 
PC1 and W_1 is observed. d W_1 against library size. e PC1 against PC2 
after removal of 1 factor of unwanted variation using RUVSeq [38]. f PC1 
no longer depends on library size after RUVSeq transformation.

Additional file 5: Results of differential expression analysis. Each sheet 
within the spreadsheet gives the entire results of the differential gene 
expression due to each of the three sorl1 genotype comparisons with wild 
type.

Additional file 6: Results of enrichment testing. Results of the individual 
enrichment testing algorithms (fry, camera and fgsea).

Additional file 7: Results from enrichment analysis are mostly not driven 
by expression of the same genes. The upset plots show the overlap of the 
“leading edge” genes from the fgsea algorithm in each of the significant 
gene sets in a EOfAD-like/+, b null/+, and c transheterozygous mutant 
brains. Intersections are shown when the leading edge of the gene 
sets share three or more genes. Overall, the leading edge genes of the 
significantly altered gene sets are relatively independent of one another. 
However, genes in the oxidative phosphorylation gene sets and the gene 
sets for neurodegenerative diseases (Alzheimer’s, Parkinson’s and Hunting-
ton’s diseases) all contain genes encoding components of the electron 
transport chain and are capturing a portion of the same gene expression 
signal, which is shown in d and e. Missing positions in d and e indicate 
that the gene was not in the leading edge for that gene set.

Additional file 8: Changes to gene expression in young-adult zebrafish 
brain transcriptomes are likely not due to altered cell type proportions. 
We obtained representative expression markers of neurons (72 genes), 
oligodendrocytes (100 genes) and astrocytes (44 genes) from [53] and 
representative expression markers of microglia (533 genes) from [54]. 
The logCPM distributions for these marker genes in each of the samples 
are similar, supporting that, broadly, the distribution of these cell types is 
consistent between samples. Data are shown as violin plots, displaying the 
kernel probability density of the logCPMs, overlaid with boxplots, showing 
summary statistics, and coloured by genotype.

Additional file 9: Pathview visualisation of the KEGG oxidative phospho-
rylation gene set. The logFC of the genes in the KEGG oxidative phospho-
rylation gene set are shown in each sorl1 genotype comparison with wild 
type. Intensity of the colours indicates the magnitude of the logFC, and 

white indicates that a gene was not detected as expressed in the RNA-seq 
experiment. Plot was adapted from pathview [83].

Additional file 10: SORL1 is localized in the MAM in mouse brains. 
Western blot analysis of subcellular fractions of mouse brain cellular 
membranes. Each subcellular fraction probed with antibodies against a 
BACE1, b SORL1 and c LRP/LR. d Shows the identity of fractions western 
immunoblotting using antibodies recognising proteins MTCO1 in mito-
chondria (Mito), Na+/K+-ATPase in the plasma membrane (PM), IP3R3 in 
mitochondrial-associated membranes (MAM), and KDEL, predominantly 
in non-MAM endoplasmic reticulum (ER). Some cross contamination was 
observed as MTOC1 was detected in both the mitochondria and plasma 
membrane, and Na+/K+-ATPase in both the mitochondria and plasma 
membrane. Lim, A. H. L. (2015). Analysis of the subcellular localization of 
proteins implicated in Alzheimer’s Disease. Genetics and Evolution, Univer-
sity of Adelaide. Doctor of Philosophy (PhD): 235. This figure is reproduced 
from the Ph.D. thesis of Anne Lim for ease of access. 
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Additional file 1: 

Genome editing of zebrafish sorl1. a and b show sections of the sorl1 genomic 

sequence (ENSG00000137642) with the sense sequence (upper), translation 

(middle) and anti-sense sequence (lower). a sorl1 exon 2, with the crRNA binding 

site and PAM sequence for cleavage by Cpf1 indicated by pink arrows, and the 

R122 site indicated by the orange bar. b sorl1 exon 32, with the C1481 codon 

indicated by the orange arrow and the TALEN binding sites by blue arrows. 

Additional file 2: 

Generation of mutant zebrafish lines. A detailed description of the isolation of the 

mutant lines of zebrafish. 

Additional file 3 

No observed bias for differential expression with GC content or length. Plots 

showing a ranking metric using the sign of logFC multiplied by − log10 of the p-

value against a the GC content of the gene and b the length of the gene. The blue 

curve indicates the line of best fit from a generalised additive model (gam), whilst 

the black dashed line represents the y = 0 line. Given the gam fit is a nearly 
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horizontal line mostly overlapping y = 0, a significant bias for GC content or length 

is likely not present in this dataset. The ranking statistic limits were constrained to 

− 10 and 10 for visualisation purposes, and in b, gene length was plotted on the 

log10 scale. 

Additional file 4: 

Principal component analysis. a Plot of principal component 1 (PC1) against PC2 

from a principle component analysis (PCA) of the logCPMs from each 

sample. b PC1 against the library size per sample. The linear relationship 

observed between PC1 and library size suggests that the largest source of 

variability in this dataset is due to library size. c PC1 against the W_1 covariate 

from RUVseq. A linear relationship between PC1 and W_1 is observed. d W_1 

against library size. e PC1 against PC2 after removal of 1 factor of unwanted 

variation using RUVSeq [38]. f PC1 no longer depends on library size after 

RUVSeq transformation. 

Additional file 5: 

Results of differential expression analysis. Each sheet within the spreadsheet 

gives the entire results of the differential gene expression due to each of the 

three sorl1 genotype comparisons with wild type. 

Additional file 6: 

Results of enrichment testing. Results of the individual enrichment testing 

algorithms (fry, camera and fgsea). 
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Additional file 7: 

Results from enrichment analysis are mostly not driven by expression of the same 

genes. The upset plots show the overlap of the “leading edge” genes from the 

fgsea algorithm in each of the significant gene sets in a EOfAD-like/+, b null/+, 

and c transheterozygous mutant brains. Intersections are shown when the leading 

edge of the gene sets share three or more genes. Overall, the leading edge genes 

of the significantly altered gene sets are relatively independent of one another. 

However, genes in the oxidative phosphorylation gene sets and the gene sets for 

neurodegenerative diseases (Alzheimer’s, Parkinson’s and Huntington’s 

diseases) all contain genes encoding components of the electron transport chain 

and are capturing a portion of the same gene expression signal, which is shown 

in d and e. Missing positions in d and e indicate that the gene was not in the 

leading edge for that gene set. 

Additional file 8 

Changes to gene expression in young-adult zebrafish brain transcriptomes are 

likely not due to altered cell type proportions. We obtained representative 

expression markers of neurons (72 genes), oligodendrocytes (100 genes) and 

astrocytes (44 genes) from [53] and representative expression markers of 

microglia (533 genes) from [54]. The logCPM distributions for these marker genes 

in each of the samples are similar, supporting that, broadly, the distribution of 

these cell types is consistent between samples. Data are shown as violin plots, 

displaying the kernel probability density of the logCPMs, overlaid with boxplots, 

showing summary statistics, and coloured by genotype. 
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Additional file 9: 

Pathview visualisation of the KEGG oxidative phosphorylation gene set. The 

logFC of the genes in the KEGG oxidative phosphorylation gene set are shown in 

each sorl1 genotype comparison with wild type. Intensity of the colours indicates 

the magnitude of the logFC, and white indicates that a gene was not detected as 

expressed in the RNA-seq experiment. Plot was adapted from pathview [83]. 

Additional file 10: 

SORL1 is localized in the MAM in mouse brains. Western blot analysis of 

subcellular fractions of mouse brain cellular membranes. Each subcellular fraction 

probed with antibodies against a BACE1, b SORL1 and c LRP/LR. d Shows the 

identity of fractions western immunoblotting using antibodies recognising proteins 

MTCO1 in mitochondria (Mito), Na+/K+-ATPase in the plasma membrane (PM), 

IP3R3 in mitochondrial-associated membranes (MAM), and KDEL, predominantly 

in non-MAM endoplasmic reticulum (ER). Some cross contamination was 

observed as MTOC1 was detected in both the mitochondria and plasma 

membrane, and Na+/K+-ATPase in both the mitochondria and plasma membrane. 

Lim, A. H. L. (2015). Analysis of the subcellular localization of proteins implicated 

in Alzheimer's Disease. Genetics and Evolution, University of Adelaide. Doctor of 

Philosophy (PhD): 235. This figure is reproduced from the Ph.D. thesis of Anne 

Lim for ease of access. 
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Abstract.
Background: The early cellular stresses leading to Alzheimer’s disease (AD) remain poorly understood because we cannot
access living, asymptomatic human AD brains for detailed molecular analyses. Sortilin-related receptor 1 (SORL1) encodes a
multi-domain receptor protein genetically associated with both rare, early-onset familial AD (EOfAD) and common, sporadic,
late-onset AD (LOAD). SORL1 protein has been shown to act in the trafficking of the amyloid � A4 precursor protein (A�PP)
that is proteolysed to form one of the pathological hallmarks of AD, amyloid-� (A�) peptide. However, other functions of
SORL1 in AD are less well understood.
Objective: To investigate the effects of heterozygosity for an EOfAD-like mutation in SORL1 on the brain transcriptome of
young-adult mutation carriers using zebrafish as a model organism.
Methods: We performed targeted mutagenesis to generate an EOfAD-like mutation in the zebrafish orthologue of SORL1
and performed RNA-sequencing on mRNA isolated from the young adult brains of siblings in a family of fish either wild
type (non-mutant) or heterozygous for the EOfAD-like mutation.
Results: We identified subtle differences in gene expression indicating changes in mitochondrial and ribosomal function in the
mutant fish. These changes appear to be independent of changes in mitochondrial content or the expression of A�PP-related
proteins in zebrafish.
Conclusion: These findings provided evidence supporting that EOfAD mutations in SORL1 affect mitochondrial and
ribosomal function and provide the basis for future investigation elucidating the nature of these effects.

Keywords: Alzheimer’s disease, mitochondria, ribosome, RNA-seq, sorl1, zebrafish

∗Correspondence to: Karissa Barthelson, Room 1.24, Molecu-
lar Life Sciences Building, North Terrace Campus, The University
of Adelaide, SA 5005, Australia. Tel.: +61 83134863; E-mail:
karissa.barthelson@adelaide.edu.au.

1Current affiliation: Dame Roma Mitchell Cancer Research
Laboratories, Adelaide Medical School, Faculty of Health and
Medical Sciences, University of Adelaide, SA, Australia.

ISSN 1387-2877/21/$35.00 © 2021 – IOS Press. All rights reserved. 156

mailto:karissa.barthelson@adelaide.edu.au


1106 K. Barthelson et al. / RNA-Seq of a sorl1 EOfAD-Like Mutation

INTRODUCTION

To reduce the prevalence and, therefore, the socioe-
conomic impacts of Alzheimer’s disease (AD), we
must understand its molecular basis. Analysis of post-
mortem, human AD brains can give some insight into
the disease mechanism. However, by the end stages of
the disease, damage to the brain is considerable and
little therapeutic intervention is possible. An under-
standing of the molecular changes that occur decades
before symptoms arise is necessary for development
of effective preventative or ameliorative treatments.
However, we cannot access living, pre-symptomatic
AD patient brain tissue for detailed molecular anal-
ysis. Therefore, analysis of animal models of AD is
required.

A small number of genes are known to influ-
ence strongly the development of AD. Mutations in
the presenilins (PSEN1 and PSEN2), and the gene
encoding amyloid � A4 precursor protein (A�PP),
are causative for the early-onset (<65 years of age),
familial form of AD (EOfAD). EOfAD is an auto-
somal dominant disorder, and accounts for only a
small proportion of all AD cases. The vast majority of
AD cases arise sporadically and have an age of onset
later than 65 years (LOAD). Variation in at least 20
genes is associated with increased risk of developing
LOAD, with the �4 allele of the apolipoprotein E gene
(APOE) contributing the greatest risk [1, 2]. Since
EOfAD and LOAD show similar disease progression
and pathology (reviewed in [3]), analysis of EOfAD
animal models may give insight into both subtypes of
AD. Intriguingly, the gene sortilin-related receptor 1
(SORL1) appears to be associated with both EOfAD
and LOAD [1, 2, 4–10] and may provide a mecha-
nistic link between these two AD subtypes. However,
SORL1 is the least studied of the EOfAD genes and
its role in AD is unclear.

The majority of research investigating the role of
SORL1 in AD is based around the role of its pro-
tein product in the intracellular trafficking of A�PP.
It is well accepted that the binding of A�PP to
SORL1 protein determines whether A�PP is directed
through a recycling pathway, or is steered through the
endolysosomal system to generate amyloid-� (A�,
the primary component of the senile neuritic plaques
found in AD brains) (reviewed in [11]). SORL1 also
binds A� itself, guides it to the lysosome for degra-
dation [12], and can act as a receptor for APOE [13].
These findings have been made mostly using cell
lines in which SORL1 is overexpressed or removed.
However, these manipulations do not closely reflect

the pathophysiological state of SORL1 expression
in AD.

We recently published an investigation of the
effects on young adult zebrafish brain transcriptome
state of heterozygosity for an EOfAD-like mutation
and/or a putatively null mutation of the zebrafish
orthologue of SORL1 [14]. Heterozygosity for the
EOfAD-like mutation resulted in subtle effects on
the young adult brain transcriptome, with only one
gene detected as differentially expressed. Analysis
at the level of genetic pathways (gene sets) found
evidence for changes in cellular processes previously
unknown to require sorl1, such as energy metabolism,
protein translation and degradation. These effects
were also observed in the brains of fish heterozy-
gous for the putatively loss-of-function mutation
in sorl1, suggesting they are due to haploinsuf-
ficiency. Transheterozygosity for the EOfAD-like
and null mutations gave apparent effects on iron
homeostasis and other cellular processes distinct
from those detected in the heterozygous fish brains
[14].

Here, we aimed to further our understanding of
the effects of EOfAD mutations in SORL1 by gener-
ation and analysis of an additional zebrafish sorl1
mutation model. We performed targeted mutage-
nesis to generate a line of zebrafish carrying a
W1818* mutation in sorl1, equivalent to the human
SORL1 EOfAD mutation W1821* [4]. We then
compared the brain transcriptomes of young adult
sorl1W1818∗ heterozygous and wild type sibling
fish to identify, in an unbiased and objective man-
ner, the changes in gene expression caused by this
mutation. Consistent with our previous work, het-
erozygosity for the W1818* mutation results in
subtle changes to brain gene expression. Genetic
pathways involved in energy production and pro-
tein translation were altered. The W1818* mutation
of sorl1 did not appear to affect Appa/Appb pro-
tein levels, cellular mitochondrial content, or iron
homeostasis.

MATERIALS AND METHODS

Zebrafish husbandry and animal ethics

All zebrafish used in this study were maintained
in a recirculating water system on a 14 h light/10 h
dark cycle, fed dry food in the morning and live
brine shrimp in the afternoon. All zebrafish work
was conducted under the auspices of the Animal
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Ethics Committee (permit numbers S-2017–089 and
S-2017–073) and the Institutional Biosafety Commit-
tee of the University of Adelaide.

Genome editing

To introduce mutations at the W1818 site in
zebrafish sorl1, we used a TALEN pair designed
and purchased from Zgenebio Biotech Inc. (Taipei
City, Taiwan). The target genomic DNA sites
(5’ to 3’) were ATGAGGTGGCGGTGTG (left)
and GTAGGACTGTCTCCAT (right) (Supplemen-
tary Figure 1). The DNAs encoding the TALEN
pairs were supplied in the pZGB2 vector, which
were linearized with NotI (NEB, Ipswich, USA)
before transcription of mRNA in vitro using the
mMESSAGE mMACHINE T7 in vitro transcription
kit following the manufacturer’s protocol (Invitro-
gen, Carlsbad, USA). The mRNAs encoding the
TALEN pairs were diluted to a final concentra-
tion of 200 ng/�L each, and approximately 2–5 nL
of the TALEN pair mRNA solution was injected
into zebrafish embryos at the one cell stage. We
eventually isolated a family of fish carrying an 11
nucleotide deletion in sorl1, W1818*, following the
strategy described in [14]. Briefly, injected embryos
were raised until approximately three months of
age, then were outcrossed to Tübingen strain fish
of approximately the same age to generate F1 fam-
ilies. Since the injected fish are mosaic for any
mutations at or near the W1818 codon, we per-
formed a T7 endonuclease I (T7EI) assay (NEB) on
ten F1 embryos from a clutch to confirm whether
any mutations had occurred in the germline of the
injected parent. The PCR primers used to amplify
the W1818 region for the T7EI assay have sequences
(5’ – 3’) F: TTAGGACCTCCTGTCAGCATTTCT
and R: ACAAAATAAAAGTGTATGTGC. If the
T7EI assay indicated that mutations were indeed
in the germline, the remaining F1 embryos of the
clutch were raised to adulthood. Sanger sequenc-
ing of the W1818 site was performed on genomic
DNA extracted from fin biopsies of F1 adult
fish to characterize any mutations (sequencing was
performed by the Australian Genome Research Facil-
ity (AGRF, Adelaide, AUS)). Single heterozygous
mutant fish (W1818*/+) from the F1 family were
mated with single wild type (+/+) fish to generate
F2 families. Heterozygous mutants from F2 families
were in-crossed to produce F3 families containing
homozygous mutant individuals.

Hypoxia treatment and allele specific digital
quantitative PCRs

Adult zebrafish (6 months of age) were sub-
jected to a hypoxic environment by placement in
oxygen-depleted water for 3 h (oxygen concentra-
tion of 6 ± 0.5 mg/L in normoxia and 1 ± 0.5 mg/L
in hypoxia). After treatment, fish were immedi-
ately sacrificed in a loose ice slurry and their
brains removed. Total RNA was then extracted from
whole zebrafish brains using the QIAGEN RNeasy®

Mini Kit (Qiagen, Venlo, Netherlands) according
to the manufacturer’s protocol. Recovered RNA
concentrations were estimated using a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific
Inc, Waltham, MA, USA). cDNA was synthesized
using random hexamers in the Superscript III First
Strand Synthesis System (Invitrogen) according to
the manufacturer’s instructions. 50 ng of each result-
ing cDNA sample was then used in allele-specific
digital quantitative PCR (dqPCR) as described in
[15]. To detect the two transcripts of sorl1, we used
a W1818* mutation-specific forward primer with
sequence 5’ GTGGCGGTGTGATGATGG 3’, and a
wild type-specific primer with sequence 5’ TGGCG-
GTGTGGGCTCAC 3’. A common reverse primer
sequence spanning the junction between exons 41 and
42 of sorl1 (to reduce amplification from any genomic
DNA carried over during RNA extraction) was 5’
GTAGAACACAGCGTACATCTCTGC 3’. Compar-
isons of mean transcript abundances per 50 ng of
brain-derived cDNA were made using a two-way
ANOVA with Tukey’s post hoc test for multiple com-
parisons.

Western blot analysis

Whole zebrafish brains were placed in 100 �L
of 1X Complete Protease Inhibitor Cocktail (Roche
Holding AG, Basel, Switzerland) in RIPA buffer
(Sigma-Aldrich Corp. St. Louis, MO, USA), immedi-
ately homogenized using a handheld motorized pestle
for 1 min on ice, then incubated at 4◦C for 2 h with
gentle rocking. Cellular debris was sedimented by
centrifugation with a relative centrifugal force of
16,100 g for 10 min. 25 �L of 4X NuPAGE™ LDS
Sample Buffer (Thermo Fisher Scientific) was added
to the supernatant (75 �L) containing total protein,
then samples were heated at 80◦C for 20 min. Total
protein concentrations were determined using the
EZQ® Protein Quantitation Kit (Molecular Probes,
Inc. Eugene, OR, USA) following the manufacturers
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Table 1
Antibodies used in this study

Primary antibody Dilution Secondary antibody Dilution

Goat Anti-SORL1 / LR11
(C Terminus (Aviva Systems
Biology, San Diego, CA, USA))

1:500 Anti-goat IgG, HRP-conjugated Antibody (Rockland
Immunochemicals Inc., Limerick, PA, USA)

1:10,000

Anti-VDAC (Invitrogen) 1:500 Anti-rabbit IgG, HRP-conjugated Antibody (Cell
Signalling Technology, Danvers, MA, USA)

1:10,000

Anti-APP (clone 22C11) (Sigma) 1:3000 Anti-mouse IgG, HRP-conjugated Antibody (Rockland
Immunochemicals)

1:10,000

Anti-�-Tubulin (E7, deposited to the
DSHB by Klymkowsky, M. (DSHB
Hybridoma Product E7))

1:200 Anti-mouse IgG, HRP-conjugated Antibody (Rockland
Immunochemicals)

1:10,000

protocol. Samples were prepared for SDS-PAGE by
adding 2.5 �L of 10X NuPAGE™ Sample Reduc-
ing Agent (Invitrogen) to 75 �g of total protein. The
volume was increased to 25 �L with 1X LDS buffer
in RIPA buffer. Samples were heated at 80◦C for
10 min and centrifuged briefly to sediment insoluble
material. Supernatants containing the soluble pro-
teins were subjected to SDS-PAGE on NuPAGE™
4–12% Bis-Tris Protein Gels (Invitrogen) in the Mini
Gel Tank and Blot Module Set (Thermo Fisher Sci-
entific), using 1X NuPAGE™ MOPS SDS Running
Buffer (Invitrogen). Resolved proteins were then
transferred to PVDF membrane in 1X tris glycine
SDS, 20% methanol. The PVDF membranes were
blocked in 5% Western Blocking Reagent (Roche)
then probed with primary and secondary antibod-
ies. Antibody incubations were performed at either
1 hour at room temperature, or overnight at 4◦C
with gentle rocking. Antibody dilutions can be found
in Table 1. Horse-radish peroxidase (HRP) signals
were developed using Pierce™ ECL Western Blot-
ting Substrate (Thermo Fisher Scientific) and imaged
with a ChemiDoc™ MP Imaging System (Bio-Rad
Laboratories, Hercules, CA, USA). The intensities
of the signals were measured using the Volume tool
in Image Lab 5.1 (Bio-Rad Laboratories). The rel-
ative intensities of the signals were normalized to
�-tubulin and compared across genotypes by one-
way ANOVA tests. Original blot images can be found
in Supplementary Figure 7.

RNA-seq analysis

We used a total of 12 fish in the RNA-seq analysis
(i.e., n = 6 per genotype, with mostly equal num-
bers of males and females), based on a previous
power calculation indicating that n = 6 would provide
approximately 70% power to detect the majority of
expressed transcripts in a zebrafish brain transcrip-

tome at a fold- change >2 and at a false discovery rate
of 0.05 (data not shown). Whole heads were removed
and preserved in approximately 600 �L of RNAlater
(Thermo Fisher Scientific). Total RNA was extracted
from the brains using the mirVana miRNA isolation
kit (Thermo Fisher Scientific) following the manu-
facturer’s protocol. Then, any genomic DNA carried
over during the total RNA extraction was removed
using the DNA-free™ Kit (Ambion, Waltham, USA).
RNA was stabilized using RNAstable® (Biomatrica,
San Diego, CA, USA) following the manufacturer’s
protocol to minimize RNA degradation. Briefly, RNA
was resuspended in DEPC-treated water, applied
directly to a RNAstable® tube and dried with a vac-
uum concentrator. Dried RNA was sent to Novogene
(Hong King, China) for cDNA library synthesis and
RNA-sequencing. The cDNA libraries were gener-
ated using NEBNext Ultra RNA Library Prep Kit for
Illumina (NEB) and RNA was sequenced using the
Illumina Novaseq PE150 platform.

Demultiplexed paired-end fastq files (with adapter
sequences removed) were supplied by Novogene. We
first inspected the quality of the raw data by fastQC
and ngsReports [16]. We then performed a pseudo
alignment using kallisto [17] version 0.43.1, in paired
end mode specifying 50 bootstraps. The index file for
kallisto was generated according to the zebrafish tran-
scriptome (primary assembly of GRCz11, Ensembl
release 96), with the sequences for all unspliced
transcripts additionally included. We imported the
transcript counts estimated by kallisto for analysis
using R [18], using the catchKallisto function of the
package edgeR [19]. To obtain gene level counts, we
summed the counts of all transcripts arising from
a single gene. Normalization factors were calcu-
lated using the trimmed mean of M-values (TMM)
method [20]. Lowly expressed genes are statistically
uninformative as they provide little evidence for dif-
ferential expression, and we considered genes to be
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detectably expressed if they contained at least con-
tained a logCPM of 0.75 in at least 6 of the 12
RNA-seq libraries. After selecting detectable genes,
library sizes ranged from 13,050,237 to 50,560,749.
Although these library sizes varied considerably, a
correlation between library size and the first two prin-
cipal components was not observed, supporting that
variation due to library size does not contribute to
the two largest sources of variation in this dataset
(Supplementary Figure 6).

We performed an initial differential expression
analysis using the exact test function of edgeR [19].
A design matrix was specified with an intercept for
each brain sample, and sorl1 genotype (W1818*/+)
as the common difference. Only one differentially
expressed gene was identified in this analysis (data
not shown). Therefore, to assist with identification
of dysregulated genes due to sorl1 genotype, we
removed one factor of unwanted variation using the
RUVg method of the package RUVSeq [21]. For
RUVg, we set k = 1, and the negative control genes
as the least 5000 differentially expressed genes (i.e.,
largest p-value) in the initial differential expression
test. The W 1 offset term generated was then included
in the design matrix for an additional differential
expression test using a generalized linear model and
likelihood ratio tests with edgeR [19, 22]. We con-
sidered genes differentially expressed if their FDR
adjusted p-value was less than 0.05.

Gene set enrichment testing was performed using
three different algorithms: fry [23], camera [24], and
GSEA [25, 26]. Since each method gave different lev-
els of significance, we combined the raw p-values
from each method by calculating the harmonic mean
p-value [27]. We considered a gene set to be signif-
icantly altered if the FDR adjusted harmonic mean
p-value was less than 0.05. The gene sets we tested
in this study were the KEGG [28], HALLMARK
[29], and the zebrafish iron-responsive element [30]
gene sets. The KEGG and HALLMARK gene sets
for zebrafish were obtained from MSigDB [29] using
msigdbR [31]. To perform promoter motif enrichment
analysis, we used homer [32] as described in [33]
on the top 100 most statistically significant differen-
tially expressed genes due to sorl1 genotype when
including the W 1 covariate in the design matrix.

Data visualization was performed using the pack-
ages ggplot2 [34], pheatmap [35], and upsetR [36].

The raw fastq files and the output from catch
Kallisto (i.e., the raw transcript abundances) have
been deposited in Gene Expression Omnibus
database (GEO) under Accession Number GSE156

167. All code to reproduce the RNA-seq analysis
can be found at https://github.com/karissa-b/sorl1
w1818x 6m.

RESULTS

Generation and characterization of the
EOfAD-like mutation W1818* in zebrafish sorl1

In 2012, Pottier et al. [4] identified mutations
in SORL1 segregating with EOfAD in families
with autosomal dominant inheritance patterns. We
previously analyzed the effects of a coding sequence-
truncating mutation from this study (human C1478*)
on the young adult brain transcriptome in a zebrafish
model (zebrafish V1482Afs) [14]. To further our
understanding of the effects of coding sequence-
truncating mutations in SORL1, we generated an
additional zebrafish model of a mutation from the
Pottier et al. study, W1821* [4]. The W1821 codon
is conserved in zebrafish (W1818). We edited this
site in the zebrafish genome using targeted muta-
genesis (Supplementary Figure 1) and isolated a
line of zebrafish carrying an 11 nucleotide deletion,
resulting in a protein coding sequence-level change
equivalent to that caused by the human mutation
(Fig. 1A).

Protein coding sequence-truncating mutations in
SORL1 have been shown to be subject to nonsense
mediated mRNA decay (NMD) in lymphoblasts from
human carriers [4]. Additionally, SORL1 expression
is upregulated under hypoxia in vitro [37]. Therefore,
we asked whether the W1818* transcript of sorl1 is
also subject to NMD, and whether its expression is
altered in vivo by hypoxia treatment. We performed
allele-specific, digital quantitative PCRs (dqPCRs)
on brain-derived cDNA from fish exposed to nor-
moxia or acute hypoxia at 6 months of age. We
found that the W1818* transcript is less abundant in
W1818*/+ brains relative to the wild type transcript
under both normoxia (p < 0.0001) and acute hypoxia
(p = 0.0001), supporting that the W1818* transcript is
subject to NMD. We also observed that the wild type
transcript in W1818*/+ brains is less abundant than
in +/+ brains under normoxia (p = 0.004) and acute
hypoxia (p = 0.02). We did not observe any significant
change of sorl1 transcript levels between normoxia
and acute hypoxia (Fig. 1C), despite that these fish
were likely showing a transcriptional response to
hypoxia, as indicated by upregulation of pdk1 tran-
script levels (Supplementary Figure 2).
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Fig. 1. The W1818* mutation in sorl1 results in a transcript subject to nonsense mediated mRNA decay. A) Alignment of zebrafish sorl1
and human SORL1 wild type and mutant exon 41 sequences. B) Schematic of Sorl1 protein with protein domains and the site of the W1818*
mutation indicated. VPS10, vacuolar protein sorting 10 domain; LDLR, low density lipoprotein receptor; EGF, epidermal growth factor;
FN, fibronectin; TMD, transmembrane domain; ICD, intracellular domain. C) Number of copies of the sorl1 wild type (WT) and mutant
(W1818*) transcripts in 6-month-old wild type (+/+) and heterozygous mutant (W1818*/+) sibling brains under normoxia and acute hypoxia.
p-values were determined by two-way ANOVA with Tukey’s post hoc test for multiple comparisons.

To determine whether the W1818* mutation alters
the expression of Sorl1 protein, we performed west-
ern immunoblot analysis on zebrafish brain lysates at
6 months of age, using an antibody raised against the
C-terminus of human SORL1 (and that cross-reacts
with zebrafish Sorl1 protein). A ∼250 kDa signal is
observed in +/+ brains, and is absent in homozygous
mutant brains, confirming that the W1818* mutation
disrupts translation of Sorl1 protein (Supplementary
Figure 3).

In summary, sorl1 does not appear to be upregu-
lated by acute hypoxia in vivo, the W1818* results
in a transcript which is likely subject to NMD,
and the mutation disrupts wild type Sorl1 protein
translation.

Transcriptome analysis of W1818*/+ and +/+
young adult zebrafish brains

Which genes are dysregulated as a result of het-
erozygosity for the EOfAD-like, W1818* mutation
in sorl1 in young adult brains? To address this ques-
tion, we performed mRNA sequencing on the brains
from fish either heterozygous for the W1818* muta-
tion and their wild type siblings at 6 months of age
(n = 6).

The overall similarity between gene expression
profiles can be explored using principal component
analysis (PCA). Samples with similar gene expres-
sion profiles cluster together in a PCA plot. In our
RNA-seq dataset, no clear separation of male and
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Fig. 2. Heterozygosity for the W1818* mutation in sorl1 has subtle effects on young-adult brain transcriptomes. A) Plot of principal
component 1 (PC1) against PC2 from a principal component analysis. Circles indicate female samples (F) and triangles indicate male (M)
samples. B) Volcano plot showing the significance (-log10(P-Value)) and log2 fold change (logFC) of genes in W1818*/+ brains relative
to +/+ sibling brains. The genes identified as significantly differentially expressed are colored red. C) Mean-difference (MD) plot of gene
expression in W1818*/+ brains relative to +/+ sibling brains.

female brain samples was observed, supporting our
previous observations that sex does not have a large
effect on the zebrafish brain transcriptome [14, 38].
We observed partial separation of W1818*/+ and
wild type samples across principal component 2
(PC2), accounting for approximately 16% of the total
variation in this dataset (Fig. 2A). Therefore, het-
erozygosity for the W1818* mutation likely does
not have widespread effects on the transcriptome of
young adult zebrafish brains.

Differential gene expression analysis supported
our conclusions from the PCA. Only two genes were
identified as differentially expressed to a statistically
significant degree due to the W1818*/+ genotype:
zinc finger protein 1148 (znf1148) and proline rich
15 like a (prr15la) (Fig. 2B, C and Supplementary
Table 1). The functions of these genes are not known.
BLAST searches identified ZNF99 and PRR15L as
candidate human orthologues of znf1148 and prr15la
respectively. However, broad-scale analysis of con-
servation of synteny between the genomic regions
occupied by the zebrafish and human genes was
unable to support these orthologies (Supplementary
Figure 4).

To obtain a more complete view of changes to
brain gene expression due to heterozygosity for the
W1818* mutation in sorl1 we performed enrichment
testing on particular gene sets (below) using the entire
list of detectable genes in the RNA-seq experiment.

For insight into the cellular processes represented
by the gene expression changes we used the KEGG
and HALLMARK gene sets from the Molecular Sig-
natures Database (MSigDB, [26, 29]). To test for
possible iron dyshomeostasis, we used our recently
defined gene sets representing the genes containing
iron-responsive elements (IRE) in the untranslated
regions (UTRs) of their mRNAs [30]. We applied the
self-contained gene set testing methods fry [23] and
GSEA [25, 26], and the competitive gene set testing
method camera [24], and combined the resulting p-
values by calculating the harmonic mean p-value, a
method of combining dependent p-values [27]. We
further protected against type I errors by performing
an FDR adjustment on the resulting harmonic mean
p-value.

In all, we identified six gene sets significantly
altered as a group after FDR adjustment of the har-
monic mean p-value (Fig. 3). However, the subsets
of “leading edge” genes identified by the GSEA algo-
rithm (which can be thought of as those genes driving
the enrichment of the gene set) for four of these six
gene sets (HALLMARK and KEGG OXIDATIVE
PHOSPHORYLATION, KEGG HUNTINGTONS
DISEASE, and KEGG PARKINSONS DISEASE) all
share many genes, showing that the statistical signif-
icance of these gene sets is, essentially, being driven
by the same signal (genes encoding components
of the mitochondrial electron transport chain).
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Fig. 3. Mitochondrial and ribosomal function are predicted to be affected by heterozygosity for the W1818* mutation in sorl1. A) Table
indicating the significantly altered KEGG and HALLMARK gene sets (FDR adjusted harmonic mean p-value < 0.05) in W1818*/+ brains
relative to +/+ brains. Heatmaps indicate the log2 fold change (logFC) of all detectable genes within the gene sets, clustered by their Euclidean
distance. B) Upset plot of the leading edge genes from the GSEA algorithm for the significant gene sets indicating the number of shared
genes driving the enrichment of each gene set. See the online version for color.

No IRE gene sets were found to be significantly
altered, consistent with our previous observations
for heterozygosity for the V1482Afs EOfAD-like
allele of sorl1 [14].

Since our transcriptome analysis was of bulk
mRNA isolated from entire zebrafish brains, differ-
ences in cell type proportions between W1818*/+
and +/+ brains could cause artefactual apparent
changes in gene expression levels. To investigate this
possibility, we visualized the expression levels of
marker genes present in four broad cell types within
zebrafish brains: neurons, astrocytes, oligodendro-
cytes [39] and microglia [40] (Fig. 4A). Since we did
not observe any obvious differences in marker gene

expression levels between genotypes, it is unlikely
that changes in cell type proportions cause the differ-
ential expression of genes observed in the W1818*
heterozygous fish brains.

Differences in transcription factor activity could
also be driving the changes to gene expression
observed in W1818*/+ brains. To explore this, we
performed promoter motif enrichment analysis using
homer [32] on the 100 most statistically significantly
differentially expressed genes due to sorl1 genotype.
We identified that the promoter motif for hepatocyte
nuclear factor 4� (Hnf4�) appears significantly
over-represented in the promoters of the top 100
most DE genes (Bonferroni adjusted p-value = 0.04).
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Fig. 4. Brain transcriptome changes in W1818*/+ mutants are unlikely to be due to changes in cell type proportions, altered expres-
sion of appa/b, or mitochondrial content. A) Distribution of expression (logCPM) of marker genes of astrocytes, microglia, neurons and
oligodendrocytes in wild type (+/+) and heterozygous mutant (W1818*/+) brains. B) Expression (logCPM) of A�PP orthologues appa
and appb in wild type and heterozygous mutant brains. C) Quantification of western blot analysis of expression of App proteins (Appa
and Appb) in 6-month-old wild type, heterozygous and homozygous mutant zebrafish brains. D) Quantification of western immunoblot
analysis of expression of the mitochondrial marker Vdac1 in 6-month-old wild type, heterozygous and homozygous mutant zebrafish
brains. E) Representative images of western immunoblots. Significance levels in C) and D) were determined by one-way ANOVA (ns, not
significant).

Expression of hnf4� itself was low in these zebrafish
brains and was insufficient to be regarded as
detectable in this RNA-seq experiment (<0.75 cpm
in at least 6 of the 12 RNA-seq libraries). However,
examination of the logCPM values for hnf4� before
filtering found that one mutant brain displayed far
higher expression of hnf4� than the others and is
clearly an outlier. A PCA on the expression of all
genes predicted to contain a Hnf4�-binding motif
(HNF4ALPHA Q6 gene set from the C3 category of
MSigDB) revealed no obvious separation between
W1818*/+ and +/+ samples, suggesting that sorl1

genotype does not result in distinct expression
patterns for these genes (Supplementary Figure 5).

In summary, heterozygosity for the W1818* muta-
tion appears to have subtle effects on the expression
of genes involved in energy production and protein
translation in young adult zebrafish brains. The sub-
tle effects of this EOfAD-like mutation are consistent
with the typically lesser pathogenicity of such muta-
tions in SORL1 compared to, for example, EOfAD
mutations in PSEN1 [6, 41] and may reflect the earli-
est cellular changes that, after decades, lead to overt
Alzheimer’s disease.
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Heterozygosity or homozygosity for W1818*
does not appear to affect the abundance of App
species, or mitochondrial mass

The most characterized cellular role of SORL1
protein is the sorting of A�PP throughout the
endolysosomal system (reviewed in [11]). Therefore,
we sought to investigate whether the W1818* muta-
tion of sorl1 causes changes in expression of the
zebrafish forms of A�PP. In zebrafish, two paralo-
gous genes show orthology with human A�PP: appa
and appb. Inspection of our RNA-seq data did not
reveal any differences in the expression levels of appa
or appb between heterozygous mutant and wild type
brains (Fig. 4B). We also used an antibody against
human A�PP that cross-reacts with both zebrafish
Appa and Appb proteins for immunoblot examination
of App species in the brains of wild type, heterozy-
gous and homozygous mutant zebrafish at 6 months
of age (Fig. 4C). We did not observe any significant
differences between genotypes, supporting that the
changes to sorl1 gene function/expression are likely
independent of changes to expression of appa or
appb.

Finally, we hypothesized that, in W1818*/+ brains,
changes to expression of genes involved in oxidative
phosphorylation could cause, or be due to, changes
in cellular mitochondrial content. To explore this, we
performed western immunoblotting against Vdac1,
a protein highly abundant in the outer mitochondrial
membrane, in lysates from entire zebrafish brains. We
did not observe any significant effect of sorl1 geno-
type on the levels of Vdac1, supporting that cellular
mitochondrial content is unchanged between geno-
types (Fig. 4D).

DISCUSSION

We cannot access tissue from the living brains of
SORL1 mutation carriers for detailed molecular anal-
ysis. This restricts our ability to elucidate the early
changes which eventually lead to AD and requires
that we examine animal models instead. Our partic-
ular approach involves generating genetic models of
EOfAD mutations in zebrafish which closely mimic
the genetic state of human EOfAD (i.e., here we
analyzed the effects of a single, heterozygous muta-
tion in the endogenous sorl1 gene of zebrafish). This
approach avoids potentially confounding assump-
tions such as that homozygous animals simply show
more extreme phenotypes than heterozygotes, or
that transgenic animals overexpressing mutant genes

cause effects similar to endogenous human muta-
tions (assumptions commonly made in AD genetics
research). We also performed our analyses when
zebrafish are 6 months old and recently sexually
mature. We regard this as the equivalent of early
adulthood in humans. At this age changes to gene
expression should reflect pathological processes (or
the responses to these) occurring long before any cog-
nitive deficits become apparent. Finally, analysis of
large families of sibling fish raised in an identical
environment (the same tank) reduces both genetic and
environmental variation between samples (i.e., noise)
and increases our ability to detect subtle changes
in gene expression due to heterozygosity for the
EOfAD-like mutations.

In this study, we built on our previous analysis [14]
investigating the effects of protein coding sequence-
truncating mutations in sorl1 implicated in EOfAD.
We generated a zebrafish model of the W1821* muta-
tion in human SORL1 (zebrafish sorl1 W1818*). We
showed that transcripts of the W1818* allele are
likely subject to NMD (consistent with observations
of coding sequence-truncating mutations in human
SORL1 [4]), and that W1818* transcripts cannot gen-
erate full-length Sorl1 protein.

We did not observe any significant differences
between the expression of sorl1 transcripts in
zebrafish brains under normoxia and hypoxia in
vivo. This contrasts with the observations of Nishii
et al. [37], using a hematopoietic stem cell line.
These researchers saw increased SORL1 protein lev-
els under hypoxia. However, a recent meta-analysis
of RNA-seq datasets investigating transcriptional
responses to hypoxia in both humans (128 datasets)
and mice (52 datasets) showed that SORL1 was
seldom found to be differentially expressed under
hypoxia. When SORL1 was identified as DE, either
up- or downregulation was observed [42]. Therefore,
whether SORL1 is regulated by hypoxia, and in which
cell types this may occur, requires further investiga-
tion.

Heterozygosity for EOfAD-like mutations in sorl1
causes subtle changes in young adult brains

Transcriptome analysis of young adult, W1818*/+
mutant zebrafish brains relative to their +/+ sib-
lings identified statistical evidence for two DE genes:
znf1148 and prr15la. Little or no information on
the function of these genes can be found in the
scientific literature. However, the candidate ortho-
logue of prr15la in humans, PRR15L, was seen
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as associated with human intelligence in a meta-
analysis of genome-wide association studies totaling
78,308 individuals [43]. That only a small number
of genes was identified as DE is to be expected
from the apparently semi-penetrant effects of EOfAD
mutations in SORL1 (reviewed in [11, 44] and see
below) and the young age of the brains examined
(long before any overt pathology would be expected.
It is also consistent with our previous analysis of
another EOfAD-like mutation in sorl1 (zebrafish
sorl1V1482Afs modelling human SORL1C1478∗), for
which heterozygosity gave rise to only one sig-
nificantly DE (downregulated) gene: cytochrome
c oxidase subunit 7A1 (cox7a1) [14]. This gene
appeared as slightly, but non-significantly, upregu-
lated in W1818*/+ brains (logFC = 0.5, pFDR = 1)
(Supplementary Table 1) so the differences in the
genes identified as DE between the W1818* and
V1482Afs heterozygous mutant brains is likely an
effect of statistical noise. In contrast, analysis of
an EOfAD-like mutation in the zebrafish orthologue
of PSEN1, the gene most commonly mutated in
EOfAD [45], detected 251 DE genes in the brains
of young adult heterozygous zebrafish [46]. Thus, it
appears that EOfAD mutations in SORL1 cause less
severe effects on cellular state compared to EOfAD
mutations in PSEN1. This is more consistent with
SORL1’s action as a LOAD genetic risk locus than as
an EOfAD-causative locus. Campion and colleagues
[44], noted that the ages of onset of AD in patients
with mutations in SORL1 are proximal to the arbitrary
LOAD age threshold of 65 years of age (between
56 and 80 years, compared with PSEN1 mutation
carriers, which have an overall median age of dis-
ease onset of approximately 42 years [47]). Also,
some SORL1 mutation carriers with early onset AD
carry additional LOAD genetic risk variants in APOE,
TREM2, and ABCA7, and/or have aged (>66 years),
unaffected siblings who carry the same SORL1 muta-
tion. Together, these observations, along with our in
vivo transcriptomic studies, support that SORL1 is
more likely a genetic risk locus for LOAD than an
EOfAD locus.

A promotor enrichment analysis of the 100 genes
showing the strongest signal (smallest p-values)
for differential expression due to sorl1 genotype
identified the DNA-binding motif for Hnf4� as sig-
nificantly enriched. HNF4�, a gene associated with
maturity-onset diabetes of the young (MODY, a form
of non-insulin-dependent diabetes mellitus [48]), is
primarily expressed in the liver (reviewed in [49])
and has been reported to play roles in gluconeogene-

sis [50] and cholesterol homeostasis [51]. Yamanishi
and colleagues [52] reported that HNF4� is also
expressed in the brains of mice where it appears to
drive transcriptome changes in mice housed under
stressful conditions. Expression of the hnf4� gene
in the brains of our zebrafish was very low so
that its transcripts were excluded during the pre-
processing preceding our differential gene expression
analysis. However, inspection of the logCPM values
from before exclusion of genes with low expres-
sion identified one W1818*/+ male mutant sample
with a relatively higher expression of hnf4� (likely
an outlier). Nevertheless, a PCA on the expres-
sion of all detectable genes predicted to contain the
Hnf4� DNA-binding motif (250 genes) did not reveal
any convincing evidence of global dysregulation of
Hnf4�-regulated genes in W1818*/+ brains.

Changes to mitochondrial and ribosomal
function are observed in young-adult, sorl1
mutant zebrafish, and in human AD

Enrichment testing of all the detectable genes in
the RNA-seq experiment identified subtle changes to
expression of genes involved in energy production
and protein translation. Reassuringly, we previously
identified these processes as altered due to heterozy-
gosity for the EOfAD-like V1482Afs mutation of
sorl1, and for a putatively null mutation in sorl1
in young adult zebrafish brains [14], suggesting that
changes to mitochondrial and ribosomal function are
an effect-in-common of EOfAD mutations in SORL1,
and arise through a haploinsufficiency mechanism
(i.e., due to decreased sorl1 function). Whether these
mitochondrial and ribosomal functions are directly
reliant on Sorl1 protein expression, or change as part
of a homeostatic response to a deficiency of another,
unknown, Sorl1-dependent function, is unclear. To
our knowledge, the role of SORL1 in the context
of mitochondrial and ribosomal function has not
been investigated previously. However, it is well
accepted that these processes are affected early in AD.
Studies exploiting positron emission tomography
with 2-[18F] fluoro-2-deoxy-d-glucose (FDG-PET)
(measuring glucose metabolism in the brains of liv-
ing subjects) have shown that glucose metabolism
gradually declines during the conversion from mild
cognitive impairment (MCI) to AD, particularly in
the parieto-temporal and posterior cingulate cortices
[53–57]. In our zebrafish model, genes encoding the
components of the mitochondrial electron transport
chain are mostly downregulated. Interestingly, the
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overall direction of change for genes involved in gly-
colysis and gluconeogenesis is up, supporting that
a metabolic shift occurs from oxidative phosphory-
lation towards glycolysis as the primary source of
energy for the brain.

In W1818*/+ brains, we observed downregulation
of genes encoding ribosomal proteins. Ribosomes
isolated from postmortem MCI and AD patients
show less capacity for protein synthesis [58–60],
increased levels of oxidized ribosomal RNA (rRNA),
and bound ferrous iron (Fe2+) relative to control ribo-
somes [61]. Oxidative stress within cells (such as
due to increased redox active metals like Fe2+, or
free radicals generated during normal mitochondrial
respiration) oxidises rRNA and decreases ribosomal
activity [62]. Further investigation is needed to deter-
mine whether protein synthesis is actually affected in
W1818*/+ brains.

We recently developed an enrichment analysis-
based method to detect signs of iron dyshomeostasis
in RNA-seq data. The method exploits gene sets
encompassing genes containing iron-responsive ele-
ments (IREs) in the 5’ or 3’ UTRs of their mRNAs
[30]. We did not observe any evidence for changes to
expression of these gene sets, suggesting that intra-
cellular iron (Fe2+) levels are not significantly altered
in W1818*/+ brains relative to their +/+ siblings. This
is consistent with our previous analysis, where only
complete loss of wild type sorl1 resulted in significant
changes to expression of genes which IREs in the 3’
UTRs of their mRNAs [14]. Nevertheless, we cannot
exclude that iron homeostasis is affected in the het-
erozygous mutant brains. Due to the nature of bulk
RNA-seq, we may have failed to observe opposite
directions of change in gene expression in different
cell types.

No evidence that mutation of sorl1 significantly
changes expression of genes affecting the
endo-lysosomal system in young adult zebrafish
brains

We did not observe any gene sets involved in
endolysosomal system function to be significantly
altered in W1818*/+ brains, despite that SORL1
protein is thought to act, primarily, within the
endolysosomal system (reviewed in [11]). Knupp and
colleagues [63] showed that complete loss of SORL1
in neurons (and not microglia) derived from human
induced pluripotent stem cells (hiPSCs) resulted in
early endosome enlargement, a phenomenon previ-
ously observed in post mortem EOfAD and LOAD

brains [64–66]. Our previous four-genotype analysis
also did not reveal any direct evidence for dys-
regulation of genes in the endolysosomal system
[14] although iron homeostasis appeared disturbed
in brains lacking any wild type sorl1 expression,
and that might be due to a disturbance of cellular
iron importation in which the endolysosomal system
plays an important role (e.g., [67]). The results of
our two independent zebrafish studies do not sup-
port that heterozygosity for mutations in sorl1 affects
the endolysosomal system at the level of gene reg-
ulation. Nevertheless, changes may be occurring in
our mutant fish at the protein level without affect-
ing the transcriptome. Also, as mentioned previously,
humans heterozygous for SORL1 mutations gener-
ally show ages of AD onset (if affected) close to the
arbitrary late onset threshold of 65 years of age [4,
44]. Therefore, it is possible that any endolysosomal
defects in heterozygous W1818* zebrafish brains are
not be observable until later ages.

In conclusion, we have provided evidence support-
ing that mutation of sorl1 affects mitochondrial and
ribosomal function. Our bioinformatic analysis pro-
vides the basis for future experiments to elucidate the
nature of these effects.
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Supplementary Figure 1. Genome editing of sorl1 exon 41.  
A 55 nucleotide section of zebrafish sorl1 exon 41 (ENSDARE00000237070). Both the sense, 
anti-sense and the translated (AA) sequences are indicated. The TALEN recognition sites are 
indicated by purple arrows, and the W1818 site is highlighted by the red box.  
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Supplementary Figure 2. Expression of sorl1 and pdk1 in young adult zebrafish brains 
exposed to hypoxia.  
A) Mean ± SEM copies of pyruvate dehydrogenase kinase (pdk1) per 50 ng of brain derived 
cDNA of zebrafish either heterozygous for the W1818* mutation in sorl1 (W1818*/+), or their 
wild type siblings (+/+) and exposed to either normoxia or hypoxia. Expression of pdk1 appeared 
to increase after exposure to acute hypoxia in each sorl1 genotype. However, these comparisons 
did not reach statistical significance (one-way ANOVA with Dunnet’s post-hoc test). B) Re-
analysis of the data in A, where data points were combined by treatment. A Student’s t-test 
identified a significant increase in pdk1 expression. +/+ samples are indicated by triangles, and 
W1818*/+ samples are indicated by circles. C) Expression levels of sorl1 transcripts per 50 ng of 
brain-derived cDNA under normoxia and hypoxia. Numbers represent the copy numbers on the 
QuantStudioTM 3D Digital PCR 20K chip after processing within QuantStudioTM 3D 
AnalysisSuite Cloud Software (version 3.0, Applied Biosystems, Thermo Fisher Scientific). Note 
that only one digital PCR was performed to detect the W1818* allele of sorl1 in +/+ brains under 
normoxia to confirm that the W1818* mutation specific primers did not amplify from the wild 
type (WT) sequence of sorl1. D) Expression levels of pdk1 transcripts per 50 ng of brain-derived 
cDNA under normoxia and hypoxia. 
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Supplementary Figure 3. Expression of Sorl1 protein in young adult zebrafish brains. 
Western immunoblot against C-terminal sequences of Sorl1 protein in 6-month-old wild type and 
homozygous mutant sibling brains. Loss of the signal at approximately 250 kDa supports that the 
W1818* mutation results in disruption of translation of Sorl1 protein. Immunoblotting against β-
tubulin revealed a loading bias, with an apparent increase in total protein levels in the 
homozygous mutant brains. Entire blots are shown in Supplementary Figure 7.  
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Supplementary Figure 4. BLAST and analysis of synteny of the gene differentially 
expressed due to heterozygosity for the W1818* mutation of sorl1.  
A) Graphical summary of the top 10 hits of a tblastn search using the protein sequence of 
Znf1148 (ENSDART00000163798.2) against the human genome GRCh38.p13. The best hit 
corresponds to ZNF99 on human chromosome 19 (chr19). B) Graphical summary of the best 10 
hits of a tblastn search using the protein sequence of human ZNF99 (ENST00000397104.5) 
against the zebrafish genome GRCz11. As a reverse viewpoint to A, the second hit refers to 
znf1148. C) Analysis of synteny between zebrafish chromosome 4 (chr4) and the human 
genome. The location of znf1148 is shown in red. No conservation of synteny is observed in the 
human genome with the znf1148 region. D) Graphical summary of a tblastn search using the 
protein sequence of zebrafish Prr15la (ENSDART00000134723.2) against the human genome 
GRCh38.p13. The top hit corresponds to PRR15L on human chromosome 17 (chr17). E) 
Graphical summary of the top 10 hits of a tblastn search using the protein sequence of PRR15L 
(ENST00000300557.3) against the zebrafish genome GRCz11. The only significant homology is 
to the paralogues prr15la and prr15lb. F) Analysis of synteny between zebrafish chromosome 3 
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(chr3) and the human genome. The location of prr15la is shown in red. No conservation of 
synteny is observed in the human genome with the prr15la region. BLAST searches and analysis 
of synteny were performed using the Ensembl web site (https://m.ensembl.org/). 
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Supplementary Figure 5. Promotor motif analysis using homer.  
A) The top 5 most significantly enriched motifs in the promoters of the top 100 most statistically 
significant gene differentially expressed due to sorl1 genotype, relative to all genes detected in 
the RNA-seq experiment. B) Expression of hnf4⍺ before filtering lowly expressed genes in the 
RNA-seq dataset. C) Principal component (PC) analysis plot of the RUVseq adjusted expression 
values of genes containing a motif for binding of Hnf4⍺ (HNF4ALPHA_Q6 gene set from 
MSigDB, C3 category, TFT:TFT_Legacy subcategory).  
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Supplementary Figure 6, PC1 and PC2 do not correlate with library size. 
Plot of the A) principal component 1 (PC1) and B) PC2 value against the size of each RNA-seq 
library. The blue lines indicate a linear model regression lines with standard error shading. No 
correlation is observed, suggesting that the varying library sizes does not contribute overly to the 
two largest sources of variation in this dataset. 
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Supplementary Figure 7. Original images of western blot membranes. 
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Supplementary Table 1 can be found at  
 

https://content.iospress.com/articles/journal-of-alzheimers-disease/jad201383  
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Abstract 

Background: Mutations in PRESENILIN 2 (PSEN2) cause early onset familial 

Alzheimer’s disease (EOfAD) but their mode of action remains elusive. One 

consistent observation for all PRESENILIN gene mutations causing EOfAD is 

that a transcript is produced with a reading frame terminated by the normal stop 

codon – the “reading frame preservation rule”. Mutations that do not obey this 

rule do not cause the disease. The reasons for this are debated. 

Methods: A frameshift mutation (psen2N140fs) and a reading frame-preserving 

mutation (psen2T141_L142delinsMISLISV) were previously isolated during genome 

editing directed at the N140 codon of zebrafish psen2 (equivalent to N141 of 

human PSEN2). We mated a pair of fish heterozygous for each mutation to 

generate a family of siblings including wild type and heterozygous mutant 

genotypes. Transcriptomes from young adult (6 months) brains of these 

genotypes were analysed.  

Objective: To predict cellular functions affected by heterozygosity for each 

mutation using bioinformatic techniques. 

Results: The reading frame preserving mutation uniquely caused subtle, but 

statistically significant, changes to expression of genes involved in oxidative 

phosphorylation, long term potentiation and the cell cycle. The frameshift 

mutation uniquely affected genes involved in Notch and MAPK signalling, 

extracellular matrix receptor interactions and focal adhesion. Both mutations 

affected ribosomal protein gene expression but in opposite directions. 
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Conclusion: A frameshift and frame-preserving mutation at the same position 

in zebrafish psen2 cause discrete effects. Changes in oxidative 

phosphorylation, long term potentiation and the cell cycle may promote EOfAD 

pathogenesis in humans. 

Key words 

Alzheimer’s disease, RNA-seq, zebrafish, PSEN2, mitochondria. 

Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder which 

develops silently over decades. The pathological hallmarks of AD include the 

presence of extracellular senile neuritic plaques consisting, primarily, of 

amyloid β (Aβ) peptides, intracellular neurofibrillary tangles (primarily consisting 

of hyperphosphorylated tau proteins), and progressive neuronal loss (reviewed 

in [1]). The majority of therapeutics for AD are aimed at reducing Aβ levels 

(reviewed in [2]). However, all compounds to date show little or no effect on 

cognitive symptoms (reviewed in [3, 4]). This likely reflects our ignorance of the 

pathogenic mechanism underlying AD. Also, once cognitive changes occur, 

damage to the brain is considerable and may be irreversible. A comprehensive 

understanding of the early molecular changes/stresses occurring many years 

before disease onset is required to develop preventative treatments to reduce 

the prevalence of AD.  

The majority of AD cases arise sporadically with an age of onset after 65 years 

(late onset AD, LOAD). Genome-wide association studies (GWAS) have 

identified at least 20 genes associated with increased risk for LOAD, with the 
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most influential being the APOLIPOPROTEIN E (APOE) locus [5, 6]. Rare, 

familial forms of AD also exist. Early onset familial AD (EOfAD) cases have an 

age of onset before 65 years, and arise due to mutations in the PRESENILIN 

genes (PSEN1 and PSEN2), and the genes AMYLOID Β A4 PRECURSOR 

PROTEIN (AbPP) and SORTILIN-RELATED RECEPTOR 1 (SORL1) 

(reviewed in [7-9]).  

PSEN2 is the less commonly mutated PSEN gene in EOfAD. To date, only 13 

pathogenic mutations have been described in PSEN2 compared to over 185 

pathogenic mutations in the homologous gene PSEN1 [10]. The first PSEN2 

EOfAD mutation characterised was N141I, found in Volga German families and 

affecting the second transmembrane domain of the PSEN2 protein [11]. We 

previously attempted to introduce this mutation into zebrafish by genome 

editing. While we were not successful at introducing an exact equivalent of the 

human N141I mutation into zebrafish, we did isolate a reading frame-

preserving mutation at this position: psen2T141_L142delinsMISLISV [12]. This mutation 

alters two codons and inserts five additional novel codons and was predicted to 

largely preserve the transmembrane structure of the resultant protein. We also 

isolated a frameshift mutation at the same position: psen2N140fs. This is a 

deletion of 7 nucleotides resulting in a premature stop codon at novel codon 

position 142 [12]. Since all EOfAD mutations in the PSENs follow a “reading 

frame preservation rule” [13], psen2T141_L142delinsMISLISV models such a mutation 

in PSEN2. In contrast, the psen2N140fs allele is predicted to express a truncated 

protein, is not EOfAD-like, and so can act as a negative control to investigate 

the differences between reading frame-preserving and -destructive mutations of 

PSEN2.  
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The overall goal of the Alzheimer’s Disease Genetics Laboratory has been to 

identify the cellular processes affected in common by EOfAD mutations in 

different genes in young adult, heterozygous mutant brains (i.e. to establish an 

early EOfAD brain transcriptomic signature). We exploit zebrafish as a model 

organism for this work as the EOfAD genes are conserved in zebrafish, and 

large families containing both EOfAD-like mutant fish and their wild type 

siblings can be generated from single mating events between single pairs of 

fish (reviewed in [14]). Analysing the transcriptomes of sibling fish raised in the 

same environment (aquaria within a single recirculated water system) reduces 

genetic and environmental sources of variation, (noise) and allows subtle 

effects of mutations to be identified. After introducing EOfAD-like mutations into 

the endogenous, zebrafish orthologues of EOfAD genes (i.e. knock-in models), 

we analyse their effects on brain transcriptomes in heterozygous fish to mimic 

the genetic state of such mutations in the human disease. We term this 

experimental strategy Between Sibling Transcriptome (BeST) analysis. We 

have previously performed BeST analyses for EOfAD-like mutations in psen1 

[15] and sorl1 [16, 17] and for a complex (but possibly EOfAD-like) mutation in 

psen2: psen2S4Ter [18].  

In the work described in this report, we performed a BeST analysis using a 

family of sibling fish generated by mating two fish with genotypes 

psen2T141_L142delinsMISLISV/+ and psen2N140fs/+. The family included fish 

heterozygous for the mutations psen2T141_L142delinsMISLISV (for simplicity, hereafter 

referred to as “EOfAD-like”) and psen2N140fs (for simplicity, hereafter referred to 

as “FS”) and their wild type siblings, all raised together in the same tank until 6 

months of age. This strategy allowed direct comparisons of the brain 
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transcriptomes from the two psen2 mutant genotypes to their wild type siblings 

while reducing confounding effects from genetic and environmental variation. 

Despite this, considerable gene expression variation (noise) is still observed 

between individuals and the effects of the mutations are subtle so that few 

genes are identified initially as differentially expressed. However, when 

analysed at the pathway level, heterozygosity for each mutation shows distinct 

transcriptomic effects. The sets of genes involved in oxidative phosphorylation, 

long-term potentiation, and the cell cycle are only altered significantly in the 

EOfAD-like brains, while the FS mutant brains shows apparent changes in 

Notch and MAPK signalling, focal adhesion, and ECM receptor interaction. 

Both mutation states affected genes encoding ribosomal subunits, but the 

effect of each mutation was in opposite directions. Our results are consistent 

with the concept that only dominant, reading frame-preserving mutations of the 

PRESENILIN genes cause EOfAD and support that effects on oxidative 

phosphorylation may be a common signature of such mutations.  

Methods 

Zebrafish lines and ethics statement.  

Generation of the psen2T141_L142delinsMISLISV and psen2N140fs lines of zebrafish 

used in this study is described in [12]. All experiments involving zebrafish were 

conducted under the auspices of the Animal Ethics Committee of the University 

of Adelaide, permit numbers S-2017-089 and S-2017-073.  
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Breeding strategy 

Two fish heterozygous for these mutations were mated to generate a family of 

sibling fish with psen2 genotypes EOfAD-like/+, FS/+, EOfAD-like/FS 

(transheterozygous) or wild type (Figure 1A). This family was raised together in 

the same tank until 6 months of age, at which time 24 fish were randomly 

selected and sacrificed in a loose ice slurry (to allow for n = 5 of each genotype 

in the RNA-seq analysis). The heads of these fish were removed and stored in 

600 µL of RNAlater solution, while their tails were removed for genomic DNA 

extraction and genotyping by polymerase chain reactions (PCRs).  

PCR genotyping 

Allele-specific genotyping PCRs were performed on genomic DNA extracted 

from fin biopsies as described in [17]. The allele-specific primer sequences can 

be found in Table 1. Primers were synthesised by Sigma Aldrich (St. Louis, 

MO, USA).  

Table 1: Genotyping primer sequences.  

Primer Name Sequence (5’ to 3’) 

Wild type specific forward primer  TGAATTCGGTGCTCAACACTC 

T141_L142delinsMISLISV 

specific forward primer 
TGAATTCGGTGCTCAACATG 

N140fs specific forward primer TGCTGAATTCGGTGCTCTG 
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Common reverse primer TCACCAAGGACCACTGATTCAGC 

RNA-seq data generation and analysis 

Preparation of RNA for RNA-seq and the subsequent analysis of the data was 

performed mostly as in [17]. Briefly, brains of n = 5 fish of wild type, EOfAD-

like/+ and FS/+ genotypes (each group contained 3 females and 2 males) were 

carefully removed from the heads preserved RNAlater Stabilization Solution 

(Invitrogen, Carlsbad, CA, USA), followed by total RNA extraction using the 

mirVana™ miRNA Isolation Kit (Ambion, Austin, TX, USA) and DNase 

treatment using the DNA-free™ Kit (Ambion). Total RNA was then delivered to 

the Genomics service at the South Australian Health and Medical Research 

Institute (SAHMRI, Adelaide, AUS) for polyA+, stranded library preparation and 

RNA sequencing using the Illumina Nextseq platform.  

Processing of the demultiplexed fastq files provided by SAHMRI (75 bp single-

end reads) was performed as in [17]. However, the pseudo-alignment using 

kallisto (v0.43.1) [19] was performed using a modified version of the zebrafish 

transcriptome (Ensembl release 94) which additionally included the two novel 

mutant psen2 transcript sequences.  

Transcript counts as estimated by kallisto were imported into R [20] using 

tximport [21], summing the transcript-level counts to gene-level counts. We also 

imported the transcript-level counts using the catchKallisto function from the 

package edgeR [22] to assess simply the allele-specific expression of the 

different psen2 transcripts.  
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We removed genes considered as undetectable (less than one count per 

million in at least five of the samples) from downstream analysis, leaving library 

sizes ranging between 17 million and 27 million reads. We normalised for these 

differences in library sizes using the trimmed mean of M-values (TMM) method 

[23], followed by removal of one factor of unwanted variation using the RUVg 

method RUVseq [24] as described in [17].  

Differential gene expression analysis was performed using a generalised linear 

model (GLM) and likelihood ratio test using edgeR [22], specifying a design 

matrix with an intercept as the wild type genotype, and the coefficients as the 

FS/+ and EOfAD-like/+ genotypes, and the W_1 coefficient from RUVg. Genes 

were considered differentially expressed (DE) in each specific comparison if the 

FDR-adjusted p-value was below 0.05.  

Enrichment analysis was performed on the KEGG and GO gene sets from the 

Molecular Signatures Database (MSigDB) [25], with GO terms excluded if the 

shortest path back to the root node was < 3 steps. We also tested for possible 

iron dyshomeostasis in the RNA-seq data by performing an enrichment 

analysis on the iron-responsive element (IRE) gene sets described in [26]. To 

test for over-representation of these gene sets within the DE gene lists, we 

used goseq [27], using the average transcript length per gene to estimate 

sampling bias for DE genes. For enrichment testing on the entire list of 

detectable genes, we calculated the harmonic mean p-value [28] of raw p-

values from fry [29], camera [30] and fgsea [31, 32]. Gene sets were 

considered significantly altered if the FDR-adjusted harmonic mean p-value 

was below 0.05. Visualisation of RNA-seq data analysis was performed using 

ggplot2 [33], pheatmap [34] and UpSetR [35].  
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Reproducibility and data availability 

The raw fastq files and the gene-level counts have been deposited in the GEO 

database with accession number GSE158233. All code to reproduce this 

analysis can be found at 

https://github.com/UofABioinformaticsHub/20181113_MorganLardelli_mRNASe

q.  

Results 

We first inspected the transcript-level counts to ensure that expression of the 

psen2 alleles was as expected (Supplementary File 1). Consistent with 

observations in [12], expression of the EOfAD-like transcript was at a similar 

level to that of the wild type psen2 transcript in the EOfAD-like/+ brains, while 

the decreased expression of the FS allele of psen2 relative to the wild type 

allele was suggestive of nonsense-mediated decay (NMD). We observed that 

one of the samples had been incorrectly genotyped during sample preparation 

and was actually transheterozygous for the EOfAD-like and FS alleles of 

psen2. Therefore, we omitted this sample from subsequent analyses. We also 

examined the relationship between samples by principal component analysis 

(PCA) on the gene-level counts. Samples did not cluster by genotype in the 

PCA plot, supporting that heterozygosity for the psen2 mutations in this study 

does not give widespread effects on the brain transcriptome. Additionally, 

samples did not cluster by sex, consistent with our previous observations that 

sex does not show extensive effects in zebrafish brain transcriptomes [16, 17, 

36]. In the PCA plot, we noticed that one of the wild type brain samples 

(12_WT_4) separated greatly from the others, appearing to be an outlier 
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(Supplementary File 1). Sample weights, as calculated using the 

voomWithQualityWeights algorithm from the limma package [37] on the gene-

level counts, revealed that this wild type sample was highly down-weighted. 

Therefore, we also omitted this sample from subsequent analyses.  

Heterozygosity for an EOfAD-like or a FS mutation in psen2 
results in limited differential expression of genes  

To identify which genes were dysregulated due to heterozygosity for the 

EOfAD-like or FS alleles of psen2, we performed differential gene expression 

analysis using a GLM and likelihood ratio test with edgeR. This revealed 32 

differentially expressed (DE) genes due to the FS mutation, and 5 DE genes 

due to the EOfAD-like mutation relative to wild type (Figure 1, Supplementary 

File 2). Only two genes were seen to be significantly upregulated in both 

comparisons relative to wild type: AL929206.1 and BX004838.1. However, 

these genes are currently not annotated and have no known function. We 

tested for over-representation within the DE genes using goseq (using the 

average transcript length per gene as the predictor variable) of gene ontology 

(GO) terms which, as the name suggests, use ontologies to annotate gene 

function; KEGG gene sets which can give insight into changes in various 

biological pathways and reactions; and our recently defined IRE gene sets [26] 

which can give insight to possible iron dyshomeostasis. However, due to the 

low numbers of DE genes in both comparisons, no significantly over-

represented GO terms or gene sets were identified. (For the top 10 most 

significantly over-represented GO terms and gene sets in the DE genes, see 

Supplementary File 3).  
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Figure 1: A) Mating strategy and experimental design. B) Schematic 

of the human PSEN2 protein (adapted from 

https://www.alzforum.org/mutations/psen-2 with permission from FBRI 

LLC (Copyright © 1996–2020 FBRI LLC. All Rights Reserved. Version 

2.7 – 2020)). Amino acid residues are color-coded to indicate whether 
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substitutions have been observed to be pathogenic (orange), non-

pathogenic (green) or of uncertain pathogenicity (blue). The site of 

the human EOfAD mutation N141I, in the second transmembrane 

domain (TMD) is indicated by the red single-headed arrow. The 

aspartate residues critical for g-secretase catalysis are indicated by a 

red double-headed arrow. C) Upset plot indicating the number of 

differentially expressed (DE) genes in each comparison of the psen2 

mutant genotypes to wild type noting that only 2 genes appear to be 

DE in common between both comparisons. D) Mean-difference (MD) 

plot and E) volcano plot of DE genes in each comparison. Note that 

the logFC axis limits in D) and E) are constrained to -5 and 5 for 

visualisation purposes.  

Heterozygosity for an EOfAD-like or an FS mutation in psen2 
has distinct effects on biological processes in young adult 
zebrafish brains 

We next performed enrichment analysis on the entire list of detectable genes in 

the RNA-seq experiment to obtain a more complete view on the changes to 

gene expression due to heterozygosity for the EOfAD-like or FS mutations in 

psen2. Due to the highly overlapping nature of GO terms (many GO terms 

include many of the same genes), we tested only the KEGG and IRE gene 

sets. We found statistical evidence for 8 KEGG gene sets in the EOfAD/+ 

brains and 6 KEGG gene sets in the FS/+ brains to be significantly altered as a 

group. Notably, no IRE gene sets were found to be significantly altered (Figure 

2A). Genes in the KEGG_RIBOSOME gene set were significantly altered in 

both comparisons. However, the genes were mostly downregulated in EOfAD-

like/+ brains and upregulated in FS/+ brains (Figure 2B). For additional 

visualisations of our enrichment analysis, see Supplementary File 4.  
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To determine whether the statistical significance of the enrichments of the gene 

sets was being driven by the expression of the same genes, we inspected the 

genes from the “leading edge” from fgsea. (These can be thought of as the 

core genes driving the enrichment of each gene set). The leading edge genes 

in each comparison were mostly independent of one another, except for the 

KEGG gene sets for oxidative phosphorylation, Parkinson’s disease and 

Alzheimer’s disease, which share 39 genes (Figure 2C and D).  
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Figure 2: A) Heatmap showing the significant KEGG and IRE gene 

sets in psen2 heterozygous mutant brains, clustered based on their 

Euclidean distance. The columns represent the gene sets which are 

significant in at least one comparison, and the rows are the two 

comparisons. The colour of each cell represents the significance 

value with more significant gene sets appearing lighter. The numbers 

within each cell are the FDR-adjusted harmonic mean p-values 

(HMP). ns, not significant. B) Heatmap indicating the logFC of genes 

in the KEGG_RIBOSOME gene set in EOfAD/+ and FS/+ brains. C) 
Upset plot showing the overlap of leading edge genes from the fgsea 

algorithm in gene sets found to be altered in EOfAD-like/+ brains, and 

D) FS/+ brains. See the online version for colour.  

Discussion 

Here, we aimed to identify similarities and differences in the effects on brain 

transcriptomes due to heterozygosity for an EOfAD-like mutation compared to a 

non-EOfAD-like mutation in psen2. To this end we used our BeST strategy, 

involving analysis of sibling fish raised together in an identical environment. 

BeST analysis reduces confounding effects in direct comparisons of two 

heterozygous psen2 mutations relative to wild type, allowing detection of subtle 

transcriptome state differences. 

We observed subtle, but highly statistically significant, changes to the 

transcriptomes of the psen2 mutant fish relative to wild type. At the single gene 

level, relatively few genes were observed to be statistically significantly DE in 

each mutant genotype, and differentially enriched biological pathways were not 

detected in these DE gene lists (Additional File 3). As a comparison, 

heterozygosity for an EOfAD-like mutation in zebrafish psen1, (orthologous to 

the human gene most commonly mutated in EOfAD [38]), gives 251 DE genes 
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in young adult zebrafish brains [15]. However, we were able to identify 

statistically significant changes in the psen2 mutant brains by performing 

enrichment analysis on the entire list of detectable genes in the RNA-seq 

experiment using an ensemble approach. This involves combining raw p-values 

by calculation of a harmonic p-value – a strategy thought to be less restrictive 

than other methods of combining p-values. An additional benefit of this method 

is that it has been shown specifically to be robust to dependent p-values [28]. 

The subtlety of the psen2 mutation effects is consistent with a generally later 

age of onset, and variable penetrance of EOfAD mutations in PSEN2 [39-41] 

relative to EOfAD mutations in PSEN1 and AβPP.  

Interestingly, the pathways which were affected by the two psen2 mutations 

showed very little overlap. Gene sets which were significantly altered in EOfAD-

like/+ brains were not significantly altered in the FS/+ brains and vice versa. 

Only one biological process appears to be significantly affected by both 

mutations: ribosome function (the KEGG_RIBOSOME gene set). However, in 

general, the direction of differential expression of genes in this gene set was 

observed to be opposite in the two mutants, implying different mechanisms of 

action of each mutation (Figure 2B). The low concordance between the brain 

transcriptome effects of these two mutations supports that presenilin EOfAD 

mutations do not act through a simple loss of function but, instead, through a 

gain of function mechanism connected with encoding an abnormal, but “full-

length” protein [13]. Notably, the EOfAD-like mutation of psen2 is predicted to 

affect the process of long term potentiation thought to be critical for memory 

formation. We also observed the dysregulation of genes involved in controlling 

the cell cycle. Genes driving the enrichment of this gene set (i.e. the leading 
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edge genes) include the minichromosome maintenance (mcm) genes (see 

Supplementary File 4), which we observed to be significantly dysregulated 

due to heterozygosity for an EOfAD-like mutation in psen1 in 7 day old 

zebrafish larvae [42]. Together, these results provide support for the “two-hit 

hypothesis” of Mark Smith and colleagues [43], which postulates that “cell cycle 

events” (CCEs) involving inappropriate attempts at cell division by neurons are 

critical for development of AD. The second “hit” of this hypothesis is oxidative 

stress, which is an anticipated outcome of disturbance of oxidative 

phosphorylation. Notably, the EOfAD-like mutation of psen2 is predicted to 

affect oxidative phosphorylation, which is in common with all the other EOfAD-

like mutations of genes we have examined in zebrafish [16, 18, 26, 44]. 

One of the most characterised functions of presenilin proteins is their role as 

the catalytic core of gamma-secretase (𝛾-secretase) complexes. 𝛾-secretase 

activity is responsible for cleavage of a wide range of type I transmembrane 

proteins including AβPP and NOTCH. We observed that genes involved in the 

Notch signalling pathway were only significantly altered in FS/+ genotype 

brains, indicating that 𝛾-secretase	activity may be altered by the FS mutation. It 

is difficult to discern from these data whether 𝛾-secretase	activity is increased 

or decreased, as both up- and downregulation of the Notch target genes is 

observed (Supplementary File 4). The FS mutation results in a truncated 

protein lacking critical aspartate residues needed for 𝛾-secretase activity 

(Figure 1B). Therefore, a simplistic view would be that 𝛾-secretase activity 

would be reduced. However, a minor, (although statistically non-significant) 

increase in expression of psen1 is observed in FS/+ brains (also in EOfAD-

like/+ brains) (Supplementary File 4) raising the possibility that transcriptional 
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adaptation (formerly known as “genetic compensation”) might explain an 

apparent increase in 𝛾-secretase activity [45]. Since presenilin holoproteins are 

known to form multimeric complexes, we have suggested previously that this 

may be involved in the regulation of the conversion of the holoprotein into its 𝛾-

secretase-active form by endoproteolysis [13]. N-terminal fragments of 

presenilin proteins are also known to multimerise [46] and the possibility exists 

that these may disrupt holoprotein multimer formation/stability. In our previous 

publication identifying the EOfAD-like and FS mutations of psen2 analysed 

here, we saw that both mutations reduced adult melanotic surface pigmentation 

when homozygous [12]. This implied that both mutant alleles encode Psen2 

proteins with reduced intrinsic 𝛾-secretase activity, at least in melanosomes. 

Further research is required to discern whether 𝛾-secretase activity is increased 

in decreased in psen2 mutant brains.  

In conclusion, our results support that frameshift and reading frame-preserving 

mutations in the presenilins have distinct effects on the brain transcriptome, 

consistent with the reading frame preservation rule of presenilin EOfAD-

causative mutations. The data presented here, along with our growing 

collection of BeST analyses, indicates that changes to mitochondrial and 

ribosomal functions are effects-in-common of heterozygosity for EOfAD-like 

mutations in different genes. These may be early cellular stresses which 

eventually lead to AD pathology, and warrant investigation for discovery of 

therapeutic targets.  
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Supplementary material  

Supplementary File 1: RNA-seq data quality control 

A. Allele-specific expression (in counts per million, CPM) of psen2 transcripts in 

young adult zebrafish brains. Reduced expression of the psen2N140fs allele is 

observed in FS/+ brains, consistent with our previous observation that 

transcripts of this allele are subject to nonsense-mediated decay. Sample 

8_FS_4 does not express the wild type allele of psen2 and is actually a 

transheterozygous (transhet) sample. Therefore, it was omitted from the 

analysis. B. Sample weights as calculated by the voomWithQualityWeights 

algorithm on all samples sequenced. Sample 12_WT_4 is highly downweighted 

relative to all other samples and was omitted from subsequent analysis. C. 

Sample weights recalculated after exclusion of samples 8_FS_4 and 12_WT_4. 

D. Principal component 1 (PC1) against PC2 from a principal component 

analysis (PCA) on all samples of the experiment. Sample 12_WT_4 does not 
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cluster with the other samples. E. PCA plot of the RUVseq-normalised counts 

after exclusion of samples 8_FS_4 and 12_WT_4.  
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Supplementary File 2: Full results of differential gene 
expression analysis 

This can be found at 

https://www.biorxiv.org/content/10.1101/2020.11.21.392761v1.full  

Supplementary File 3: Over-representation analysis using 
goseq.  

The KEGG, GO and IRE gene sets approaching being over-represented in the 

DE genes list for the FS mutation. The 5 DE genes due to the EOfAD-like 

mutations are not found in any of the gene sets. Therefore, the results of the 

over-representation analysis are not shown. 
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Table 1: The KEGG, GO and IRE gene sets approaching being over-represented in 
the DE genes list for the FS mutation. The 5 DE genes due to the EOfAD-like 
mutations are not found in any of the gene sets. Therefore, the results of the over-
representation analysis are not shown.  

Gene set p-value Number of 
DE genes 
in gene 
set 

Number of 
genes in 
gene set 

FDR 
adjusted 
p-value 

GO_PHOSPHOTRANSFERASE_ACTI
VITY_NITROGENOUS_GROUP_AS_A
CCEPTOR 

1.94E-05 2 5 0.28952 

GO_TRNA_3_END_PROCESSING 6.94E-05 2 9 0.517902 

GO_NUCLEOSIDE_DIPHOSPHATE_M
ETABOLIC_PROCESS 

1.01E-03 3 142 1 

KEGG_ALZHEIMERS_DISEASE 1.11E-03 3 146 1 

GO_NCRNA_3_END_PROCESSING 1.39E-03 2 39 1 

GO_PYRIMIDINE_NUCLEOBASE_TR
ANSPORT 

2.85E-03 1 2 1 

GO_UREA_TRANSMEMBRANE_TRA
NSPORTER_ACTIVITY 

2.85E-03 1 2 1 

GO_TRNA_BINDING 3.58E-03 2 63 1 

GO_GLYCEROL_CHANNEL_ACTIVIT
Y 

4.26E-03 1 3 1 

GO_UREA_TRANSPORT 4.27E-03 1 3 1 
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Supplementary File 4: Additional RNA-seq visualisations 

A. Pathview [1] visualisation of the logFC of genes in the 

KEGG_NOTCH_SIGNALLING_PATHWAY gene set in FS/+ brains. B. 

Expression of psen1 in log counts per million (logCPM). C. Pathview [1] 

visualisation of the logFC of genes in the 

KEGG_OXIDATIVE_PHOSPHORYLATION gene set in EOfAD-like/+ brains. D. 

Pathview [1] visualisation of the logFC of genes in the KEGG_CELL_CYCLE 

gene set in EOfAD-like/+ brains. E. Heatmap of the logFC of genes in the 

KEGG_LONG_TERM_POTENTIATION gene set in EOfAD-like/+ brains.  

[1]   Luo W, Pant G, Bhavnasi YK, Blanchard SG, Jr., Brouwer C (2017) 

Pathview Web: user friendly pathway visualization and data integration. Nucleic 

Acids Research 45, W501-W508. 
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differ in their effects on genes facilitating energy 
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Abstract  

Background: The most common cause of early-onset familial Alzheimer’s disease 

(EOfAD) is mutations in PRESENILIN 1 (PSEN1) allowing production of mRNAs 

encoding full-length, but mutant, proteins. In contrast, a single known frameshift 

mutation in PSEN1 causes familial acne inversa (fAI) without EOfAD. The 

molecular consequences of heterozygosity for these mutation types, and how they 

cause completely different diseases, remains largely unexplored. 

Objective: To analyse brain transcriptomes of young adult zebrafish to identify 

similarities and differences in the effects of heterozygosity for psen1 mutations 

causing EOfAD or fAI. 

Methods: RNA sequencing was performed on mRNA isolated from the brains of a 

single family of 6-month-old zebrafish siblings either wild type or possessing a 

single, heterozygous EOfAD-like or fAI-like mutation in their endogenous psen1 

gene.  

Results: Both mutations downregulate genes encoding ribosomal subunits, and 

upregulate genes involved in inflammation. Genes involved in energy metabolism 

appeared significantly affected only by the EOfAD-like mutation, while genes 

involved in Notch, Wnt and neurotrophin signalling pathways appeared 

significantly affected only by the fAI-like mutation. However, investigation of direct 

transcriptional targets of Notch signalling revealed possible increases in -

secretase activity due to heterozygosity for either psen1 mutation. Transcriptional 

adaptation due to the fAI-like frameshift mutation was evident. 

222



Conclusion: We observed both similar and contrasting effects on brain 

transcriptomes of the heterozygous EOfAD-like and fAI-like mutations. The 

contrasting effects may illuminate how these mutation types cause distinct 

diseases.  

Key words 

Presenilin 1, RNA-seq, zebrafish, gamma-secretase, Alzheimer’s disease, acne 

inversa 

Introduction 

Cases of Alzheimer’s disease (AD) can be classified by age of onset and mode of 

inheritance. Dominant mutations in a small number of genes cause AD with an 

age of onset younger than 65 years (early onset familial AD, EOfAD). On a 

population basis, around 60% of the mutations causing EOfAD occur in one gene, 

PRESENILIN 1 (PSEN1) [1-4]. 

PSEN1 encodes a multi-pass transmembrane protein resident in the endoplasmic 

reticulum, plasma membrane, endolysosomal pathway and other membranes [5, 

6]. It has nine recognised transmembrane domains [7]. A tenth transmembrane 

domain may exist when PSEN1 protein is in its holoprotein state [7], before it 

undergoes autocatalytic endoproteolysis to form the active catalytic core of -

secretase [8], an enzyme complex consisting of PSEN1 (or PSEN2), and the 

proteins NCSTN, PSENEN, and APH1A (or APH1B) [9, 10]. 
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As a locus for genetic disease, PSEN1 is truly remarkable both for the number of 

mutations found there, and the variety of diseases these mutations cause. 

Mutations have been found associated with Pick’s disease [11], dilated 

cardiomyopathy [12] and acne inversa [13]. However, over 300 mutations of 

PSEN1 are known to cause EOfAD (www.alzforum.org/mutations/psen-1). In total, 

these mutations affect 161 codons of the gene. Remarkably, the mutations are 

widely distributed in the PSEN1 coding sequence, but are particularly common in 

the transmembrane domains. Only three regions of the PSEN1 protein are mostly 

devoid of EOfAD mutations: upstream of the first transmembrane domain; a large 

part of the “cytosolic loop domain” (cytosolic loop 3); and the last two thirds of the 

9th transmembrane domain together with the lumenal C-terminus (see Figure 1). 

The most common outcome of mutation of a protein sequence is either no effect or 

a detrimental effect on the protein’s evolved activity. Only rarely are mutations 

selectively advantageous so that they enhance organismal survival and 

reproduction. The very large number of EOfAD-causative mutations in PSEN1 and 

their wide distribution in the protein coding sequence is consistent with a loss-of-

function. However, this cannot be a simple loss of -secretase activity, as EOfAD-

causative mutations have never been found in the genes encoding the other 

components of -secretase complexes (other than less frequent mutations in the 

PSEN1 homologous gene, PSEN2, reviewed in [14]). Also, an in vitro analysis of 

138 EOfAD mutations of PSEN1 published in 2017 by Sun et al. [15] found that 

approximately 10% of these mutations actually increased -secretase activity. 

Currently, the most commonly discussed hypothetical mechanism addressing how 

EOfAD mutations of PSEN1 cause disease is that these act through “qualitative 
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changes” to -secretase cleavage of the AMYLOID β A4 PRECURSOR PROTEIN 

(APP) to alter the length distribution of the AMYLOID  (A) peptides derived 

from it [16]. However, the comprehensive study of Sun et al. revealed no 

consistency in the effects of PSEN1 EOfAD mutations on A length distribution. 

The single consistent characteristic of all EOfAD mutations in both PSEN1 and 

PSEN2 is that these permit production of transcripts with coding sequences 

containing in-frame mutations, but terminated by the wild type stop codons (i.e. 

they still permit production of a full length protein). This phenomenon was first 

noted by De Strooper in 2007 [17] and described in detail by us in 2016 (the 

“reading frame preservation rule” [18]). The universality of this rule, and that it 

reflects a critical feature of the EOfAD-causative mechanism of PSEN1 mutations, 

is shown by the fact that the P242LfsX11 frameshift mutation of PSEN1 (hereafter 

referred to as P242fs) causes a completely different inherited disease, familial 

acne inversa (fAI, also known as hidradenitis suppurativa), without EOfAD [13]. 

(Recently, a frameshift mutation in PSEN1, H21PfsX2, was identified in an early-

onset AD patient. However, whether the mutation is causative of EOfAD mutation 

is still uncertain [19]. Questionable additional claims of EOfAD-causative 

frameshift mutations in PSEN genes have been made and are reviewed in [18].) 

Critically, fAI can also be caused by mutations in NCSTN and PSENEN [13], 

strongly supporting that this disease is due to changes in -secretase activity.  

Understanding the role of PSENs and their mutations is complicated by the partial 

functional redundancy shared by PSEN1 and PSEN2 and their complex molecular 

biology. For example, the PSEN1 holoprotein has been shown to have -

secretase-independent activities required for normal lysosomal acidification [20], 
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can form multimers [21-24], and may interact with the HIF1 protein [25-27] that is 

critical both for responses to hypoxia and for iron homeostasis (reviewed in [28]). 

Additionally, within -secretase complexes, the PSENs act to cleave at least 149 

different substrates [29]. To simplify analysis, most previous investigation of PSEN 

activity has involved inactivation (knock-out) of PSEN1 and/or PSEN2 in cells or 

animals, and expression of only single forms of mutant PSEN (i.e. without 

simultaneous expression of wild type forms). Forced expression of PSEN genes is 

also usually at non-physiological levels which has unexpected regulatory feedback 

effects [30]. In humans, investigating PSEN’s role in AD at the molecular level is 

restricted to post-mortem brain tissues. However, these show substantially 

different patterns of gene expression compared to the brains of people with mild 

cognitive impairment (MCI) or age-matched healthy controls [31]. Since AD is 

thought to take decades to develop [32], we must understand the pathological 

effects of EOfAD mutations in young adult brains if we wish to identify preventative 

treatments. For this reason, we must model EOfAD mutations in animals. 

The overwhelming majority of animal modelling of AD has utilised transgenic 

models favoured for their apparent, partial reproduction of A histopathology and 

easily discernible cognitive disabilities. However, the relationship between A 

histopathology and cognitive change in these models is questionable [33]. 

Additionally, the most detailed form of molecular phenotyping currently available, 

transcriptome analysis, shows little consistency between the disturbed brain gene 

transcription of various transgenic models and limited concordance between them 

and human sporadic AD brain transcriptomes [34]. “Knock-in” mouse models of 

single EOfAD mutations (e.g. [35, 36]) make the fewest assumptions regarding the 
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pathological mechanism(s) of AD and most closely replicate the human EOfAD 

genetic state (i.e. incorporating a single, dominant, endogenous mutation in the 

heterozygous state). However, the brain transcriptomes of these mice have never 

been analysed, and interest in them waned due to their lack of A histopathology 

and mild cognitive effects. 

Analysis of mouse brain transcriptomes is complicated by strong effects on gene 

expression of sex [37, 38] and, potentially, litter-of-origin (i.e. due to environmental 

and genotypic variation) (K. Barthelson, unpublished results). In contrast, zebrafish 

brain transcriptomes show only subtle influences of sex, and very large numbers 

of siblings can be generated from single mating event, alleviating potential litter-of-

origin issues [39-43]. In 2014, our laboratory began a program of creating knock-in 

models of EOfAD-like (and non-EOfAD-like) mutations in the zebrafish genes 

orthologous to PSEN1, PSEN2, and SORL1. In 2019 we began publishing the 

results of transcriptome analyses of the young adult brains of these fish [39-46] as 

we attempt to establish what effect(s) all the EOfAD mutations have in common 

(and differentiate them from the non-EOfAD-like mutations).  

Our previous analyses of an EOfAD-like mutation in the zebrafish psen1 gene, 

Q96_K97del, revealed very significant effects on the expression of genes involved 

in mitochondrial function, lysosomal acidification, and iron homeostasis [45, 46]. 

Although Q96_K97del follows the reading-frame preservation rule of EOfAD 

mutations in PSEN1, it is not an exact equivalent of any human EOfAD-causative 

mutation. Consequently, in this study we aimed to generate an additional, exactly 

equivalent, model of a human PSEN1 EOfAD mutation. For technical reasons, the 

T428 codon of zebrafish psen1 (equivalent to the T440 codon of human PSEN1) 
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was predicted to be readily targetable using CRISPR-Cas9 technology, and we 

subsequently deleted this codon in the zebrafish gene. This generated a zebrafish 

model of the human EOfAD mutation PSEN1T440del [47]. This mutation was 

identified in a Japanese man classified as displaying a mixed dementia phenotype 

(variant AD with spastic paraparesis, Parkinson’s disease and dementia with Lewy 

bodies). Also, to understand how reading-frame preserving and frameshift 

mutations can cause completely different diseases we generated a frameshift 

mutation in zebrafish psen1, psen1W233fs, very similar to the fAI-causative P242fs 

mutation of human PSEN1. We then performed an RNA-seq analysis with high 

read depth and large sample numbers to compare the brain transcriptomes of fish 

from a single family of young adult siblings heterozygous for either mutation or wild 

type. We observed subtle, and mostly distinct, effects of the two mutations. In 

particular, changes in the fAI-like brain transcriptomes implied significant effects 

on Notch, Wnt, neurotrophin, and Toll-like receptor signalling, while changes in the 

EOfAD-like brain transcriptomes implied effects on oxidative phosphorylation 

similar to those previously seen for EOfAD-like mutations in psen1 [45], psen2 [40, 

43], and sorl1 [39, 41].  

Materials and methods 

Zebrafish husbandry and animal ethics 

All zebrafish (Tübingen strain) used in this study were maintained in a recirculating 

water system on a 14 hour light/10 hour dark cycle, fed dry food in the morning 

and live brine shrimp in the afternoon. All zebrafish work was conducted under the 
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auspices of the Animal Ethics Committee (permit numbers S-2017-089 and S-

2017-073) and the Institutional Biosafety Committee of the University of Adelaide. 

CRISPR-Cas9 genome editing 

To mutate zebrafish psen1, we used the Alt‐R® CRISPR‐Cas9 system (Integrated 

DNA Technologies, Coralville, IA, USA). To generate the T428del mutation 

(EOfAD-like) in exon 11 of psen1, we used a custom-designed crRNA recognising 

the sequence 5’ CTCCCCATCTCCATAACCTT 3’ and a PAM of CGG. For the 

W233fs mutation (fAI-like), the crRNA was designed to recognise the sequence 5’ 

GATGAGCCATGCGGTCCACT 3’ in exon 6 of psen1, with a PAM sequence of CGG. 

We aimed to generate exact equivalents of the human P242fs mutation causing 

fAI, and the T440del mutation causing EOfAD by homology directed repair (HDR). 

For the P242fs mutation, we used a plasmid DNA template as described in [48] 

(synthesised by Biomatik, Kitchener, Ontario, Canada). For the T440del mutation, 

we used an antisense, asymmetric single-stranded oligonucleotide with 

phosphorothioate modifications (synthesised by Merck, Kenilworth, NJ, USA) as 

described in [49] (HDR template DNA sequences are given in Supplementary 

File 1).   

Each crRNA was annealed with an equal amount of Alt‐R® CRISPR‐Cas9 

tracrRNA (IDT) in nuclease free duplex buffer (IDT) by heating at 95°C for 5 

minutes, then allowed to cool to room temperature, giving sgRNA solutions of 33 

µM (assuming complete heteroduplex formation of the RNA molecules). Then, 1 

µL of the sgRNA solution was incubated with 1 µL of Alt‐R® S.p.Cas9 Nuclease 

3NLS (IDT) at 64 µM at 37°C for 10 minutes to form ribonucleoprotein (RNP) 
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complexes. The final concentration for the linear ssODN for the T428del mutation 

was 1 µM, and the final concentration of the plasmid DNA for the W233fs mutation 

was 25 ng/µL. Approximately 2-5 nL of RNP complexes in solution with the 

respective template DNAs were injected into Tübingen strain zebrafish embryos at 

the one cell stage. The procedures followed for testing of the mutagenesis 

efficiencies of CRISPR-Cas9 systems using allele-specific polymerase chain 

reactions and T7 endonuclease I assays, and the breeding strategy to isolate the 

mutations of interest, are described in [41, 50]. 

RNA-seq raw data generation and processing 
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Figure 1: Experimental design. A Schematic of the human PSEN1 protein 

adapted from https://www.alzforum.org/mutations/psen-1 with permission from 

FBRI LLC (Copyright © 1996–2020 FBRI LLC. All Rights Reserved. Version 3.3 – 

2020). Amino acid residues are colour-coded as to whether they are pathogenic 

for Alzheimer’s disease (red) or their pathogenicity is unclear (blue). The human 

mutation sites (P242 (fAI) and T440 (EOfAD) are indicated by black arrows. The 

site of the zebrafish W233fs-equivalent codon (W244) is shown by the red arrow. 

Note that the human T440 codon is equivalent to the zebrafish T428 codon. The 

residues equivalent to those deleted in the Q96_K97del mutation of zebrafish 

psen1 analysed previously are indicated by a red box. B A fish heterozygous for 

the W233fs mutation (fAI-like/+) was mated with a fish heterozygous for the 

T428del mutation (EOfAD-like/+). The resulting family of fish contain genotypes 

fAI-like/+, EOfAD-like/+, EOfAD-like/fAI-like and their wild type siblings. The 

pairwise comparisons performed in the RNA-seq experiment are depicted. Since 

the EOfAD-like/fAI-like genotype is not representative of any human disease, it 

was not analysed. See online version for colour. 

We performed RNA-seq on a family of zebrafish as described in Figure 1. Total 

RNA (with genomic DNA depleted by DNaseI treatment) was isolated from the 

brains of n = 4 fish per genotype and sex as described in [41]. Then, 500 ng of 

total RNA (RINe > 9) was delivered to the South Australian Genomics Centre 

(SAGC, Adelaide, Australia) for polyA+ library construction (with unique molecular 

identifiers (UMIs)) and RNA-sequencing using the Illumina Novaseq S1 2x100 SE 

platform.  

The raw fastq files from SAGC were provided as 100 bp paired end reads as well 

as an index file containing the UMIs for each read (over two Novaseq lanes which 

were subsequently merged). The merged raw data was processed using a 

developed Nextflow [51] RNA-seq workflow (see https://github.com/sagc-
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bioinformatics/sagc-rnaseq-nf). Briefly, UMIs were added to headers of each read 

using fastp (v0.20.1). Alignment of the reads to the zebrafish genome (GRCz11, 

Ensembl release 98) was performed using STAR (v2.5.3a). Then, reads which 

contained the same UMI (i.e. PCR duplicates) were deduplicated using the dedup 

function of umi_tools (version 1.0.1). Finally, the gene-level counts matrix was 

generated using featureCounts from the Subread (version 2.0.1) package.  

Differential gene expression 

Statistical analysis of the RNA-seq data was performed using R [52]. Since lowly 

expressed genes are considered uninformative for differential expression analysis, 

we omitted genes with less than 0.1 counts per million (CPM) (following the 

10/minimum library size in millions rule described in [53]). Library sizes after 

omitting the lowly expressed genes ranged between 61 and 110 million reads. 

These were normalised using the trimmed mean of M-values (TMM) method [54]. 

To test for differential expression of genes due to heterozygosity for the T428del or 

W233fs mutation, we used a generalised linear model and likelihood ratio tests 

using edgeR [55, 56]. A design matrix was specified with the wild type genotype as 

the intercept, and the T428del/+ and W233fs/+ genotypes as the coefficients. We 

considered a gene to be differentially expressed (DE) due to each psen1 mutant 

genotype if the FDR adjusted p-value was less than 0.05.  

Enrichment analysis 

We tested for over-representation of gene ontology (GO) terms within the DE gene 

lists using goseq [57], using the average transcript length per gene to calculate the 
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probability weighting function (PWF). We considered a GO term to be significantly 

over-represented within the DE gene lists relative to all detectable genes in the 

RNA-seq experiment if the FDR-adjusted p-value generated by goseq was less 

than 0.05.  

We also performed enrichment analysis on the entire list of detectable genes by 

calculating the harmonic mean p-value from the raw p-values calculated from fry 

[58], camera [59] and fgsea [60, 61] as described in [41]. To test for changes to 

gene expression in a broad range of biological processes, we used the KEGG [62] 

gene sets obtained from MSigDB [63] using the msigdbr package [64]. We also 

used msigdbr to obtain gene sets which contain genes that show changed 

expression in response to changes in the Notch signalling pathway 

(NGUYEN_NOTCH1_TARGETS_UP and NGUYEN_NOTCH1_TARGETS_DN, 

NOTCH_DN.V1_UP, NOTCH_DN.V1_DN and 

RYAN_MANTLE_CELL_LYMPHOMA_NOTCH_DIRECT_UP). We also tested for 

evidence of possible iron dyshomeostasis using gene sets containing genes 

encoding transcripts which contain iron-responsive elements in their untranslated 

regions (described in [45]).  

Comparison of the T428del and Q96_K97del mutations in psen1 

Isolation of the zebrafish Q96_K97del mutation in zebrafish psen1 and analysis of 

its effects on zebrafish brain transcriptomes have been described previously [45, 

46]. That dataset is comprised of brain RNA-seq data for fish heterozygous for the 

Q96_K97del mutation and their wild type siblings, at 6 months old (young adult) 

and 24 months old (aged), and under normoxia or hypoxia treatment (n = 4 fish 
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per genotype, age and treatment). In the analysis presented here, we performed 

enrichment analysis using the methods described above on the entire dataset, but 

presented the results for the pairwise comparison between 6-month-old 

Q96_K97del/+ fish and wild type fish under normoxia. 

To obtain a broader comparison on the effects of the Q96_K97del and T428del 

mutations, we performed adaptive, elastic-net sparse PCA (AES-PCA) [65] as 

implemented in the pathwayPCA package [66]. For this analysis, we utilised the 

HALLMARK [67] gene sets from MSigDB to generate the pathway collection. The 

pathway principal components (PCs) were calculated only on the gene expression 

data from samples heterozygous for an EOfAD-like mutation (Q96_K97del or 

T428del) and their wild type siblings under normoxia at 6 months of age. Then, the 

categorical effect of genotype was tested for association with the pathway PCs 

using a permutation-based regression model as described in [66]. 

Data availability 

The paired end fastq files and the output of featureCounts have been deposited in 

GEO under accession number GSE164466. Code to reproduce this analysis can 

be found at https://github.com/karissa-b/psen1_EOfAD_fAI_6m_RNA-seq.  

Results 

Generation of an EOfAD-like and a fAI-like mutation in zebrafish psen1 

An unsolved puzzle regarding the dominant EOfAD mutations of human PSEN1 

(and PSEN2) is why these are consistently found to permit production of 
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transcripts in which the reading frame is preserved, while heterozygosity for 

mutations causing frameshifts (or deleting the genes) does not cause EOfAD. To 

investigate this quandary in an in vivo model, we initially aimed to generate 

mutations in zebrafish psen1 which would be exact equivalents of the T440del and 

P242fs mutations using homology directed repair (HDR). While screening for the 

desired mutations, we identified the mutations W233fs and T428del, both likely 

generated by the non-homologous end joining (NHEJ) pathway of DNA repair. 

T428del is a 3 nucleotide deletion which, nevertheless, produces a protein-level 

change exactly equivalent to that observed for the human T440del mutation. 

Hereafter, for simplicity, we refer to the T428del mutation as “EOfAD-like”. W233fs 

is an indel mutation causing a frameshift in the second codon downstream of the 

zebrafish psen1 proline codon equivalent to human PSEN1 codon P242. This 

change is still within the short third lumenal loop of the Psen1 protein (see Figure 

1). Assuming no effect on splicing, the frameshift mutation results in a premature 

stop codon 36 codons downstream of W233 (Figure S1 in Supplementary File 

2). Hereafter, we refer to this mutation as “fAI-like”. The alignment of the wild type 

and mutant sequences in humans and zebrafish is shown in Figure 2.  

Heterozygosity or homozygosity for neither the EOfAD-like nor the fAI-like 

mutation produces any obvious morphological defects. However, this is 

unsurprising considering that rare examples of humans homozygous for EOfAD 

mutations are known [68, 69] and loss of PSEN1 -secretase activity is, 

apparently, compatible with viability in zebrafish [70] and rats [71] (although not in 

mice [72]). 
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Figure 2: A Alignment of a region of wild type human (Hs) PSEN1 exon 7, and the 

same region containing the human P242fs (P242LfsX11) mutation, and the 

equivalent zebrafish (Dr) psen1 exon 6 wild type and W233fs sequences. B 

Alignment of a region of wild type human (Hs) PSEN1 exon 12, and the same 

region containing the human T440del mutation, and the equivalent zebrafish (Dr) 

psen1 exon 11 wild type and T428del sequences.  

 Transcriptome analysis 

To investigate global changes to the brain transcriptome due to heterozygosity for 

the EOfAD-like or fAI-like mutations in psen1, we performed mRNA-seq on a 

family of fish as described in Figure 1. The family of sibling fish were raised 

together in a single tank, thereby reducing sources genetic and environmental 

variation between individuals and allowing subtle changes to the transcriptome to 

be detected with minimal confounding effects.  

To begin our exploration of the similarities and differences between the brain 

transcriptomes of the mutant and wild type fish, we first performed principal 
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component analysis (PCA) on the gene level, log transformed counts per million 

(logCPM) of the zebrafish RNA-seq samples. A plot of principal component 1 

(PC1) against PC2 did not show distinct clustering of samples by genotype or sex, 

indicating that these variables do not result in stark changes to the brain 

transcriptome. This is consistent with our previous observations of EOfAD-like 

mutations in other genes [39-41]. However, some separation of the EOfAD-like 

and fAI-like samples is observed across PC2, indicating distinct, but subtle, 

differences between these transcriptomes. Notably, the majority of the variation in 

this dataset is not captured until PC6 (Figure 3).  
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Figure 3: Principal component (PC) analysis of the gene expression values for the 

RNA-seq experiment. A PC1 plotted against PC2 for each sample. Each point 

represents a sample and is coloured according to psen1 genotype. Female (F) 

samples appear as circles and male (M) samples appear as triangles. B Scree plot 

indicating the variance explained by each principal component. The points joined 

by lines indicate the cumulative variance explained by each PC. See online 

version for colour. 

Heterozygosity for the EOfAD-like or fAI-like mutations of psen1 causes 

only subtle effects on gene expression  

Which genes are dysregulated due to heterozygosity for the EOfAD-like or the fAI-

like mutations? To address this question, we performed differential gene 

expression analysis using a generalised linear model and likelihood ratio tests with 

edgeR. We observed statistical evidence for 13 genes as significantly differentially 

expressed (DE) due to heterozygosity for the EOfAD-like mutation, and 5 genes 

due to the fAI-like mutation (Figure 4, Supplementary Table 1). Notably, psen1 

was the most significantly DE gene due to heterozygosity for the fAI-like mutation 

(logFC = -0.8, FDR = 1.33e-78), consistent with the observation that frame-shift 

mutations commonly induce nonsense-mediated mRNA decay when they result in 

premature stop codons (reviewed in [73]). Total levels of psen1 transcripts were 

unchanged in EOfAD-like/+ brains (logFC = -0.0065, FDR = 1, Figure S7 in 

Supplementary File 2). No DE genes were found to be shared between the 

comparisons of either form of heterozygous mutant to wild type, or were found to 

be significantly overrepresented by any gene ontology (GO) terms by goseq (for 

the top 5 most significantly over-represented GO terms in each comparison, see 
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Tables S1 and S2 in Supplementary File 2). This is not unexpected due to the 

relatively low number of significantly DE genes detected.  
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Figure 4: Differential expression analysis. A Mean-difference (MD) plots and B 

volcano plots of changes to gene expression in EOfAD-like/+ and fAI-like/+ mutant 

zebrafish brains. Note that the limits of the y-axis in B are restrained to between 0 

and 10 for visualisation purposes. C Upset plot indicating the low number of genes 

which are significantly differentially expressed (DE) in either comparison. See 

online version for colour. 

Significant differences in gene expression between the EOfAD-like and 

fAI-like mutants can be detected at the pathway level.  

Since very few DE genes were detected in each comparison of heterozygous 

psen1 mutant fish to their wild type siblings, we performed enrichment analysis on 

all detectable genes in the RNA-seq experiment. Our method, inspired by the 

EGSEA framework [74], involves calculation of the harmonic mean p-value [75] 

from the raw p-values of three different rank-based gene set testing methods: fry 

[58], camera [59] and GSEA [60, 61]. Unlike EGSEA, we use the harmonic mean 

p-value to combine the raw p-values, as the harmonic mean p-value has been 

specifically shown to be robust for combining dependent p-values [75]. We 

performed enrichment testing using the KEGG gene sets (describing 186 

biological pathways and processes) to obtain information on changes to activities 

for these pathways. We also tested for evidence of iron dyshomeostasis using our 

recently defined sets of genes containing iron-responsive elements (IREs) in the 

untranslated regions of their mRNAs [45]. We observed statistical evidence for 7 

KEGG gene sets as significantly altered by heterozygosity for the EOfAD-like 

mutation and 11 KEGG gene sets as significantly altered by heterozygosity for the 

fAI-like mutation (Figure 5, full results of the raw p-values from each algorithm as 

well as the harmonic mean p-value can be found in Supplementary Table 2). 
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Gene sets significantly altered in the brains of both forms of heterozygous mutant 

included the KEGG gene sets for cytokine receptor interactions, Jak/Stat 

signalling, and encoding the components of the ribosomal subunits. Inspection of 

the leading edge genes (which can be interpreted as the core genes driving the 

enrichment of a gene set) showed that similar genes were driving the enrichment 

of the gene sets for cytokine receptor interactions and Jak/Stat signalling. Similar 

genes were also driving the enrichment of the KEGG_RIBOSOME gene set in 

both heterozygous mutants. However, the magnitude of the logFC was greater in 

the fAI-like/+ samples, suggesting a stronger effect (Figure S4-S6 in 

Supplementary File 2). Gene sets which were only altered significantly by 

heterozygosity for the EOfAD-like mutation were involved in energy metabolism 

(KEGG_PARKINSONS_DISEASE, KEGG_OXIDATIVE_PHOSPHORYLATION, 

and KEGG_CITRATE_CYCLE_TCA_CYCLE). Notably, the KEGG gene sets for 

Parkinson’s disease, Huntington’s disease, and for oxidative phosphorylation, 

share 55 leading-edge genes, implying that their enrichment is driven by, 

essentially, the same gene expression signal (Figure 5). Conversely, the 10 

KEGG gene sets found to be altered significantly by heterozygosity for the fAI-like 

mutation appear to be driven mostly by distinct gene expression signals. No IRE 

gene sets were observed statistically to be altered in the brains of either mutant, 

suggesting that iron homeostasis is unaffected (at least at 6 months of age). The 

changes to expression of genes within the KEGG gene sets are likely not due to 

broad changes in cell-type proportions in the zebrafish brain samples, since the 

expression of marker genes of neurons, astrocytes, oligodendrocytes and 

microglia was similar in all samples (Figure S13 in Supplementary File 2).  
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Figure 5: A KEGG gene sets with FDR-adjusted harmonic mean p-values of < 

0.05 in psen1 EOfAD-like/+ and fAI-like/+ mutant brains. The colour of the cells 

indicates the level of significance (brighter colour indicates greater statistical 

significance, while dark grey indicates the FDR-adjusted harmonic mean p-value > 

0.05). The number within each cell is the FDR-adjusted harmonic mean p-value. B 

Upset plot indicating the overlap of leading edge genes from the fgsea algorithm 

which drive the enrichment of gene sets significantly altered in EOfAD-like/+ and C 

fAI-like/+ brains. See online version for colour. 

The EOfAD-like and fAI-like mutations alter expression of Notch 

signalling genes 

Notch signalling plays a critical role in many cell differentiation events and is 

dependent on PSEN’s -secretase activity. Disturbance of Notch signalling due to 

decreased -secretase activity has been suggested to contribute to the changes in 

skin histology of fAI, as Notch signalling is required for normal epidermal 

maintenance ([76-78] and reviewed by [79]). However, fAI has not been reported 

as associated with EOfAD, despite that the T440del mutant form of PSEN1 

appears to have little intrinsic -secretase activity [15]. The expression of genes 

involved in the KEGG gene set for the Notch signalling pathway was observed to 

be highly significantly altered in the brains of fAI-like/+ mutants, but not of 

EOfAD/+ mutants, implying that 𝛾-secretase activity might only be affected 

significantly by the frameshift, fAI-like mutation (Figure 5). However, inspection of 

the logFC of genes in the KEGG_NOTCH_SIGNALING_PATHWAY gene set 

revealed similar patterns of changes to gene expression in both mutants (Figure 

6). Upregulation of the genes encoding the Notch and Delta receptors is observed 

in both mutants compared to wild type. In fAI-like/+ brains, we observe 
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downregulation of the downstream transcriptional targets of the Notch intracellular 

domain (NICD), implying decreased Notch signalling (and, likely, reduced 𝛾-

secretase activity). Genes encoding repressors of Notch signalling are observed to 

be upregulated (i.e. dyl and numb), reinforcing this interpretation.  

Since the KEGG gene set for Notch signalling only contains two genes that are 

direct transcriptional targets of the NICD, we investigated further whether Notch 

signalling is perturbed in both mutants by analysis of gene sets from MSigDB 

containing information on genes responsive to Notch signalling in different cell 

lines: NGUYEN_NOTCH1_TARGETS_UP; NGUYEN_NOTCH1_TARGETS_DN; 

NOTCH_DN.V1_UP; NOTCH_DN.V1_DN; and 

RYAN_MANTLE_CELL_LYMPHOMA_NOTCH_DIRECT_UP. The 

NGUYEN_NOTCH1_TARGETS_UP and _DOWN gene sets consist of genes 

which have been observed as up- or downregulated respectively in response to a 

constitutively active Notch receptor in keratinocytes [80]. The NOTCH_DN.V1_UP 

and _DN gene sets contain genes which are up- and down-regulated respectively 

in response to treatment with the 𝛾-secretase inhibitor DAPT in a T-cell acute 

lymphoblastic leukemia (T-ALL) cell line [81]. The 

RYAN_MANTLE_CELL_LYMPHOMA_NOTCH_DIRECT_UP gene set contains 

genes showing both increased expression upon rapid activation of Notch signalling 

by washout of the 𝛾-secretase inhibitor compound E, and evidence for a NICD 

binding site in the promotor by ChIP-seq, in mantle cell lymphoma cell lines [82]. 

(Note that there is no equivalent “RYAN_MANTLE_CELL_LYMPHOMA” gene set 

representing genes downregulated in response to Notch signalling.) Of these 5 

gene sets, statistical support was found only for changes to the expression of 

genes in the RYAN_MANTLE_CELL_LYMPHOMA_NOTCH_DIRECT_UP gene 
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set, and this was found for both the EOfAD-like (p=0.006) and the fAI-like 

(p=0.008) mutants. The leading edge genes were mostly observed to be 

upregulated, which supports increases in Notch signalling (implying increased 𝛾-

secretase activity). Transcriptional adaptation (previously known as “genetic 

compensation”) might contribute to the apparent increase in Notch signalling in the 

frameshift, fAI-like/+ mutant brains via upregulated expression of the psen1-

homologous gene, psen2 [83, 84]. Although no statistically significant differences 

in expression were observed for psen2 in the differential expression test using 

edgeR (see Supplementary Table 1), a trend towards upregulation in the fAI-

like/+ mutants was observed following a simple Student’s t-test (p=0.074, Figure 

6D). El-Brolosy et al. [83] showed that the wild type allele of a mutated gene can 

also be upregulated by transcriptional adaptation (where the mutation causes 

nonsense-medicated decay, NMD, of mutant transcripts). Inspection of the number 

of reads aligning to the W233 mutation site across samples indicates that the 

expression of the wild type psen1 allele in fAI-like/+ brains appears to be greater 

than 50% of the expression of the wild type psen1 allele in wild type brains (p = 

0.006), providing further evidence for transcriptional adaptation due to the fAI-like 

mutation (Figure S8 in Supplementary File 2). 

Together, these results suggest that Notch signalling and, by implication, 𝛾-

secretase activity, may be enhanced in psen1 mutant brains. However, future 

biochemical assays should be performed to confirm this prediction.  
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Figure 6: A Pathview [85] visualisation of the changes to gene expression in the 

KEGG_NOTCH_SIGNALING_PATHWAY gene set in EOfAD-like/+ mutants and B 

fAI-like/+ mutants. C The proportion of genes with increased expression (red, z > 

√2) and decreased expression (blue, z < √2) in MSigDB gene sets for Notch 

signalling in EOfAD-like/+ and fAI-like/+ mutant brains. Gene sets which contained 

a FDR-adjusted harmonic mean p-value (HMP) < 0.05 appear less transparent. 

The FDR adjust p-values are also listed on the bars. D The expression of psen2 is 

trending towards upregulation, particularly in fAI-like/+ mutants. Here, p-values 

were determined by Student’s unpaired t-tests. E Heatmap indicating the logFC 

values for genes in the 

RYAN_MANTLE_CELL_LYMPHOMA_NOTCH_DIRECT_UP gene set. Genes are 

clustered based on their Euclidean distance, and are labelled with green if they 

appear in the leading edge of the fgsea algorithm for each comparison of a psen1 

heterozygous mutant with wild type. See online version for colour. 
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The EOfAD-like mutation T428del has a milder phenotype than the 

previously studied Q96_K97del EOfAD-like mutation of psen1 

The T428del mutation of psen1 is the first identified zebrafish mutation exactly 

equivalent, (at the protein sequence level), to a characterised human EOfAD 

mutation. Therefore, we sought to assess the consistency of its effects with those 

of a previously studied EOfAD-like mutation, Q96_K97del, and to identify cellular 

processes affected in common by the two mutations. The Q96_K97del mutation 

deletes two codons in the sequence encoding the first lumenal loop of the Psen1 

protein (see Figure 1). Comparison of transcriptomes from the 6-month-old brains 

of Q96_K97del/+ and wild type siblings previously predicted changes to 

expression of genes involved in energy metabolism, iron homeostasis and 

lysosomal acidification [45, 46]. To compare which cellular processes are affected 

by heterozygosity for the Q96_K97del mutation or the T428del mutation, we first 

performed enrichment analysis on the RNA-seq data previously generated by our 

analysis of zebrafish heterozygous for the Q96_K97del mutation relative to their 

wild type siblings. Here, we observed that heterozygosity for the Q96_K97del 

mutation results in significant alterations in 7 KEGG gene sets (at 6 months of age 

during normoxia, Figure 7A). We also found statistical evidence for altered 

expression of genes possessing IREs in their 3’ UTRs (see IRE3_ALL in Figure 

7A), consistent with our previous finding using a different method of enrichment 

analysis [45]. Gene sets affected in common between the two EOfAD-like 

mutations in psen1 are involved in energy metabolism and protein translation 

(Figure 7A). The expression of genes involved in protein degradation, and of 
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genes containing IREs in the 3’ UTRs of their transcripts, appeared significantly 

altered only by the Q96_K97del mutation (Figure 7A).  

We also compared the effects of the two EOfAD-like mutations using adaptive, 

elastic-net sparse PCA (AES-PCA) as implemented in the pathwayPCA package 

[66]. AES-PCA allows reduction of data dimensionality and for the overall activity 

of predefined gene sets to be observed in a sample-specific manner [65]. To 

obtain a global view of the changes to gene expression between the two psen1 

EOfAD-like mutations over the two datasets, we utilised the HALLMARK gene sets 

that encompass 50 distinct biological processes (rather than the 186 KEGG gene 

sets that share many genes).  

The latent variables estimated by AES-PCA for the HALLMARK gene sets (i.e. the 

first principal components) in each dataset did not show any significant association 

with psen1 genotype, suggesting that changes to gene expression (measured over 

entire brains) are too subtle to be detected as statistically significant using this 

method. However, clustering of the calculated PC1 values by AES-PCA for each 

HALLMARK gene set in each sample and dataset revealed that samples in the 

Q96_K97del dataset clustered mostly according to genotype (one wild type 

sample did not follow the trend), supporting that heterozygosity for the 

Q96_K97del mutation does result in marked effects on gene expression for the 

HALLMARK gene sets. Conversely, clustering of PC1 values in the T428del 

dataset resulted in two distinct clusters of samples. However, samples did not 

group by genotype over the two clusters to the same extent as seen for the 

Q96_K97del dataset. Intriguingly, the Q96_K97del dataset had less sample 

numbers per genotype (n = 4), and did not have as great sequencing depth as the 
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current RNA-seq experiment. Therefore, this supports that heterozygosity for the 

Q96_K97del mutation has more consistent (more severe) effects on young adult 

brain transcriptomes than heterozygosity for the T428del mutation (Figure 7 B,C).  
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Figure 7: A Comparison of KEGG and IRE gene sets significantly altered by the 

EOfAD-like mutations T428del and Q96_K97del in 6-month-old zebrafish brains. 

Each cell is coloured according to statistical significance, and the FDR-adjusted 

harmonic mean p-value is shown. Gene sets not significantly altered (FDR 

adjusted harmonic mean p-value > 0.05) in a comparison between a psen1 mutant 

zebrafish with their respective wild type siblings appear grey. B Principal 

component 1 (PC1) values for the HALLMARK gene sets as calculated by AES-

PCA, clustered based on their Euclidean distance in T428del/+ samples relative to 

their wild type siblings. C PC1 values for the HALLMARK gene sets as calculated 

by AES-PCA clustered based on their Euclidean distance in Q96_K97del/+ 

samples relative to their wild type siblings at 6 months of age under normal oxygen 

conditions. See online version for colour. 

Discussion 

In this study, we exploited transcriptome analysis of whole brains of young adult 

zebrafish siblings, to detect differences in molecular state between the brains of 

fish heterozygous for an EOfAD-like mutation or an fAI-like mutation of psen1 

compared to wild type in vivo. The subtlety of the effects observed is consistent 

with that EOfAD is, despite its designation as “early-onset”, a disease affecting 

people overwhelmingly at ages older than 30 years [86]. The person reported to 

carry the T440del mutation of PSEN1 showed cognitive decline at 41 years [47]. 

(Overall, EOfAD mutations in PSEN1 show a median survival to onset of 45 years 

[86]). In contrast, at 6 months of age, zebrafish are only recently sexually mature. 

Nevertheless, since AD is thought to take decades to develop [32], it is these 

subtle, early changes that we must target therapeutically if we wish to arrest the 

pathological processes driving the progression to AD. As seen in all our previous 

analyses of EOfAD-like mutations [39-41, 43, 45], changes in expression of genes 
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involved in oxidative phosphorylation were identified as significant. However, this 

was not the case for the fAI-like, frameshift mutation. Therefore, oxidative 

phosphorylation changes appear to be an early signature cellular stress of EOfAD. 

Changes to mitochondrial function have been observed in heterozygous PSEN1 

mutant astrocytes [87], homozygous PSEN1 mutant neurons [88], and in neurons 

differentiated from human induced pluripotent stem cells (hIPSCs) from sporadic 

AD patients [89], supporting our findings. However, such changes are not always 

observed [90], possibly due to issues of experimental reproducibility between 

laboratories when working with hIPSCs [91].  

The EOfAD-like mutation also caused very statistically significant changes in the 

KEGG_PARKINSONS_DISEASE gene set (that shares many genes with 

KEGG_OXIDATIVE_PHOSPHORYLATION) and the person carrying the 

PSEN1T440del mutation modelled by zebrafish psen1T428del initially showed 

symptoms of early onset parkinsonism at 34 years of age before those of cognitive 

decline at 41 years [47].  

In contrast to this EOfAD-like mutation, the fAI-like mutation apparently caused 

very statistically significant changes in Notch signalling and changes in other 

signal transduction pathways such as those involving Wnt and neurotrophins, as 

might be expected from changes in -secretase activity. Also notable was 

enrichment for the KEGG_TOLL_LIKE_RECEPTOR_SIGNALLING_PATHWAY 

gene set since acne inversa is a chronic inflammatory skin disorder and, in 

humans, increased expression of Toll‐like receptor 2 has been noted in acne 

inversa lesions [92]. 
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Both the EOfAD-like and fAI-like mutations caused very statistically significant 

changes in the gene sets KEGG_CYTOKINE_CYTOKINE_RECEPTOR 

_INTERACTION and KEGG_RIBOSOME. The former gene set reflects that both 

mutations appear to affect inflammation that is a characteristic of the pathologies 

of both EOfAD [93] and fAI (reviewed in [94]). Like oxidative phosphorylation, we 

have also observed effects on ribosomal protein genes sets for every EOfAD-like 

mutation we have studied [39-41, 43]. This may be due protein synthesis 

consuming a large proportion of cells’ energy budgets [95] and requiring amino 

acid precursors that can be sourced from lysosomes. Recently, Bordi et al [96] 

noted that mTOR is highly activated in fibroblasts from people with Down 

syndrome (DS, trisomy 21). DS individuals commonly develop EOfAD due to 

overexpression of the APP gene (that is resident on human chromosome 21). 

The consequent increased expression of APP’s β-CTF/C99 fragment (generated 

by β-secretase cleavage of AβPP without γ-secretase cleavage) affects 

endolysosomal pathway acidification [97] in a similar manner to EOfAD mutations 

of PSEN1 [98]. The mTOR protein is localised at lysosomes in the mTORC1 and 

mTORC2 protein complexes (reviewed in [99, 100]) and monitors the energy and 

nutrient status of cells (reviewed in [101]). It is important for regulating ribosomal 

activity, partly by regulating transcription of ribosome components (reviewed in 

[102, 103]). Therefore, one explanation for the consistent enrichment for 

transcripts of the KEGG_RIBOSOME gene set we see in EOfAD mutant brains 

may be mTOR activation due to effects on lysosomal acidification and/or the 

energy status of cells. We did not observe any significant changes to the 

expression of genes involved in the mTOR signalling pathway in the analyses 

described in this paper (the FDR-adjusted harmonic mean p-value for the 
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KEGG_MTOR_SIGNALING_PATHWAY was 0.7 for each comparison of the 

psen1 mutant fish to their wild type siblings, see Supplementary Table 2). 

However, these changes could be undetectably subtle in young adult brains and/or 

occurring at the protein level and therefore not observable in bulk RNA-seq data. 

(Statistically significant enrichment for genes in the 

HALLMARK_PI3K_AKT_MTOR_SIGNALING gene set was seen previously for 

the normoxic, 6-month-old brains of fish heterozygous for the more severe EOfAD-

like mutation Q96_K97del when compared to wild type siblings [45].) 

While the brain transcriptome alterations caused by the EOfAD-like and fAI-like 

mutations are subtle (as illustrated by the lack of tight clustering of samples in the 

principal component analysis in Figure 3, and the low number of significantly 

differentially expressed genes), we are reassured in their overall veracity by their 

similarity to the results of a parallel analysis of sibling brain transcriptomes from 6-

month-old zebrafish heterozygous for either a frameshift or a frame-preserving 

mutation in the zebrafish psen2 gene relative to wild type [40]. In that similarly 

structured (but less statistically powered) experiment, only the frameshift mutation 

significantly affected the KEGG_NOTCH_SIGNALLING gene set while only the 

frame-preserving, EOfAD-like mutation significantly affected the 

KEGG_OXIDATIVE_PHOSPHORYLATION gene set. Both psen2 genotypes 

affected the KEGG_RIBOSOME gene set, but in overall opposite directions (the 

frameshift mutation largely upregulated these genes while the frame-preserving 

mutation did the opposite).  

Transcriptome analysis can reveal a great deal of data on differences in gene 

transcript levels between different genotypes or treatments. However, interpreting 
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changes in cellular state from this information is not straight forward. Are any 

changes seen direct molecular effects of a mutation/treatment (e.g. the direct, 

downstream effects of a change in -secretase activity) or homeostatic responses 

as cells/tissues adjust their internal states to promote survival? For example, in the 

KEGG_NOTCH_SIGNALING_PATHWAY gene set shown in Figure 6B, more 

pathway components are upregulated than are downregulated. However, the 

direct transcriptional targets of Notch signalling (her4.2 and heyl) are 

downregulated, as might be expected from reduced expression of wild type, 

catalytically-competent Psen1 protein. The upregulation of other components of 

the pathway may represent homeostatic responses attempting to restore normal 

levels of Notch signalling. 

Only two Notch downstream transcriptional target genes are described in the 

KEGG_NOTCH_SIGNALING_PATHWAY gene set. Therefore, in an effort to 

assess more generally the effects of the EOfAD-like and fAI-like mutations on -

secretase activity, we also analysed additional sets of genes previously identified 

(in various systems) as direct transcriptional targets of -secretase-dependent 

signalling. One of these sets, encompassing genes identified as Notch signalling 

targets by both -secretase inhibitor responses and binding of the Notch 

intracellular domain to chromatin, revealed apparent upregulation of Notch 

signalling in both the EOfAD-like and fAI-like heterozygous mutant brains relative 

to wild type siblings. In both EOfAD-like/+ and fAI-like/+ mutant brains, the most 

highly ranked genes in terms of differential expression tended to be upregulated 

(although some highly ranked genes were downregulated in fAI-like/+ brains). The 

idea that putative low levels of a form of Psen1 protein truncated in the third 
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lumenal loop domain could increase Notch signalling is not unexpected, as we 

previously observed an implied upregulation of Notch signalling in zebrafish 

embryos with forced expression of the fAI-causative P242Lfs allele of human 

PSEN1 [104]. However, a widespread assumption within AD research is that 

EOfAD-like mutations of PSEN1 decrease -secretase cleavage of APP [105], 

possibly through a dominant negative mechanism [21]. This assumption conflicts 

with the observation of Sun et al. [15] that approximately 10% of the 138 EOfAD 

mutations of human PSEN1 they studied actually increased -secretase cleavage 

of APP’s β-CTF/C99 fragment (in experiments examining the activities of the 

mutant proteins in isolation from wild type protein). Zhou et al. [106] also observed 

increased -secretase activity (cleavage of AβPP’s β-CTF/C99 fragment) due to an 

EOfAD mutation of PSEN1 (S365A, this replicated Sun et al.’s finding for this 

mutation). 

It is important to note that mutations of PSEN1 need not cause similar effects on 

Notch and AβPP cleavage [104, 107, 108]. The transmembrane domains of the 

Notch receptor and the APP’s C99 fragment have different conformations [109]. 

Therefore, changes in the conformation of PSEN1 within -secretase due to a 

mutation may differentially affect Notch and C99 cleavage. Indeed, in our 

previously mentioned study of forced expression of the human PSEN1P242Lfs allele 

in zebrafish embryos, increased apparent Notch signalling was observed without 

change in APP processing [104]. Conversely, Zhang et al. [108] showed that 

transgenic expression of an EOfAD mutation S169del in PSEN1 under the control 

of the Thy1 brain specific promotor altered the processing of AβPP in vivo without 

affecting Notch signalling. Notably, both of these studies did not use the PSEN1 
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gene’s own promoter to express mutant forms of this gene, and so the effects 

seen may be distorted by gene/protein over-expression. 

Unfortunately, the direct transcriptional targets of the intracellular domain of AβPP 

(AICD) have not been characterised to the same extent as those of NICD 

(reviewed in [110]). This constrains transcriptome analysis for detection of 

differential effects on -secretase cleavage of AβPP caused by the EOfAD-like and 

fAI-like mutations. Future work should include further investigation of how these 

mutations effect -secretase cleavage of AβPP in vivo. 

In conclusion, we have performed the first direct comparison of an EOfAD-like and 

a fAI-like mutation of presenilin 1 in an in vivo model. Both forms of mutation 

cause apparent changes in inflammation, downregulate expression of genes 

encoding the components of the ribosome subunits, and potentially affect 𝛾-

secretase activity as supported by altered expression of Notch signalling pathway 

transcriptional target genes. We see that changes to mitochondrial function are a 

specific, common characteristic of EOfAD-like mutations while the fAI-like mutation 

specifically affects important signal transduction pathways. These differential 

effects on brain transcriptomes give insight into how reading-frame preserving 

mutations in PSEN1 cause EOfAD while frameshift mutations do not.  
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Supplemental File 1: Template DNA sequences for attempted 

HDR 

Generation of the P242fs mutation in zebrafish psen1.  

The following sequence was supplied in the pBluescript II SK(+)-Amp vector. The 

sequences for the sgRNA are indicated in red,  PAM sites are highlighted in blue, 

and the site of the mutation site is highlighted in yellow. 

Template plasmid insert sequence 5’ – 3’:   

GATGAGCCATGCGGTCCACTCGGTATACATTATTAAAAAAAGCACACAATACTG

TCTGTTTCTTTTGCATAGACCTGAATAATGAATACACTTTTACAGTGCTGTAAAAT

ACAAGCCTACACACAACCTTTTTTTTTTTGCTATTTTGCTGAAAACTAAAAATTTT

TAGGGCAAGTTTGACATTTGCATGGAATTGCTCAGTATTAACGTGATTTCCTGC

CTCTTAACGATGTTTCTGTTCCCTCCAGGGAAGTGTTCAAGACGTATAACGTGG

CGATGGATTACTTCACGCTGGCGTTGATCATCTGGAACTTCGGTGTGGTGGGA

ATGATCTGCATCCACTGGAAGGGGCCGCTGCGGCTCCAGCAGGCCTATCTGAT

CATGATCAGCGCTCTCATGGCTCTGGTCTTCATCAAGTATCTCCTGAATGGACT

GCGTGGCTCATCCTGGCTGTGATTTCAGTCTACGGTCAGTCAGTCTGCAAACA

GAGCAACACATTCACTTCTGTGTACTGATAGGTTTATTGTTCTGTAATGCTGCTT

TGGAACAATAATTAGCCTGAAATGAATTGAATAATTTCAAAAACACAGCCCCTTA

AATGTCTTTCCTGCTCCTGTGTAGATCTTCTGGCAGTGTTGTGTCCGAAAGGCC

CTCTGCGAATCCTTGTGGAAACAGCTCAAGAGAGGAATGAGGCCATTTTCCCA

GCGCTCATCTACTCCTGTAAGAAAAACCCCTCAGCACTTCCATCTTCTCAGACT

GTGAATGTCCATCTGTTTAATTGTGTTATCGTCACGTTTCTATGAAATTTCTCCTT

CGATTTGTCAGCTACGATGGTGTGGCTCTTCAATATGGCGGACCGAGTGGACC

GCATGGCTCATC 
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Generation of the T428del mutation in zebrafish psen1.  

A linear, single-stranded oligonucleotide (ssODN) with phosphorothioated (*) ends. 

The PAM is indicated in blue. 

ssODN sequence 5’ – 3’:  

C*G*ACCTCTCTATATGTAGAACTGATGGACGGCCAGCTGGTCCATGAACGGCC

GCACGAGGTTATCAGTGGCAAAGTAAAACACCAGGCCGAATATGGAGATGGGG

AGTGCGGGAAGAG*C*C 
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Supplemental File 2 

 

Figure S1: Alignment of the a region of psen1 cDNA (ENSDART00000149864.3) 

including a subset of exons 6 and 7. The top sequence is the WT sequence, which is 

followed by a subset of the Sanger sequencing (from genomic DNA) of exon 6 from 

W233fs homozygous mutants. The bottom sequence is the predicted coding 

sequences of exon 6 and exon 7 assuming splicing is unaffected by the W233fs 

mutation. 36 novel amino acids are generated from this mutation followed by a 

premature termination codon.  

  

Wild type

W233fs
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Figure S2: RNA-seq library size does correlate with A principal component 1 (PC1) 

or B PC2 after weighted trimmed mean of M-values (TMM) normalisation. Blue linear 

regression lines are shown with standard error shading.  
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Figure S3: No observed bias for differential expression of genes due to A average 

transcript length or B weighted (per transcript length) GC content per gene. A 

ranking statistic was calculated for each gene. Blue lines indicating generalised 

additive model fits lie mostly around 0. The y axis in each graph is constrained to 

between -10 and 10 for visualisation purposes.  
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Table S1: Top 5 GO terms over-represented in genes significantly differentially expressed 

(DE) in EOfAD-like/+ relative to wild type brains. 

GO term p.val 
Number of DE 

genes in category 

Number of 

genes in 

category 

FDR 

GO SKELETAL MUSCLE 

CONTRACTION 
3.5e-05 2 32 0.35 

GO MULTICELLULAR 

ORGANISMAL 

MOVEMENT 

6.8e-05 2 44 0.35 

GO STRIATED MUSCLE 

CONTRACTION 
7.8e-04 2 147 1 

GO CALCIUM 

ACTIVATED 

PHOSPHOLIPID 

SCRAMBLING 

1.2e-03 1 4 1 

GO L METHIONINE 

SALVAGE FROM 

METHYLTHIOADENOSI

NE 

1.6e-03 1 5 1 
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Table S2: Top 5 GO terms over-represented in genes significantly differentially expressed 

(DE) in fAI-like/+ relative to wild type brains 

GO term p.val 
Number of DE 

genes in category 

Number of 

genes in 

category 

FDR 

GO GAMMA 

SECRETASE COMPLEX 
0.0009 1 4 1 

GO ASPARTIC 

ENDOPEPTIDASE 

ACTIVITY 

INTRAMEMBRANE 

CLEAVING 

0.001 1 5 1 

GO NOTCH RECEPTOR 

PROCESSING LIGAND 

DEPENDENT 

0.001 1 5 1 

GO CATION CHANNEL 

ACTIVITY 
0.001 2 276 1 

GO REGULATION OF L 

GLUTAMATE IMPORT 

ACROSS PLASMA 

MEMBRANE 

0.001 1 6 1 

276



 

 

Figure S4: Similar genes are driving the enrichment of the 

KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION in the same direction. 

Colour of the heatmap indicates the logFC of the leading edge genes from the fgsea 

algorithm. Grey indicates that the gene was not found in the leading edge. 

 

Figure S5: Mostly similar genes are driving the enrichment of the 

KEGG_JAK_STAT_SIGNALING_PATHWAY gene set in the same direction. Colour 

of the heatmap indicates the logFC of the leading edge genes. Grey indicates that 

the gene was not found in the leading edge in the fgsea algorithm.  
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Figure S6: Similar genes are driving the enrichment of the KEGG_RIBOSOME gene 

set in the same direction. Colour of the heatmap indicates the logFC of the leading 

edge genes. Grey indicates that the gene was not found in the leading edge in the 

fgsea algorithm.  
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Figure S7: A Overall expression of psen1 in 6 month old zebrafish brains in log2 

counts per million (logCPM). B The number of reads aligning to the GRCz11 

genome at the T428 site and C the W233 site in psen1. Bars appear purple if 

aligning to the wild type allele, blue if the aligned reads contained the T428del 

mutation, and yellow if the aligned reads contained the W233fs mutation. For each 

sample, the number of reads was calculated as the average number of reads over 

the three nucleotides deleted for the T428 site, and the two nucleotides affected at 

the W233 site.  
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Figure S8: For each sample, the number of reads was calculated as the average 

number of reads over two nucleotides affected at the W233 site in psen1, then 

scaled for RNA-seq library size (TMM method). Pairwise comparisons between 

genotypes for these measures (indicated by the red diamonds) was performed using 

Welch’s two sample t-tests. To investigate whether the expression of the wild type 

psen1 allele in fAI-like/+ brains was greater than 50% of the expression of the wild 

type allele in wild type brains, the scaled reads for wild type brains were divided by 

two (shown in the graph by the more transparent points), then these were subject to 

Welch’s two sample t-test.  

 

p = 0.5

p = 0.03

p = 0.005
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Figure S9: Pathview visualisation of the KEGG_OXIDATIVE_PHOSPHORYLATION 

gene set. Colour of the cells indicates the logFC in EOfAD-like/+ brains.  
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Figure S10: Pathview visualisation of the KEGG_WNT_SIGNALING_PATHWAY 

gene set. Colour of the cells indicates the logFC in fAI-like/+ brains.  
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Figure S11: Heatmap indicating the logFC of genes in the 

KEGG_PATHWAYS_IN_CANCER gene set in EOfAD-like/+ and fAI-like/+ brains. 

Cells in the heatmap are labelled in green if found in the leading edge from the fgsea 

algorithm and grey if they were not. 

Figure S12: Heatmap indicating the logFC of genes in the 

KEGG_NEUROTROPHIN_SIGNALING_PATHWAY gene set in EOfAD-like/+ and 

fAI-like/+ brains. Cells in the heatmap are labelled in green if found in the leading 

edge from the fgsea algorithm and grey if they were not.  
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Figure S13: Cell type proportions appear to be consistent across samples. The 

raincloud plots below summarise the expression (logCPM) of marker genes for four 

broad cell types in zebrafish brains: neurons, oligodendrocytes, astrocytes and 

microglia. The marker genes for A neurons, B oligodendrocytes and C astrocytes 

were obtained from [1], while the D microglia markers were obtained from [2]. No 

significant differences (ns) of expression of these markers was found across 

genotypes using fry with a directional hypothesis, supporting that cell type 

proportions are consistent. 

284



Supplemental Tables can be found at 

https://www.biorxiv.org/content/10.1101/2021.01.26.428321v2  
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Chapter 9: Comparative analysis of Alzheimer’s disease 

knock-in model brain transcriptomes implies changes to 

energy metabolism as a causative pathogenic stress  

 

This chapter is a hybrid Results and Discussion chapter. The results of Chapters 5-8 

are summarised, then compared to other knock-in models of Alzheimer’s disease.  
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Summary 

Energy production is the most fundamentally important cellular activity 

supporting all other functions, particularly in highly active organs such as brains. 

Here, we summarise transcriptome analyses of young adult (pre-disease) brains 

from a collection of eleven early-onset familial Alzheimer’s disease (EOfAD)-like 

and non-EOfAD-like mutations in three zebrafish genes. The one cellular activity 

consistently predicted as affected by only the EOfAD-like mutations is oxidative 

phosphorylation that produces most of the brain’s energy. All the mutations were 

predicted to affect protein synthesis. We extended our analysis to knock-in 

mouse models of APOE alleles and found the same effect for the late onset 

Alzheimer’s disease risk allele 4. Our results support a common molecular 

basis for initiation of the pathological processes leading to both early and late 

onset forms of Alzheimer’s disease and illustrate the utility of both zebrafish and 

knock-in, single EOfAD mutation models for understanding the causes of this 

disease. 

Keywords 

Alzheimer’s disease, RNA-seq, microarray, APP, APOE, PSEN1, PSEN2, 

SORL1, mitochondria, ribosome 

  

289



Introduction 

Alzheimer’s disease (AD) is a complex and highly heterogenous 

neurodegenerative disease, defined the presence of intracellular neurofibrillary 

tangles (NFTs), and extracellular plaques consisting of a small peptide, amyloid 

β (Aβ) (Jack et al., 2018). AD was discovered over 100 years ago (Alzheimer, 

1906). However, an effective therapeutic to halt, or even to slow disease 

progression, remains to be developed.  

 

AD has a strong genetic basis (reviewed in (Sims et al., 2020)). In some rare 

cases, early-onset familial forms of AD (EOfAD, occurring before 65 years of 

age) arise due to dominant mutations in one of four genes: PRESENILIN 1 

(PSEN1), PRESENILIN 2 (PSEN2), AMYLOID β PRECURSOR PROTEIN 

(APP), and SORTILIN-RELATED RECEPTOR 1 (SORL1) (reviewed in 

(Barthelson et al., 2020a; Bertram and Tanzi, 2012; Temitope et al., 2021)). 

However, most AD cases are sporadic, showing symptom onset after the 

arbitrarily defined threshold of 65 years (late-onset sporadic AD, LOAD). Genetic 

variants at many loci have been associated with increased risk of LOAD (Kunkle 

et al., 2019; Lambert et al., 2013). The most potent variant is the ε4 allele of 

APOLIPOPROTEIN E (APOE) (Farrer et al., 1997) that has been described as 

“semi-dominant” (Genin et al., 2011). 

 

An understanding of the early cellular stresses on the brain that eventually lead 

to AD is necessary to advance the development of preventative treatments. This 

is difficult to achieve through studying living humans, as access to young, pre-

symptomatic brains is limited. Imaging studies have implicated structural and 

functional changes to the brain long before diagnosis of overt AD (Iturria-Medina 
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et al., 2016; Quiroz et al., 2015). However, brain imaging cannot provide detailed 

molecular information on these changes. Transcriptome analysis is, currently, 

the strategy that can provide the highest resolution molecular description of cells 

and tissues. However, transcriptome analyses of ante-mortem brains carrying 

EOfAD mutations can only be performed using brain tissue from animal models. 

 

Our group has exploited the zebrafish to generate a collection of knock-in 

models of EOfAD-like mutations in order to analyse their young brain 

transcriptomes (Barthelson et al., 2021; Barthelson et al., 2020b; Barthelson et 

al., 2020c; Barthelson et al., 2020e; Hin et al., 2020a; Hin et al., 2020b; Jiang et 

al., 2020; Newman et al., 2019). Our experimental philosophy has been to 

replicate, as closely as possible, the single heterozygous mutation state of 

EOfAD in humans, thereby avoiding possibly misleading assumptions regarding 

the molecular mechanism(s) underlying the disease. Our overall goal has been 

to compare a broad-range of EOfAD-like mutations in a number of EOfAD genes 

to define their shared pathological effects in young adult brains where the long 

progression to AD begins. To assist in this definition (by exclusion), we also 

created non-EOfAD-like mutations in the same genes as negative controls, i.e. 

frameshift mutations in the presenilin genes that do not cause EOfAD (reviewed 

in (Jayne et al., 2016), the “reading frame-preservation rule”). Since EOfAD and 

LOAD present as a similar diseases (reviewed in (Blennow et al., 2006; Masters 

et al., 2015)), despite their different genetic underpinnings, understanding the 

molecular effects of heterozygosity for EOfAD mutations may also give insight 

into changes occurring in LOAD.  

Here, we summarise our findings of brain transcriptome analyses of EOfAD-like 

mutations in the zebrafish orthologues of genes implicated in EOfAD: psen1, 

psen2 and sorl1. EOfAD mutations also exist in APP. However, zebrafish 
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express two APP “co-orthologous” genes, appa and appb, complicating analysis 

of single, heterozygous mutations. Therefore, we re-analysed the best available 

publicly accessible brain transcriptomic data from a knock-in model of APP 

mutations: the AppNL-G-F mouse. Finally, we compared whether the brain 

transcriptome changes occurring due to single heterozygous EOfAD-like 

mutations in zebrafish are similar to the changes occurring due to the strongest 

genetic risk factor for LOAD: the ε4 allele of APOE, using publicly available brain 

transcriptome data from a humanised APOE targeted-replacement mouse model 

(APOE-TR) (Sullivan et al., 1997). We identify changes to energy metabolism as 

the earliest detectable cellular stress due to AD mutations, and demonstrate that 

knock-in zebrafish models are valuable tools to study the earliest molecular 

pathological events in this disease.  

 

Results 

We first collated our findings from our zebrafish models of EOfAD-like mutations 

in psen1 (Barthelson et al., 2021; Hin et al., 2020a; Hin et al., 2020b; Newman et 

al., 2019), psen2 (Barthelson et al., 2020c) and sorl1 (Barthelson et al., 2020b; 

Barthelson et al., 2020e). An advantage of using zebrafish for RNA-seq analyses 

is minimisation of genetic and environmental noise through breeding strategies 

such as that shown in Figure 1A. Large families of synchronous siblings can 

consist of heterozygous mutant and wild type genotypes allowing direct 

comparisons of the effects of each mutation. So far, we have performed six brain 

transcriptomic analyses based on various breeding strategies (summarised in 

Table 1 and Supplemental File 1). The detailed analyses can be found in the 
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publications cited above. However, the outcomes are summarised below and in 

Figure 1. 

 

We found that heterozygosity for most of our EOfAD-like mutations does not 

result in many differentially expressed (DE) genes in young adult brains 

(Barthelson et al., 2021; Barthelson et al., 2020b; Barthelson et al., 2020c; 

Barthelson et al., 2020e) (as would be expected for modelling a disease that 

becomes overt in middle age). Therefore, we performed gene set enrichment 

analyses to predict which cellular processes were affected by each of the 

mutations in each experiment. We used the KEGG (Kanehisa and Goto, 2000) 

gene sets to determine whether changes to gene expression were observed in 

any of 186 biological pathways/processes. Additionally, we recently proposed 

that neuronal iron dyshomeostasis may be an effect-in-common of EOfAD 

mutations in the context of AD pathogenesis (Lumsden et al., 2018). Therefore, 

we used our recently defined iron responsive element (IRE) gene sets (HIN ET 

AL., 2020B) to test for evidence of iron dyshomeostasis. Biological processes 

found to be affected in at least two different zebrafish mutants are shown in 

Figure 1B. The one gene set consistently altered by all of the EOfAD-like 

mutations, but not by the non-EOfAD-like mutations examined, is the 

KEGG_OXIDATIVE_PHOSPHORYLATION gene set, supporting that changes to 

mitochondrial function are an early cellular stress in EOfAD. The 

KEGG_OXIDATIVE_PHOSPHORYLATION gene set is also affected by 

heterozygosity for the K97fs mutation of psen1. K97fs is a frameshift mutation 

and so does not follow the “reading-frame preservation rule” (Jayne et al., 2016) 

of presenilin EOfAD mutations. However, K97fs (Hin et al., 2020a) models the 

PS2V isoform of human PSEN2 (Sato et al., 1999), that shows increased 

expression in LOAD brains (see (Moussavi Nik et al., 2015) for an explanation) 
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and so is still an AD-relevant mutation. Genes encoding the components of 

ribosomal subunits, as defined by the gene set KEGG_RIBOSOME, were 

affected by all the EOfAD-like mutations but also by non-EOfAD-like mutations in 

psen1 and psen2 (Figure 1D). Evidence for iron dyshomeostasis was also 

observed for the relatively severe EOfAD-like mutation psen1Q96_K97del/+ (under 

both normoxia and acute hypoxia conditions), and in transheterozygous sorl1 

mutants (i.e. with complete loss of wild type sorl1), as shown by significant 

changes to the expression of genes possessing IRE(s) in the 3’ untranslated 

regions of their encoded mRNAs. 

 

EOfAD is also caused by mutations of the gene APP. Modelling of APP 

mutations in zebrafish is complicated by duplication of the APP orthologous gene 

in this organism. However, brain transcriptome data is available for a knock-in 

mouse model of EOfAD mutations in APP: the APPNL-G-F mouse model (Castillo 

et al., 2017). In this model, the murine APP sequence is modified to carry 

humanised DNA sequences in the Aβ region, as well as the Swedish, 

Beyreuther/Iberian, and Arctic EOfAD mutations (Saito et al., 2014). While these 

mice do not closely reflect the genetic state of heterozygous human carriers of 

EOfAD mutations of APP (as the mice possess a total of six mutations within 

their modified App allele and are usually analysed as homozygotes), they 

should, at least, not generate artefactual patterns of gene expression change 

due to overexpression of transgenes (Saito et al., 2016). Castillo et al. (2017) 

performed brain transcriptomic profiling via microarray on the brain cortices of 

male homozygous AppNL-G-F mice relative to wild type mice at 12 months of age, 

as well as a transgenic mouse model of AD, 3xTg-AD mice (Oddo et al., 2003) 

relative to non-Tg mice. We re-analysed this microarray dataset to ask: 
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1) Are the KEGG gene sets affected in the male homozygous AppNL-G-F mice 

similar to those affected in EOfAD-like zebrafish? 

2) Is there evidence for iron dyshomeostasis in the brains of these mice? 

 

We did not observe alteration of any similar gene sets between the AppNL-G-F 

mice and our EOfAD-like zebrafish. However, any similarities may well have 

been masked by the overwhelming effects of greater age, variable environment 

(mouse litter-of-origin), and the effects of their six App mutations on brain cortex 

cell type proportions and inflammatory processes. The most statistically 

significantly affected cellular process in 12-month-old AppNL-G-F mice is 

lysosomal function as represented by the KEGG_LYSOSOME gene set 

(discussed later). Additionally, a plethora of inflammatory gene sets are also 

affected, with changes in the relative proportions of glial cells, particularly 

microglia, contributing to the appearance of increased levels of these gene 

transcripts in the bulk cortex RNA analysed (Figure 2). 

 

A puzzling observation from the genome-wide association studies (GWAS) of 

LOAD, is that none of the risk variants identified fall within the EOfAD genes, 

PSEN1, PSEN2, or APP (Kunkle et al., 2019; Lambert et al., 2013). This has led 

to speculation that EOfAD and LOAD may be distinct diseases despite their 

histopathological and cognitive similarities (reviewed in (DeTure and Dickson, 

2019; Tellechea et al., 2018)). Only one gene identified by GWAS of LOAD is 

suspected to harbour mutations causative of EOfAD, SORL1. Mutations in 

SORL1 cause AD with ages of onset typically later than many mutations in 

PSEN1 or APP (or may be incompletely penetrant) (Pottier et al., 2012; 

Thonberg et al., 2017). Nevertheless, as shown in Figure 1, we identified 

changes in the gene set KEGG_OXIDATIVE_PHOSPHORYLATION in young 
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adult zebrafish heterozygous for EOfAD-like mutations in sorl1, as well as in 

zebrafish modelling overexpression of the PS2V isoform that is upregulated in 

LOAD. Therefore, we asked whether changes in oxidative phosphorylation might 

be associated with the most common genetic risk factor for LOAD, the ε4 allele 

of the gene APOE (Corder et al., 1993; Genin et al., 2011; Kunkle et al., 2019; 

Lambert et al., 2013; Saunders et al., 1993). Like APP, the APOE orthologous 

gene in zebrafish is refractory to analysis due to duplication. Therefore, to 

compare our zebrafish mutant data to early brain transcriptome changes caused 

by the ε4 allele of APOE, we analysed data from a set of human gene targeted 

replacement mouse models, APOE-TR (Sullivan et al., 1997). These mouse 

models transcribe human APOE alleles from the endogenous murine Apoe 

promotor: the predominant human allele ε3, the rare AD-protective ε2 allele, and 

the AD-risk allele, ε4. Zhao et al. (2020) performed a comprehensive brain 

transcriptome profiling experiment across aging in both male and female mice to 

assess the effect of homozygosity for the ε2 or ε4 alleles relative to the risk-

neutral ε3 allele. Since our aim is to identify the early changes occurring due to 

AD-related mutations, we re-analysed only the 3-month brain samples from the 

Zhao et al. dataset (i.e. omitting the samples from 12- and 24-month-old mice). 

For details of this re-analysis see Supplementary File 3. We found statistical 

evidence for significant changes in expression of oxidative phosphorylation and 

ribosome gene sets in mice homozygous for the humanised ε4 APOE allele, 

consistent with our zebrafish models of EOfAD. These effects were not observed 

for the AD-protective ε2 allele (Figure 3). Note that the effects of APOE 

genotype were highly dependent on the litter-of-origin of the samples and that 

changes to cell type proportions were observed in the male APOE4 mice. 

Therefore, future replication of this analysis with better-controlled transcriptome 

296



data is desirable to confirm that the effects observed are due to the APOE 

genotype. 

Discussion 

Energy production is the most fundamental of cellular activities. Life cannot be 

sustained without energy, and all other cellular activities depend upon it. The 

human brain, in particular, has very high energy demands and consumes the 

majority of the body’s glucose when at rest (reviewed in (Zierler, 1999)). Within 

the brain, the majority of energy use is to maintain the Na+-K+ membrane 

potential of neurons (Attwell and Laughlin, 2001) and neurons are assisted in 

meeting these energy demands by support from, primarily, astrocytes (e.g. via 

the astrocyte–neuron lactate shuttle (Pellerin and Magistretti, 1994)). All cells 

allocate considerable portions of their energy budgets to protein synthesis to 

maintain their structure and activity (Buttgereit and Brand, 1995). Energy is also 

required to maintain the low pH and high Ca2+ concentration of the lysosome 

(Christensen et al., 2002), the organelle which mediates uptake and recycling 

(autophagy) of cellular structural constituents (e.g. the amino acids for protein 

synthesis) (reviewed in (Yim and Mizushima, 2020)), Lysosomes are important 

for uptake and recycling of ferrous iron (Yambire et al., 2019), that is essential 

for oxidative phosphorylation by mitochondria (Oexle et al., 1999). On the 

lysosomal membrane, mTOR complexes sense nutrient and energy status to 

regulate protein synthesis, autophagy, and mitochondrial activity (reviewed in 

(Lim and Zoncu, 2016)). 

Our analyses of young adult brain transcriptomes in zebrafish have found that 

five EOfAD-like mutations in a total of three EOfAD gene orthologues (psen1, 

psen2, and sorl1) all cause statistically significant effects on the expression of 
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genes involved in oxidative phosphorylation, while non-EOfAD-like mutations in 

psen1 and psen2 do not. Therefore, effects on oxidative phosphorylation are a 

common, early “signature” of EOfAD. Intriguingly, we previously observed 

downregulation of the oxidative phosphorylation genes due to heterozygosity for 

the psen1Q96_K97del mutation in whole zebrafish larvae at 7 days post fertilisation 

(dpf) (Dong et al., 2020), suggesting changes to mitochondrial function are a 

very early cellular stress in AD pathogenesis. All of the mutations studied have 

also resulted in changes in the levels of transcripts required for ribosome 

formation and we suggest this may reflect changes in mTOR activity (see 

Supplementary File 4). The reason for the different effects of EOfAD-like and 

non-EOfAD like mutations in these genes is uncertain. However, for the 

PRESENILINs, the single most consistent characteristic of the hundreds of 

known EOfAD mutations is that they maintain the ability of the genes to produce 

at least one transcript isoform with the original reading frame (the “reading frame 

preservation rule” (Jayne et al., 2016)). This strongly supports that all these 

mutations act via a dominant gain-of-function molecular mechanism (to interfere 

with a normal cellular function). The EOfAD genes, PSEN1, PSEN2, APP, and 

SORL1, encode proteins which are all expressed within the endolysosomal 

pathway of cells (Andersen et al., 2005; Kawai et al., 1992; Pasternak et al., 

2003; Sannerud et al., 2016) and also within the mitochondrial associated 

membranes (MAM) of the endoplasmic reticulum (Area-Gomez et al., 2009; Lim, 

2015). MAM are responsible for regulation of ATP production (through Ca2+ 

signalling (Duchen, 1992)), oxidative protein folding (reviewed in (Simmen et al., 

2010)), and the initiation of autophagy (Hamasaki et al., 2013). Interestingly, like 

mutations in PSEN1 (Lee et al., 2010) and the C99 fragment of APP (Jiang et 

al., 2019), the 4 allele of APOE has also been shown to affect lysosomal pH 

(Prasad and Rao, 2018) and the MAM (Tambini et al., 2016). From the work in 
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this paper, we have now seen that the “semi-dominant” 4 LOAD risk allele 

(Genin et al., 2011), like EOfAD mutations, also affects the expression of genes 

involved in oxidative phosphorylation and ribosome function in young adult 

brains. Thus, early effects on oxidative phosphorylation (and so energy 

production) appear to be a common, early disturbance associated with both 

early- and late- onset forms of Alzheimer’s disease. Our analysis supports that 

the two diseases are part of a single pathological continuum, with age of onset 

likely influenced by the severity of the energy effect involved. (After all, the 65 

year age threshold defined as differentiating “early-onset” from “late-onset” is 

arbitrary.) The mystery of why GWAS has failed to detect variation in PSEN1, 

PSEN2, or APP in LOAD remains, although some mutations in PSEN2 and APP 

genes do cause later onset familial forms of the disease (Cruchaga et al., 2012) 

and/or show incomplete penetrance (Finckh et al., 2000; Rossor et al., 1996; 

Sherrington et al., 1996; Thordardottir et al., 2018) or recessive inheritance (Di 

Fede et al., 2009; Tomiyama et al., 2008). 

Knock-in mouse models of single EOfAD mutations were generated 15-20 years 

ago (Guo et al., 1999; Kawasumi et al., 2004) but their brain transcriptomes have 

never been analysed in detail. This is likely because these mice showed only 

very mild cognitive phenotypes and lacked the AD histopathology currently used 

to define the disease (Aβ deposition and neurofibrillary tangles of tau protein 

(Jack et al., 2018)). By expressing multiple mutant forms of EOfAD genes in 

transgenic mice, A plaques can be detected and cognitive changes observed 

(reviewed in (Esquerda-Canals et al., 2017; Myers and McGonigle, 2019)). 

However, experience with use of many such “mouse models of Alzheimer’s 

disease” has shown a lack of correlation of cognitive changes with A levels 

(Foley et al., 2015) and transcriptome analysis of their brains has shown little to 
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no concordance with transcriptomes from post-mortem AD brains, or between 

the models themselves (Hargis and Blalock, 2017). In two papers in 2014 and 

2016, Saito and colleagues described phenotypic disparities between transgenic 

and APP EOfAD mutation knock-in mouse models (Saito et al., 2014; Saito et 

al., 2016). In the 2016 paper they went so far as to declare that, 

“We recently estimated using single App knock-in mice that accumulate 

amyloid peptide without transgene overexpression that 60% of the 

phenotypes observed in Alzheimer’s model mice overexpressing mutant 

amyloid precursor protein (APP) or APP and presenilin are artifacts (Saito 

et al., 2014). The current study further supports this estimate by 

invalidating key results from papers that were published in Cell. These 

findings suggest that more than 3000 publications based on APP and 

APP/PS overexpression must be reevaluated.” 

Nevertheless, since 2016 thousands more papers have been published using 

transgenic mouse models of Alzheimer’s disease. In this light, we were surprised 

to find that AppNL-G-F homozygous mice display a young adult brain transcriptome 

that is more severely disturbed than in the multiply transgenic 3xTg-AD model - 

although that apparent disturbance is likely somewhat artefactual and likely due 

to changes in the relative proportions of different cell types in the model. 

Changes to cell type proportions are not observed in our zebrafish models 

(Barthelson et al., 2021; Barthelson et al., 2020c; Barthelson et al., 2020d, e; Hin 

et al., 2020a; Hin et al., 2020b), revealing another advantage of exploiting 

zebrafish in transcriptome analysis of bulk RNA from brain tissue (their highly 

regenerative brains (Kroehne et al., 2011) are likely more resistant to changes in 

cell type proportions). 
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Frustration with the difficulties of exploiting both transgenic and knock-in models 

of EOfAD mutations in mice has contributed to the drive for examining knock-in 

mouse models of LOAD risk variants, such as now conducted by the MODEL-AD 

Consortium (Oblak et al., 2020). The brain transcriptome similarities seen 

between our single mutation, heterozygous EOfAD mutation-like knock-in 

zebrafish models and the knock-in APOE 4 mice strongly support the 

informative value of these models and imply that heterozygous EOfAD mutation 

knock-in mouse models offer a path forward, particularly in understanding the 

earliest molecular events that lead to Alzheimer’s disease. 
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Tables 

Table 1: Summary of zebrafish RNA-seq experiments. For more detailed 

descriptions of study designs, see Supplemental File 1. EOfAD: early-onset 

familial Alzheimer’s disease. fAI: familial acne inversa.  

Gene Mutation(s) 

Total 
number 

of 
zebrafish 
analysed 

Genders 
analysed 

Comment Reference 

psen1 
W233fs (fAI-like) and 
T428del (EOfAD-like) 

24 
Males 
and 

Females 

High read depth 
(between 61 and 
110 million reads 

per sample) 

(Barthelson 
et al., 
2021) 

psen1 Q96_K97del (EOfAD-like) 32 
Males 
and 

females 

Aged zebrafish and 
the effect of acute 
hypoxia treatment 
was also included 

(Hin et al., 
2020b; 

Newman et 
al., 2019) 

psen1 K97fs 12 
Females 

only  
Aged zebrafish 

were also included  
(Hin et al., 

2020a) 

psen2 
T141_L142delinsMISLISV 
(EOfAD-like) and N140fs 

(not EOfAD-like) 
15 

Males 
and 

females 
- 

(Barthelson 
et al., 

2020c) 

sorl1 W1818* 12 
Males 
and 

Females 
- 

(Barthelson 
et al., 

2020d) 

sorl1 
V1482Afs (EOfAD-like) 

and R122Pfs (EOfAD-like)  
24 

Males 
and 

Females 

The 
transheterozygous 
genotype was also 
analysed. Initially, 

R122Pfs was stated 
to be a putative null 
mutation. A recent 

case study now 
shows that this 

mutation is probably 
EOfAD-like.  

(Barthelson 
et al., 

2020e) 
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Figure 1: A. Schematic of a RNA-seq experiment using zebrafish. A single 

mating of a single pair of fish heterozygous for either an EOfAD-like or a non-

EOfAD-like mutation results in a family heterozygous mutant, transheterozygous 

mutant, and wild type siblings. Comparisons made between genotypes in a 

RNA-seq experiment are depicted. B. Heatmap summary of significantly altered 

KEGG and IRE gene sets in zebrafish EOfAD genetic models at 6 months of 

age. Only gene sets significantly altered (FDR-adjusted harmonic mean p-value 

< 0.05) in at least two comparisons of mutant zebrafish to their corresponding 

wild type siblings are shown. Columns are grouped by whether or not the 

zebrafish genotype is EOfAD-like, while rows are clustered based on their 

Euclidean distance. The numbers are FDR-adjusted harmonic mean p-values. C. 

Heatmap indicating the logFC of genes in the KEGG gene sets for oxidative 

phosphorylation and, D, the ribosome in zebrafish mutants compared to their 

wild type siblings. Rows and columns are clustered based on their Euclidean 

distance. Only genes considered detectable in all RNA-seq experiments are 

depicted. See Supplemental File 1 for more information on individual study 

designs.  

  

304



 

 

 

Figure 2: A. Visual representation of comparison of homozygous AppNL-G-F mice 

to wild type mice. B. Bar chart showing the FDR-adjusted p-value (directional 

hypothesis) from fry on marker genes of neurons, oligodendrocytes, astrocytes 

and microglia in AppNL-G-F relative to wild type. C. Heatmap indicating the 

expression of genes within these marker gene sets, summarised using K-means 

(K = 4). D. Heatmap showing the expression of genes in the 

KEGG_LYSOSOME gene set, clustered by their Euclidean distance. Each gene 

is labelled in red if it was identified as differentially expressed, and the magnitude 

of the fold change (logFC) is shown in green. See Supplemental File 2 for more 

details.  
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Figure 3: A. Visual representation of comparison of APOE4 or APOE2 mice to 

APOE3. This was performed for both male and female mice separately. B. 

Principal component analysis (PCA) of three month old APOE-TR mice. Principal 

component 1 (PC1) is plotted against PC2. The numbers between parentheses 

indicate the percentage of variation in the dataset explained by a PC. In the left 

graph, each point represents a sample, which is coloured by APOE genotype, 

and shaped by sex. In the right plot, each point is coloured according to litter 

(implied from the date of birth of each mouse), and shaped by APOE genotype. 

C Heatmap showing the logFC of genes in the 

KEGG_OXIDATIVE_PHOSPHORYLATION and D KEGG_RIBOSOME gene 

sets in APOE-TR mice. Genes are labelled in green above whether they were 

classified as differentially expressed (FDR < 0.05) in the differential gene 

expression analysis in a particular comparison. See Supplemental File 3 for 

more details.  
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STAR Methods 

RESOURCE AVAILABILITY 

Lead Contact  

Further information and requests for resources and reagents should be directed 

to and will be fulfilled by the Lead Contact, Karissa Barthelson 

(karissa.barthelson@adelaide.edu.au). 

Materials Availability  

This study did not generate new unique reagents. 

Data and Code Availability Statement 

The complete list of datasets (with links), software, and relevant algorithms used 

in this study is provided in the Key Resources Table. The code used to perform 

the analysis in this study can be found at https://github.com/karissa-b/AD-

signature  

METHOD DETAILS 

Zebrafish analysis 

The harmonic mean p-values and differential gene expression analysis outputs 

were obtained from each individual analysis (see the Key Resources Table and 

(Barthelson et al., 2021; Barthelson et al., 2020b; Barthelson et al., 2020c; 

Barthelson et al., 2020e)). For these analyses, differential gene expression 
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analysis was performed using edgeR (Robinson et al., 2009), and enrichment 

analysis was performed by calculation of the harmonic mean p-value (Wilson, 

2019) of the raw p-values of three methods of ranked-list based enrichment 

analyses: fry (Wu et al., 2010), camera (Wu and Smyth, 2012), and GSEA 

(Subramanian et al., 2005) (as implemented in the fgsea R package 

(Sergushichev, 2016)). A gene set to be significantly altered if the FDR-adjusted 

harmonic mean p-value remained below 0.05 after FDR adjustment. The gene 

sets used for enrichment analysis were the KEGG (Kanehisa and Goto, 2000) 

gene sets, to determine whether changes to gene expression were observed in 

any of 186 biological pathways/processes. Additionally, we used our recently 

defined iron responsive element (IRE) gene sets (HIN ET AL., 2020B) to test for 

evidence of iron dyshomeostasis. For the K97fs and Q96_K97del analyses, 

enrichment analysis was not performed on the KEGG gene sets in the original 

analyses. Therefore, we performed the enrichment analysis as described above 

for these datasets. For the K97fs analysis, we obtained the gene-level counts 

and the results of the differential gene expression analysis described in (Hin et 

al., 2020a) from 

https://github.com/UofABioinformaticsHub/k97fsZebrafishAnalysis. For the 

Q96_K97del analysis, we obtained the gene-level counts and the and the results 

of the differential gene expression analysis described in (Hin et al., 2020b) from 

the first author of the cited paper.  

 

AppNL-G-F microarray re-analysis 

The detailed analysis can be found in Supplemental File 2, while the R code to 

reproduce the analysis can be found https://github.com/karissa-b/AD-signature. 

Briefly, the raw .CEL files (obtained from GEO) were imported into analysis with 

R, and pre-processed using the rma (Irizarry et al., 2003) method as 
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implemented in the oligo package (Carvalho and Irizarry, 2010). We omitted any 

probesets which contained a median log2 intensity value of < 3.5 (lowly 

expressed) and also any probesets assigned to multiple genes. Differential gene 

expression analysis was performed using limma (Ritchie et al., 2015), specifying 

pairwise contrasts between the AppNL-G-F homozygous mice, or the 3xTg-AD 

homozygous mice with their respective controls by using a contrasts matrix. We 

considered a probeset to be differentially expressed in each contrast if the FDR 

adjusted p-value was < 0.05. For over-representation of the KEGG and IRE 

gene sets within the DE genes, we used kegga (Young et al., 2010). We also 

performed ranked-list based enrichment analysis as described for the zebrafish 

analysis.  

 

APOE-TR RNA-seq re-analysis 

The detailed analysis can be found in Supplemental File 3. We obtained the 

raw fastq files for the entire APOE-TR RNA-seq experiment from AD Knowledge 

Portal (accession number syn20808171, 

https://adknowledgeportal.synapse.org/). The raw reads were first processed 

using AdapterRemoval (version 2.2.1) (Schubert et al., 2016), setting the 

following options: --trimns, --trimqualities, --minquality 30, --minlength 35. Then, 

the trimmed reads were aligned to the Mus musculus genome (Ensembl 

GRCm38, release 98) using STAR (version 2.7.0) (Dobin et al., 2013) using 

default parameters to generate .bam files. These bam files were then sorted and 

indexed using samtools (v1.10) (Li et al., 2009). The gene expression counts 

matrix was generated from the .bam files using featureCounts (version 1.5.2) 

(Liao et al., 2014). We only counted the number of reads which uniquely aligned 
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to, strictly, exons with a mapping quality of at least 10 to predict expression 

levels of genes in each sample.  

We then imported the output from featureCounts (Liao et al., 2014) for analysis 

with R (R Core Team, 2019). We first omitted genes which are lowly expressed 

(and are uninformative for differential expression analysis). We considered a 

gene to be lowly expressed if it contained, at most, 2 counts per million (CPM) in 

8 or more of the 24 samples we analysed.  

To determine which genes were dysregulated in APOE4 and APOE2 mice 

relative to APOE3, we performed a differential gene expression analysis using a 

generalised linear model and likelihood ratio tests using edgeR (McCarthy et al., 

2012; Robinson et al., 2009). We chose a design matrix which specifies the 

APOE genotype and sex of each sample. The contrasts matrix was specified to 

compare the effect of APOE2 or APOE4 relative to APOE3 in males and in 

females. In this analysis, we considered a gene to be differentially expressed 

(DE) if the FDR-adjusted p-value was < 0.05. A bias for gene length and %GC 

content was observed in this dataset. Therefore, we corrected for this bias using 

conditional quantile normalisation (cqn) (Hansen et al., 2012). We calculated the 

average transcript length per gene, and a weighted (by transcript length) 

average %GC content per gene as input to cqn to produce the offset to correct 

for the bias. This offset was then included in an additional generalised linear 

model and likelihood ratio tests in edgeR with the same design and contrast 

matrices. For over-representation of the KEGG and IRE gene sets within the DE 

genes, we used goseq (Young et al., 2010), specifying average transcript length 

to generate the probability weighting function, which corrects for the probability 

that a gene is classified as DE based on its length alone. We also performed 

ranked-list based enrichment analysis as described for the zebrafish analysis.  
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Code to reproduce the analysis for the APOE-TR dataset can be found at 

https://github.com/karissa-b/AD-signature.  

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical analysis of AppNL-G-F microarray data 

The detailed analysis can be found in Supplemental File 2. The sample 

numbers for the mouse AppNL-G-F microarray re-analysis consisted of n = 3 male 

mouse cortex transcriptomes per genotype (Castillo et al., 2017). The raw .CEL 

files were obtained from GEO, then imported into R and pre-processed using the 

rma method (Irizarry et al., 2003), which performs background correction, 

quantile normalisation and summarisation (median-polish). Differential gene 

expression analysis was conducted using limma v3.44.3 (Ritchie et al., 2015). 

The generated p-values were corrected for multiple testing using the false 

discovery rate (FDR). We considered a gene (probeset) to be differentially 

expressed if the FDR-adjusted p-value was less than 0.05 (no fold change cut-

off). 

Enrichment of the KEGG and IRE gene sets within the DE gene lists was 

performed using the kegga. We also performed ranked-list based enrichment 

analysis by calculation of the harmonic mean p-value (Wilson, 2019) of the raw 

p-values calculated from fry (Wu et al., 2010), camera (Wu and Smyth, 2012) 

and fgsea (Sergushichev, 2016). For enrichment analysis, we considered a gene 

set to be significantly altered if the FDR-adjusted p-value from goseq, or the 

FDR-adjusted harmonic mean p-value was less than 0.05.  
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Statistical analysis of APOE-TR RNA-seq data 

The detailed analysis can be found in Supplemental File 3. Sample numbers 

mostly consisted of n = 8 mice per genotype, age and sex. However, upon 

inspection of the expression of genes of the Y-chromosome, we noted that three 

mice at 3 months of age had been incorrectly identified. The raw gene counts 

were calculated from featureCounts, normalised using the trimmed mean of M-

values (TMM) method (Robinson and Oshlack, 2010), and used for calculation of 

gene expression values as logCPM (log2-counts-per-million). Differential gene 

expression analysis was performed using a generalised linear model and 

likelihood ratio tests as implemented in edgeR (Robinson et al., 2009). The 

generated p-values were corrected for multiple testing using the false discovery 

rate (FDR). We considered a gene to be differentially expressed if the FDR-

adjusted p-value was less than 0.05 (no fold change cut-off). To test for over-

representation of the KEGG and IRE gene sets within the DE genes, we used 

goseq (Young et al., 2010), specifying the average transcript length to calculate 

the probability weighting function. We considered a gene set to be significantly 

over-represented if the FDR-adjusted p-value generated by goseq was < 0.05. 

The ranked-list enrichment analysis was performed as described for the 

microarray data.  
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Supplementary File 1 can be found at 

https://www.biorxiv.org/content/10.1101/2021.02.16.431539v2.supplementary-

material  

Supplementary File 2: AppNL-G-F  microarray re-analysis 

Castillo et al. (2017) previously performed transcriptome analysis on the brains of 

two mouse models of AD: a knock-in model, AppNL-G-F (Saito et al., 2014), and the 

transgenic model 3xTg-AD-H (Oddo et al., 2003). The AppNL-G-F  strain of mice 

carries a total of six mutations in the murine App gene: three mutations that 

humanise the mouse Aβ sequence, plus the Swedish (KM670/671NL), Iberian 

(I716F) and Artic (E693G) EOfAD mutations (Saito et al., 2014). The 3xTg-AD-H 

model of AD (hereafter referred to as 3xTg) carries the M146V EOfAD mutation 

within the endogenous mouse Psen1 gene, and expresses two transgenes: 

human APP with the Swedish EOfAD mutation, and human MAPT with the P301L 

mutation. Transcription of the transgenes is driven by the mouse Thy1.2 promotor 

(Oddo et al., 2003).  

The cortices of three male mice of each of these mutant strains (both strains of 

mice were homozygous for their respective mutations/transgenes), as well as wild 

type APP+/+ and non-transgenic (non-Tg) controls, were subjected to microarray 

analysis at 12 months of age using the Affymetrix Mouse Gene 2.0ST Array. All 

mice used in the study were maintained as inbred lines. There is no information 

on whether any of the mice analysed were littermates. It is highly unlikely that the 

mice used in each comparison between mutant individuals and their wild type 
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counterparts all arose from the same litter, because obtaining 3 homozygous and 

3 wild type male mice in a single litter arising from an in-crossing of heterozygous 

mutant mice, (expected to produce a wild type : heterozygote : homozygote 

Mendelian genotype ratio of 1:2:1), would be a rare event as litters of mice 

generally consist of 5 to 10 pups. Therefore, additional variation was introduced 

into the analysis through use of mice from different litters and this is likely 

confounding with genotype. This is important to note, as the results presented 

here were generated under the assumption that any effects of litter of origin are 

negligible.  

We first obtained the raw microarray data from the GEO database (accession 

number GSE92926). Initially, we attempted to replicate the results of Castillo et al. 

(2017) using the Affymetrix Transcriptome Analysis Console software. However, 

we were unable to find sufficient information to replicate their results. Therefore, 

we analysed the microarray dataset in a reproducible manner by importing the 

.CEL files for all twelve mice for analysis with R (Team, 2019) using the oligo 

package (Carvalho and Irizarry, 2010). The analysis of this dataset is based on 

the proposed workflow found in (Klaus and Reisenauer, 2018) and code to 

reproduce the analysis can be found at https://github.com/karissa-b/AD-

signature/.   

Pre-processing of raw data 

Raw intensities were pre-processed using the robust multichip average (rma) 

method (Irizarry et al., 2003). We next excluded probesets which contained a 

median log2 intensity value of < 3.5 (lowly expressed) and also any probesets 

323

https://github.com/karissa-b/AD-signature/
https://github.com/karissa-b/AD-signature/


assigned to multiple genes as recommended by Klaus and Reisenauer (2018). 

The distribution of the intensity values before and after the pre-processing can be 

found in Figure 1.  

 

Figure 1: A)  Boxplot and B) density plot of the raw intensity data. C) Boxplot 

and D) density plot of the intensity data after rma normalisation and filtering 

for lowly expressed and multi -mapping probes.  

Principal component analysis 

We performed principal component analysis (PCA) to explore the overall similarity 

between samples. Figure 2 below shows the plot of principal component 1 (PC1) 

against PC2 for each microarray sample after pre-processing. Samples separated 

across PC1 by genotype, suggesting that the homozygous genotypes in this study 

result in distinct transcriptome states. Notably, the AppNL-G-F/NL-G-F samples and 
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their corresponding App+/+  control samples appear to separate to a greater extent 

across PC1 than the 3xTg samples and their corresponding non-Tg wild type 

control samples. This suggests that the disturbance to the cortex transcriptome in 

AppNL-G-F/NL-G-F mice is greater than that in 3xTg mice.  

 

Figure 2:  Principal component (PC) analysis on rma-processed intensity 

values.  

Differential Gene Expression Analysis 

To determine which probesets (i.e. genes) are differentially expressed (DE) in 

each of the pairwise comparisons of mutant mice with their respective non-

mutant/non-Tg controls, we performed differential gene expression analysis with 

limma (Ritchie et al., 2015). A design matrix was generated to specify sample 

genotypes, while a contrasts matrix was generated to specify the pairwise 

contrasts. We considered a gene to be DE if the FDR-adjusted p-value was less 

than 0.05 (no fold change filter). We identified 158 genes to be differentially 

expressed (DE) in AppNL-G-F/NL-G-F mice relative to App+/+ mice, and 126 genes to 
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be DE in 3xTg mice relative to non-Tg wild type controls (Figure 3A, B). Three 

downregulated genes: Fos, Gadd45b, and Nr4a1 and one upregulated gene, Il33, 

were found to be DE in both forms of mutant mice relative to their wild type/non-

transgenic counterparts (Figure 3C, D).  

 

Figure 3:  Differential gene expression analysis. A) Volcano plot and B) MD 

plot of the changes to gene expression in AppNL-G-F/NL-G-F  and 3xTg mice 

relative to controls. C) Venn diagram showing four genes are  identified as 

differentially expressed (DE) in both comparisons. D) Boxplot of expression 

values of the four shared DE genes. The FDR-adjusted p-values as calculated 

from the l imma analysis are indicated. 

120 4 150

3xTg App NL-G-F

C
p = 0.05 p = 0.008 p = 0.005

D
p = 0.005

p = 0.02 p = 0.03 p = 0.002 p = 0.0002
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Over-representation analysis 

We next tested whether any KEGG (Kanehisa and Goto, 2000) or IRE (Hin et al., 

2020) gene sets were significantly over-represented within the DE genes in each 

comparison using kegga (Young et al., 2010). The KEGG gene sets were 

obtained using the package msigdbr (Dolgalev, 2020), and the IRE (Hin et al., 

2020) gene sets, obtained from https://github.com/nhihin/ire. We restricted the 

gene sets to include only genes that had been tested for differential expression in 

the limma analysis. After correcting for multiple testing using the Bonferroni 

method, we found statistical evidence (Bonferroni-adjusted p-value < 0.05) for two 

gene sets as significantly over-represented among the DE genes in 3xTg mice, 

and 27 gene sets to be significantly overrepresented among the DE genes in 

AppNL-G-F/NL-G-F mice (Figure 4A). No IRE gene sets were found to be significantly 

enriched among either of the DE gene lists. Notably, the enriched DE genes 

within each gene set in the AppNL-G-F/NL-G-F mice appear to be shared across many 

of the gene sets (Figure 4B). Many of these gene sets contain shared DE genes 

are involved in inflammatory processes, which is not unexpected as gliosis has 

previously been observed to occur in these mutant mice (Castillo et al., 2017; 

Saito et al., 2014). Only the KEGG_LYSOSOME gene set appears to be enriched 

in mostly independent DE genes (which are upregulated) (Figure 4C). In 

summary, enrichment testing within the DE genes suggests that, at 12 months of 

age, the AppNL-G-F/NL-G-F mice have a more severe phenotype/transcriptome 

disturbance than the 3xTg mice (due to the larger number of gene sets 

significantly altered), and this phenotype mostly consists of an inflammatory 

response, and changes to the lysosome.   
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Figure 4 : Over-representation analysis. A) Pyramid bar plot indicating the 

number of genes in the significantly enriched KEGG and IRE gene sets in 

AppNL-G-F/NL-G-F  and 3xTg mice. Only gene sets with a Bonferroni adjusted p -

value from kegga  are shown (and are indicated by a black dot). The total 

numbers of genes in these gene sets are shown by grey bars, while the 

numbers of significantly differentially expressed genes in these gene sets are 

shown in magenta. B) Upset plot indicating the high degree of overlap of DE 

genes across the significantly enriched gene sets in AppNL-G-F/NL-G-F mice. C) 

Heatmap of the KEGG_LYSOSOME gene set indicating the intensity 

expression values. Both rows and columns are clustered according to their 

Euclidean distance. Genes are labelled red if they were found to be 

differentially expressed by limma  in AppNL-G-F/NL-G-F  mice, and the magnitude 

of logFC is shown in green.  

Ranked list enrichment analysis 

We next obtained a more complete view on the changes to gene expression 

observed in AppNL-G-F/NL-G-F  and 3xTg mice relative to their respective controls by 

performing three methods of rank-based, gene set enrichment analysis: fry (Wu et 

al., 2010), camera (Wu and Smyth, 2012) and GSEA (Sergushichev, 2016; 

Subramanian et al., 2005). We then calculated the harmonic mean p-value 

(Wilson, 2019) from the raw p-values from each method as discussed in 

(Barthelson et al., 2020). In this analysis, we considered a KEGG or IRE gene set 

to be significantly altered if the Bonferroni-adjusted harmonic mean p-value was 

less 0.05. We observed similar gene sets to be significantly altered using this 

ranked-list approach to the over-representation analysis described above. 

Additionally, the significance of the gene sets is likely being driven by similar 

genes, as supported by the observed number of the DE genes across the gene 

sets (and to a lesser extent, the leading edge genes from the GSEA algorithm) 

(Figure 5). A summary of whether a gene set is observed to be significantly 

329



altered in either over-representation analysis or from our ranked-list approach can 

be found in Figure 6.  
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Figure 5:  Ranked-list enrichment testing. A) Summary of significantly 

enriched KEGG and IRE gene sets in AppNL-G-F/NL-G-F  and 3xTg mice. Gene 

sets are coloured according to whether they were below the threshold of a 

Bonferroni-adjusted harmonic mean p-value of < 0.05. B) Upset plot 

indicating the overlap of DE genes across the significantly altered gene sets 

in AppNL-G-F/NL-G-F  mice. C) Upset plot indicating the leading edge genes from 

the GSEA algorithm in AppNL-G-F/NL-G-F  mice.  

 

Figure 6:  Summary of significantly altered gene sets in AppNL-G-F/NL-G-F  and 

3xTg mice. Gene sets only found to be altered by calculation of the harmonic 

mean p-value (HMP) are shown on the left. Gene sets only found to be 

altered by over-representation analysis (ORA) using kegga  are shown on the 

right. Gene sets found to be altered in both types of enrichment are shown in 

the middle. Gene sets are coloured according to the comparison in which they 

are significantly altered.  

Changes to cell type proportions are present in AppNL-G-F/NL-G-F  mice 

Castillo et al. (2017) noted an increase in expression of marker genes of 

astrocytes, microglia and oligodendrocytes, while relatively consistent expression 
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of marker genes of neurons in AppNL-G-F/NL-G-F  mice. However, only a maximum of 

16 genes were used as markers of these cell types. Therefore, we inspected 

larger sets of genes obtained from (Cahoy et al., 2008) and (Oosterhof et al., 

2017) to assess whether cell type proportions are altered in these microarray 

samples. Using fry with a directional hypothesis, we observed statistical evidence 

for increased expression of marker genes of astrocytes, oligodendrocytes and 

microglia (FDR < 0.05) in AppNL-G-F/NL-G-F  mice, suggesting increased abundances 

of these broad cell types found in the mouse brain (Figure 7). Approximately half 

of the DE genes in the AppNL-G-F/NL-G-F  mice overlap with marker genes of 

microglia. Therefore, a significant proportion of the changes to gene expression 

we observed in this analysis may be artefactual due to increased proportions of 

microglia in the AppNL-G-F/NL-G-F  samples.  
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Figure 7:  Proportions of cell types in AppNL-G-F/NL-G-F  mice are altered. A) 

Gene set testing using fry on marker gene sets of neurons, astrocytes and 

oligodendrocytes from (Cahoy et al., 2008) and microglia from (Oosterhof et 

al., 2017). The black line indicates an FDR-adjusted p-value of 0.05. B) 

Distribution of intensities of the marker genes across genotypes. The 

boxplots indicate summary statistics. The mean intensity value for each 
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genotype is indicated by the red diamonds. To assist with visualisation of t he 

increased expression of marker genes in AppNL-G-F/NL-G-F  mice, the mean 

expression in App+/+  mice is also shown as a black dashed line. C) Upset plot 

showing the overlap of DE genes found in AppNL-G-F/NL-G-F  (left) and 3xTg 

(right) mice with the cell type marker gene sets.  

Discussion and Conclusion 

In summary, we draw three main conclusions from our re-analysis of the 

microarray transcriptomic data from the cortices of 12 month old male AppNL-G-F/NL-

G-F  mice and 3xTg mice:  

1. AppNL-G-F/NL-G-F  mice and 3xTg mice show distinct brain transcriptomic 

disturbances relative to controls. 

2. Brain transcriptomes from AppNL-G-F/NL-G-F  mice, when compared to transcriptomes 

wild type mice, show apparent strong inflammatory signals and changes to gene 

expression implicating the lysosome. 

3. A significant factor contributing (artefactually) to apparent disturbances of gene 

expression observed in AppNL-G-F/NL-G-F  mice is likely increased proportions of 

microglia within the cortex samples 

Our re-analysis of the microarray dataset described by Castillo et al. (2017) 

mostly replicated their conclusions. At the single gene level, we found some 

overlap of DE genes with Castillo et al. (2017), and some distinct DE genes (data 

not shown). This is likely due to different approaches used in pre-processing of 

the raw data and testing for differential gene expression. However, at the pathway 

(i.e. gene set) level, both analyses predict similar processes to be affected in each 

mouse model.  
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We also observed highly significant upregulation of genes involved in lysosome 

function in AppNL-G-F/NL-G-F  mice but not in 3xTg mice.  Changes to the lysosomal 

network have been observed previously in AppNL-G-F/NL-G-F  mice at a young age at 

the protein level (Whyte et al., 2020), supporting the validity of this result. The 

Iberian mutation of APP present in AppNL-G-F/NL-G-F  mice has been shown to 

increase levels of the C99 fragment of APP (Guardia-Laguarta et al., 2010), which 

would impair acidification of the endo-lysosomal system (Jiang et al., 2019), and 

likely result in an intracellular ferrous iron deficiency, mitochondrial dysfunction 

and inflammation (Yambire et al., 2019). We did not observe any evidence for 

mitochondrial dysfunction or iron dyshomeostasis in this dataset. However, we 

suspect that these signals may be lost in the noise due to sample litter-of-origin 

issues and the strong inflammatory signal.  

From this dataset, it appears that the AppNL-G-F/NL-G-F  mice have a more severe 

phenotype than the 3xTg mouse at 12 months of age. This is unexpected, as the 

more extensive genomic differences of the 3xTg mice relative to AppNL-G-F/NL-G-F  

mice, would, in a simplistic view, be thought to affect more cellular processes. 

Indeed, 3xTg mice show cognitive impairment from 4 months age (Billings et al., 

2005), while AppNL-G-F/NL-G-F  mice do not show cognitive impairment until 6 months 

of age (Mehla et al., 2019). However, the memory impairments at 12 months of 

age appeared to be most severe in AppNL-G-F/NL-G-F  mice (Mehla et al., 2019), 

which would imply that the effects on cellular processes are also more severe at 

this age.  

Notably, the comparisons made in this microarray analysis between the AppNL-G-

F/NL-G-F  and App+/+  mice observed the compounded effects of homozygosity for 6 
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mutations simultaneously. An interesting future experiment could entail 

comparison of the AppNL-G-F/NL-G-F  mice to mice carrying only the humanised Aβ 

sequence (i.e. (Serneels et al., 2020)) to assist with identification of changes to 

the transcriptome due specifically to the EOfAD mutations in this knock-in mouse 

model. Finally, the inclusion of three EOfAD mutations in APP within the same 

animal is of questionable relevance to the genetic state of human EOfAD. 

Therefore, the results presented here are not ideal for comparison with the 

transcriptome changes observed in our heterozygous, single knock-in mutation 

zebrafish models. The AppNL  mouse model carries only the Swedish APP EOfAD 

mutation within the humanised Aβ sequence (Saito et al., 2014). A brain 

transcriptome analysis of young (3 or 6 months of age) heterozygous AppNL mice, 

relative to mice carrying only the humanised Aβ sequence, would not require the 

generation of new mouse mutants and would provide data more comparable with 

that already available from our studies using zebrafish.  
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Supplemental File 3: APOE-TR RNA-seq re-analysis 

Possession of the ε4 allele of apolipoprotein E (APOE) is the greatest genetic risk 

factor for development of sporadic, late-onset Alzheimer’s disease (LOAD). 

Homozygosity for the ε4 allele increases an individual’s risk at least 9-fold relative 

to the common, ε3 allele (depending on sex and ethnicity) (Farrer et al., 1997). 

There is also an ε2 allele of APOE, which is protective against development of AD 

(Farrer et al., 1997). To understand the effects of the different alleles of APOE, 

targeted replacement mice have been developed expressing humanised ε2, ε3, or 

ε4 alleles from the mouse Apoe locus (APOE-TR) (Sullivan et al., 1997). 

Zhao et al. (2020) performed an RNA-seq experiment investigating the effect of 

APOE genotype, age (3, 12 and 24 months of age) and sex in APOE-TR 

homozygous mice. In that analysis, pairwise comparisons between the ε2, or ε4 

alleles relative to the ε3 allele were not conducted at each age and sex. Only 

genes/pathways which were influenced overall by APOE genotype, age, sex , and 

interactions between these factors was reported. We are interested in the cellular 

processes implicated as affected by AD-causative mutations in young brains. 

Therefore, here we will re-analyse the RNA-seq dataset from Zhao et al. to ask 

which processes are affected by homozygosity for the ε2, or ε4 alleles relative to 

the ε3 allele of APOE in the brains of three and twleve month old mice. 

Throughout this analysis, we refer to these homozygous mice as “APOE2”, 

“APOE3” and “APOE4”.  
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RNA-seq data processing 

We first obtained the raw fastq files for the entire APOE-TR RNA-seq experiment 

from AD Knowledge Portal (accession number syn20808171,  

https://adknowledgeportal.synapse.org/). The raw reads were first processed 

using AdapterRemoval (version 2.2.1) (Schubert et al., 2016), setting the following 

options: --trimns, --trimqualities, --minquality 30, --minlength 35. Then, the 

trimmed reads were aligned to the Mus musculus genome (Ensembl GRCm38, 

release 98) using STAR (version 2.7.0) (Dobin et al., 2013) using default 

parameters. The gene expression counts matrix was generated using 

featureCounts (version 1.5.2) (Liao et al., 2014). We only counted the number of 

reads which uniquely aligned to, strictly, exons with a mapping quality of at least 

10 to predict expression levels of genes in each sample.  

We then imported the output from featureCounts (Liao et al., 2014) for analysis 

with R (Team, 2019). We first omitted genes which are lowly expressed (and are 

uninformative for differential expression analysis). We considered a gene to be 

lowly expressed if it contained, at most, 2 counts per million (CPM) in 8 or more of 

the 24 samples we analysed. The effect of filtering lowly expressed genes is 

found in Figure 1 below.  
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Figure 1:  The density of the log counts per million (logCPM) values detected 

in 3 month old mouse brain samples is shown before filtering in A, then after 

omitting samples with a logCPM of < 2 in at least one third of the samples in 

B.  

Assessment of expression of genes from the Y-chromosome to confirm 

sex. 

We then confirmed the sex of each mouse by examination of the expression of 

genes from the Y-chromosome. Sample APOE_3M_21 appears to be a male 

sample as it expresses genes from the Y chromosome. Samples  APOE_3M_30 

and APOE_3M_7 appear to be female as they do not express genes from the Y-

chromosome (Figure 2). This was subsequently corrected for the rest of the 

analysis. 
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Figure 2: A)  Boxplots showing the distribution of expression of male -specific genes 

(located on the Y-chromosome) in the cortex of 3 month old APOE -TR mice, 

grouped by initial sex. B)  Expression of male-specific genes after correcting the sex 

of the samples.  
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Principal component analysis 

We next performed principal component analysis (PCA) to explore whether APOE 

genotype results in stark differences to the brain transcriptome at 3 months of 

age. A plot of principal component 1 (PC1) against principal component 2 (PC2) 

revealed that samples separated into two distinct clusters of sex across PC2 

(Figure 3A). This suggests that the effect of sex on the murine brain 

transcriptome is substantial and cannot be ignored in the differential gene 

expression analysis. Among the male samples, APOE4 samples form a distinct 

cluster from the APOE2 and APOE3 samples, suggesting that the APOE4 

genotype has a distinct effect on the transcriptome compared to APOE2 relative 

to APOE3 in males. This is not observed to the same extent in the female 

samples. However, the male APOE4 and APOE3 samples appeared to arise 

mostly from single litters, as implied from the date-of-birth of each sample (Figure 

3B).  
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Figure 3: Principal component analysis.  A  shows principal component 1 (PC1) 

against PC2. The numbers between parentheses indicate the percentage of 

variation in the dataset that PC explains. Each point represents a sample, which is 

coloured by APOE  genotype, and shaped by sex. B  also shows PC1 against PC2. 

However, each point is coloured by litter (implied from the date -of-birth of each 

mouse), and shaped by APOE  genotype.  

From Figure 3B, we observed that some experimental groups of samples (i.e. the 

male APOE3 and male APOE4 samples) appeared to arise mostly from single 

litters of mice. This is confounding with the effect of genotype and complicates 

interpretation of whether any effects observed in a pairwise contrast between 

male APOE3 and APOE4 mice are due to APOE genotype or litter-of-origin (or, 

most likely, both). Indeed, 𝝌2 tests for independence revealed that there is a 

highly significant dependence of APOE genotype and litter across the entire 3-

month-old dataset (𝝌2= 82.7, df = 20, p-value = 1.4e-09), only within male 

samples (𝝌2= 43.1, df = 14, p-value = 8.2e-05) and only within female samples 

(𝝌2= 39.3, df = 14, p-value = 3.0e-04). Some litters did not contain sufficient mice 

to remove the effect (i.e. some coefficients could not be estimated during the 

generalised linear model fitting procedure due to the design matrix not having full 

rank). Therefore, we continued the analysis assuming that the effect of litter is 

negligible.  

Initial differential gene expression analysis 

To determine which genes were dysregulated in APOE4 and APOE2 mice relative 

to APOE3, we performed a differential gene expression analysis using a 

generalised linear model and likelihood ratio tests using edgeR (McCarthy et al., 
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2012; Robinson et al., 2009).  We chose a design matrix which specifies the 

APOE genotype and sex of each sample. The contrasts matrix was specified to 

compare the effect of APOE2 or APOE4 relative to APOE3 in both males and 

females. In this analysis, we considered a gene to be differentially expressed (DE) 

if the FDR-adjusted p-value was < 0.05. Many genes were found to be DE in each 

comparison, particularly in male APOE4 mice (Figure 4A). Additionally, the bias 

for GC content and gene length for differential expression noted by Zhao et al. in 

the original analysis was also apparent (Figure 4A, B).  

A
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Figure 4: Initial differential expression analysis . A)  Bar chart showing the number 

of differentially expressed genes (DE) in each comparison of the APOE4 or APOE2 

genotype to APOE3. B)  A ranking statistic per gene was calculated as the sign of the 

logFC multiplied by the negative log10 of the p -value from the likelihood ratio tests 

in edgeR. This was plotted against a weighted (by transcript length) average %GC 

content per gene and C)  average transcript length. The blue g eneralised additive 

model fit (gam) lines are not centred on 0, indicating a bias.  

Conditional quantile normalisation 

A gene length bias for differential expression has been shown to influence the 

results of gene set enrichment analyses (Mandelboum et al., 2019). Therefore, to 

correct for the observed bias for gene length (and GC content), we used 

conditional quantile normalisation (cqn) (Hansen et al., 2012). We calculated the 

average transcript length per gene, and a weighted (by transcript length) average 

%GC content per gene as input to cqn to produce the offset to correct for the bias. 

This offset was then included in an additional generalised linear model and 

likelihood ratio tests in edgeR with the same design and contrast matrices. In 

these tests, many genes were identified as DE and the bias for %GC and gene 
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length had improved. A gene length bias was still present in male APOE4 and 

female APOE2 comparisons to APOE3. However, these were only observed due 

to a small number of long gene transcripts and likely can be ignored.  
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Figure 5:  Differential gene expression analysis after cqn . A)  Number of genes 

identified to be differentially expressed (DE) after cqn . B)  Improvement of observed 

bias between %GC content and C)  gene length for differential expression after cqn . 

The remaining bias for transcript length in the female APOE2 and male APOE4 

comparisons appear to be only driven by a small number of genes. D)  Volcano plots 

and E)  mean difference (MD) plots of the changes to gene expression observed due 

to homozygosity for the APOE4 or APOE2 a lleles relative to APOE3 in male and 

female mice. The limits of the x -axis in D)  and the y-axis in E)  are constrained to -2 

and 2, and of the y-axis in D)  to between 0 and 20, for visualisation purposes.   

Enrichment analysis 

We next tested for over-representation of the KEGG (Kanehisa and Goto, 2000) 

and IRE (Hin et al., 2020) gene sets within the DE gene lists using goseq (Young 

et al., 2010), using the average transcript length per gene to calculate the 

probability weighting function (PWF). After correction for multiple testing using the 

FDR, we observed a total of three gene sets to be significantly enriched in any of 

the DE gene lists. Two of these KEGG gene sets were enriched in the DE genes 

for male APOE4 mice: KEGG_CALCIUM_SIGNALING_PATHWAY (pFDR = 0.03) 

and KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION (pFDR = 

0.04). Approximately one third of the DE genes in each of these gene sets are 

shared, indicating that the enrichments of these gene sets are driven partially by 

the same genes (Figure 6).  
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Figure 6:  Enrichment analysis within the lists of differenti ally expressed genes. A)  

Upset plot indicating the overlap of DE genes in male APOE4 samples for the 

significantly enriched gene sets. B)  Pathview (Luo et al., 2017) visualisation of the 

logFC in male APOE4 samples for the KEGG_CALCIUM_SIGNALING_PATHWAY gene 

set and C)  KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION  gene set.  

Additionally, the gene set KEGG_STEROID_BIOSYNTHESIS was found to be 

significantly enriched among the female APOE2 DE genes (pFDR = 1e-5). This 

gene set appears to be downregulated (Figure 7). 

 

Figure 7:  Pathview visualisation indicating the logFC of genes in the 

KEGG_STEROID_BIOSYNTHESIS  gene set in female APOE2 mice.  

Over-representation analysis using goseq relies on a hard threshold for a gene to 

be classified as DE. Therefore, information may be missed, i.e. genes which are 

highly ranked in terms of differential expression, but do not reach the threshold of 
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FDR < 0.05. Therefore, to obtain a more complete view of the changes to gene 

expression in APOE4 or APOE2 mice relative to APOE3 mice, we performed 

enrichment analysis on the entire list of detectable genes using three methods of 

rank-based gene set enrichment analysis with different statistical methodologies: 

fry (Wu et al., 2010), camera (Wu and Smyth, 2012) and GSEA (Subramanian et 

al., 2005) (implemented in the fgsea R package (Sergushichev, 2016)). We then 

combined raw p-values from each method to obtain an overall significance value 

by calculation of the harmonic mean p-value (Wilson, 2019) (a method which has 

been shown specifically to be robust to combining dependent p-values). After 

FDR adjustment of the harmonic mean p-value, we observed 73 gene sets to be 

significantly altered (FDR adjusted harmonic mean p-value < 0.05) in male 

APOE4 mice, 5 gene sets in male APOE2 mice, 30 gene sets in female APOE4 

mice, and 30 gene sets in female APOE2 mice. This appears to be a considerable 

number of significantly altered gene sets, especially for young mice carrying 

mutations associated with LOAD. However, these effects are likely driven by both 

APOE genotype and litter-of-origin (Figure 5). Therefore, to simplify interpretation, 

we considered a gene set to be altered significantly if the FDR-adjusted harmonic 

mean p-value was < 0.01, which represents the most significantly altered 

pathways (as these are likely to have the largest effect of genotype). The 

statistical significance values of the gene sets are mostly driven by distinct 

expression signals, as shown by the lack of overlap of the DE genes found in the 

significantly altered gene sets (with the exception of the KEGG gene sets for 

oxidative phosphorylation and Parkinson’s disease, which share 14 DE genes).  
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Figure 8: Ranked-list gene set enrichment testing. A)  Heatmap indicating gene sets 

with a FDR-adjusted harmonic mean p-value < 0.01 in APOE-TR mice at 3 months of 

age. Gene sets of interest are highlighted with a red box. Note that no gene sets 

were found to contain an FDR-adjusted harmonic mean p-value of < 0.01 in male 

APOE2 mice. B)  Upset plots indicating the overlap of DE genes across the gene sets 

which were calculated to have a FDR -adjusted harmonic mean p-value < 0.01 in 

APOE-TR mice.  

As described in the main text, the KEGG_OXIDATIVE_PHOSPHORYLATION 

gene set was the only gene set to be affected by all the EOfAD-like mutations in 

our zebrafish models and not by non AD-relevant mutations. In APOE-TR mice, 

statistical evidence was observed for this gene set to be altered in male APOE4 

mice (Table 1). The overall direction of logFC of genes in the 

KEGG_OXIDATIVE_PHOSPHORYLATION gene set was up in the male APOE4 

mice (although some genes of the gene set were downregulated) (Figure 9).  

Table 1: Significance of the KEGG_OXIDATIVE_PHOSPHORYLATION gene set in young 
APOE-TR mice.  

Sex APOE FDR-adjusted harmonic mean p-value 

Male 
APOE4 0.00948 

APOE2 0.794 

Female 
APOE4 0.794 

APOE2 0.248 
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Figure 9:  Changes to the KEGG_OXIDATIVE_PHOSPHORYLATION  gene set in young 

APOE-TR mice.  

Additionally, the KEGG_RIBOSOME gene set was found to be altered in common 

by EOfAD-like (and non-EOfAD-like) mutations in our zebrafish models. This gene 

set was found to be highly significantly altered in both male and female APOE4 

mice and not in APOE2 mice (Figure 8A). The genes in this gene set appear to 

be mostly upregulated in APOE4 mice, and are both upregulated or 

downregulated in APOE2 mice.  

logFC in male APOE4 logFC in female APOE4

logFC in female APOE2logFC in male APOE2

356



 

Figure 10:  The columns in the heatmap represent a gene in the KEGG_RIBOSOME  

gene set, while the rows indicate the comparisons between APOE -TR mice in the 

differential expression analysis. The colour of s cell represents the logFC of a 

particular gene, and the genes are labelled in green above if they were classified as 

differentially expressed (FDR < 0.05) in the differential gene expression analysis in 

a particular comparison.  

The KEGG_MTOR_SIGNALING_PATHWAY gene set was observed to be 

significantly altered in both male and female APOE4 mice. No clear direction of 

change is evident, as both up- and down-regulation of genes in this pathway is 

observed (Figure 11). 
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Figure 11: Changes to the KEGG_MTOR_SIGNALING_PATHWAY  gene set in young 

APOE4 mice. 

Cell type proportions 

We next assessed whether changes to gene expression observed in young 

APOE-TR mice are due to changes to cell type proportions as described in 

logFC in male APOE4

logFC in female APOE4
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Supplementary File 2. We observed a slight decrease in expression values of 

neuronal marker genes in female APOE2 mice, and increased expression of 

marker genes of oligodendrocytes and astrocytes in male APOE4 mice, 

suggesting that the overall changes to gene expression observed in these mice 

may be driven partially by differences in cell type proportions (Figure 12).  
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Figure 12: A)  Significance of gene set testing from fry  with a directional hypothesis 

of gene sets consisting of marker genes of neurons, astrocytes and 

oligodendrocytes from (Cahoy et al., 2008) and microglia from (Oosterhof et al., 

2017). B)  Distribution of expression (logCPM) of these cell type marker genes in 

APOE-TR mice. Boxplots show the summary statistics, while the violin plots 

summarise the density of logCPM expression values. The mean of each 

experimental group is shown by the red diamonds, and the mean of the APOE3 

expression values is shown by black dashed lines.  

Discussion and conclusion 

In conclusion, our re-analysis of the comprehensive study of Zhao et al. (2020) 

predicts many cellular processes to be affected in young APOE-TR mice. 

However, sources of external variation may be contributing to the observed 

effects (i.e. litter-of-origin, changes to cell type proportions and possibly gene 

length). Importantly, the specific changes to gene expression observed in our 

zebrafish models of EOfAD are observed to be altered in APOE4 mice 

(KEGG_RIBOSOME in both males and females, and 

KEGG_OXIDATIVE_PHOSPHORYLATION only in males). However, replication 

of this study is desirable, particularly with modifications to compensate for the 

litter-of-origin confounding effect, to confirm that these effects are due to APOE 

genotype.   
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Supplemental File 4: Additional Discussion 

Energy production changes in zebrafish and mouse models of genetic 

variation driving AD 

The majority of heterozygous EOfAD-like mutations we have studied in zebrafish 

show overall (majority) downregulation of the oxidative phosphorylation gene set in 

young adult brains relative to brains of the wild type genotype. Only heterozygosity 

for the T141_L142delinsMISLISV (reading frame-preserving) mutation of psen2 has 
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been seen to give overall upregulation of these genes. Another complex, yet 

probably EOfAD-like mutation in psen2 we have studied in zebrafish: psen2S4ter, 

(which likely produces Psen2 proteins lacking N-terminal sequences) also showed 

strong overall upregulation of the oxidative phosphorylation gene set (Jiang et al., 

2020), although that dataset contains technical artefacts which complicate 

interpretation and so it was not included in this paper. Transheterozygosity for 

mutations in sorl1 also results in overall upregulation of oxidative phosphorylation 

genes. We are uncertain as to why this variability in effects on the oxidative 

phosphorylation gene set occurs. It may be that the disruption of this gene set that is 

consistently observed is a product of both genotype and environmental factors, i.e. 

the mutant fish may be more or less responsive to environmental variation such 

changes in water quality, microbiome, handling etc.. Also, it can be misleading to 

infer the direction of change in a particular cell activity, such as oxidative 

phosphorylation, based on the majority behaviour of a (somewhat arbitrarily) defined 

set of genes. Obviously, actual measurement of e.g. respiratory rates in the 

zebrafish mutant brains would be needed to establish, with certainty, how the 

mutations are affecting oxidative phosphorylation. Note, however, that the subtlety of 

the gene regulatory effects we have observed in the fish models means that 

discernment of physiological oxygen consumption differences between mutant fish 

and their wild type siblings may be challenging. (Simultaneous measurement of 

differences in the expression levels of the approximately 100 genes in the oxidative 

phosphorylation gene set gives great sensitivity for detection of statistically 

significant differences.)   
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Importantly, male mice homozygous for the late onset AD (LOAD) risk allele, 

APOE4, showed altered expression of the oxidative phosphorylation gene set, while 

female APOE4 mice showed a similar trend that did not reach the threshold for 

statistical significance. This demonstrates the similarity, at the molecular level, 

between the cellular effects of genetic variants causing EOfAD and promoting LOAD, 

and supports the validity of analysing early molecular events in AD pathogenesis 

using knock-in models in zebrafish. By extension, our results also support that ‘omics 

analyses of the brains of mouse knock-in models of EOfAD mutations will yield 

valuable information on AD pathogenesis. Although numerous such models were 

created 15-20 years ago, and some showed subtle cognitive effects (Guo et al., 

1999; Kawasumi et al., 2004), their relevance to understanding AD was apparently 

dismissed since they failed to reproduce the Aβ plaque and neurofibrillary tangle 

phenotypes of the human disease. Consequently, the molecular state of their brains 

has never been analysed in detail. 

 

In humans, it is thought that Aβ-related abnormalities precede metabolic defects 

(Jack et al., 2013; Leclerc and Abulrob, 2013). However, metabolic abnormalities are 

generally measured in vivo using FDG-PET imaging, which is likely not sensitive 

enough to detect subtle changes. Nevertheless, reduced glucose uptake has been 

observed by FDG-PET in the brains of living subjects before the onset of dementia 

(Mosconi et al., 2008; Mosconi et al., 2009). Additionally, changes to the expression 

of genes in the oxidative phosphorylation pathway has been observed in the post-

mortem brains of early, and late AD subjects relative to age-matched controls 

(Manczak et al., 2004). Neuronal cells derived from human induced pluripotent stem 

cells (hiPSCs) of LOAD patients also show increased expression of oxidative 
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phosphorylation proteins and oxidative stress (Birnbaum et al., 2018). While neurons 

derived from a patient carrying the PSEN1S170F EOfAD mutation also show 

mitochondrial abnormalities (Li et al., 2020). Together, these results support that 

changes to mitochondrial function are an early AD pathology.  

 

Our findings regarding EOfAD mutations in zebrafish were not consistent with 

findings from our analysis of transcriptome data from  in homozygous AppNL-G-F mice. 

However, this transcriptome data was generated from “middle-aged” (12 month old) 

mice rather than young adults, and the endogenous App gene of the mouse was 

altered with a total of six mutations (three that humanise the sequence for the Aβ 

region and three EOfAD mutations), motivated by the idea that the more 

aggregation-prone human Aβ sequence plays a critical role in the pathogenic 

mechanism of AD. Therefore, it is not directly comparable with our zebrafish EOfAD 

models, which contain single, EOfAD-like mutations within single alleles of 

endogenous genes. To our knowledge, a transcriptome analysis has not been 

performed on this model at a younger age. However, the expression of genes 

involved in lysosomal function (KEGG_LYSOSOME) was observed to be highly 

significantly upregulated in the homozygous AppNL-G-F brains. This is not unexpected, 

as acidification of the endo-lysosomal system is impaired by increased levels of the 

β-CTF fragment of APP (also known as C99 and generated by β-secretase cleavage 

product of APP (Jiang et al., 2019)). Increased β-CTF has been observed in the 

brains of AppNL-G-F mice (Saito et al., 2014). In a mouse model of a lysosomal 

storage disorder (Glycogen storage disease type 2, which most seriously affects 

muscle (Yambire et al., 2019)) lysosomes failed to become sufficiently acidic and this 

resulted in an intracellular ferrous iron deficiency and a pseudo-hypoxic response 

365



(degradation of HIF1-⍺, the master transcriptional regulator of the cellular response 

to hypoxia, is dependent on both oxygen and ferrous iron (Ivan et al., 2001)), 

mitochondrial dysfunction and inflammation (Yambire et al., 2019). Additionally, the 

AppNL-G-F mouse model shows increased levels of Aβ from a young age (Saito et al., 

2014), and the deposition of Aβ into plaques was shown to be associated with the 

increased expression of genes in the complement system in the comprehensive 

spatial transcriptomics study with aging in the AppNL-G-F mouse model (Chen et al., 

2020), providing another avenue for these mutations to trigger inflammation. 

Mitochondrial dysfunction has not been observed directly in AppNL-G-F mice. 

However, increased levels of oxidative stress have been observed at 12 months of 

age (Izumi et al., 2020), suggestive of increased reactive oxygen species (ROS) that 

can be generated by dysfunction of mitochondrial respiration. Therefore, we suspect 

that similar processes are being affected in AppNL-G-F mice to those in our zebrafish 

models and in APOE4 mice. However, their subtle signs in the transcriptome may be 

obscured by noise from the strong inflammatory signals in the bulk brain 

transcriptomic data (as well as confounding influences on the transcriptome analysis 

such as sex and litter-of-origin effects).  

mTOR signalling can regulate ribosomal gene set expression 

In the majority of our zebrafish mutants (all except for zebrafish transheterozygous 

for EOfAD-like mutations in sorl1) and in the APOE4 mouse data we have observed 

changes to the expression of the set of genes encoding components of the 

ribosomal subunits. Protein translation is one of the most energy-costly processes 

within a cell (Buttgereit and Brand, 1995), and so expression of ribosomal proteins is 

modulated by the mammalian target of rapamycin (mTOR) system that surveys 

366



cellular nutrient status to adjust cellular metabolism (reviewed in (Mayer and 

Grummt, 2006; Zhou et al., 2015)). mTOR signalling, which appears to be increased 

in late-stage AD brains compared to controls (Griffin et al., 2005; Li et al., 2005; Sun 

et al., 2014), is regulated by growth factors, nutrients, energy levels and stress. In 

addition to ribosome biogenesis, mTOR signalling plays a role in various cellular 

processes which are also implicated in AD pathogenesis, such as autophagy and 

metabolism (reviewed in (Saxton and Sabatini, 2017)).  

 

The mTOR proteins reside at lysosomes within the mTORC1 and mTORC2 protein 

complexes (Sancak et al., 2010). Intriguingly, the v-ATPase complex that acidifies 

the endolysosomal pathway is required for mTORC1 activation (Zoncu et al., 2011). 

Proper assembly of the v-ATPase at the lysosome requires the PSEN1 protein (and 

this process is impaired in EOfAD patient fibroblasts) (Lee et al., 2010). Stimulation 

of mTOR signalling has been observed in response to accumulation of Aβ (Caccamo 

et al., 2010), while hyperactivation of mTOR is observed in Down’s syndrome (where 

the dosage of the APP gene is increased because it resides on Chromosome 21 and 

early onset AD is common) (Bordi et al., 2019; Iyer et al., 2014). Intriguingly, Bordi et 

al. (2019) observed that inhibition of mTOR signalling (specifically, mTORC1) 

restores auto- and mito-phagy defects in fibroblasts from Down’s syndrome 

individuals. Among our transcriptome analyses of AD models, we only observed 

statistically significant changes to the expression of genes in the KEGG gene set for 

mTOR signalling in transheterozygous sorl1 mutants, in psen1Q96_K97del/+ mutant 

zebrafish after acute hypoxia exposure, and in both male and female APOE4 mice. 

However, the majority of regulation of mTOR signalling occurs at the protein level, so 
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that it is perhaps unsurprising that we could only detect significant changes in the 

transcriptional response to altered mTOR signalling in the other mutants.  

Advantages and disadvantages of zebrafish for analysis of genetic variants 

driving AD 

In a highly sensitive analysis method such as RNA-seq, external sources of variation 

must be minimised. Our analysis has revealed that zebrafish can be highly 

advantageous for transcriptome profiling in the context of RNA-seq, as large 

numbers of progeny can be produced from a single pair mating, and these can 

subsequently be raised together in a single aquarium system, thus reducing both 

genetic and environmental sources of variation. This has allowed us to observe 

subtle effects due to the EOfAD-like mutations we have analysed. In contrast, a 

female mouse can only birth small litters of 5-10 pups, making it particularly difficult 

to obtain sufficient samples which are synchronous siblings (particularly when a 

genotype of interest is homozygous). Our re-analysis of the APOE-TR mouse brain 

transcriptomes was unable to distinguish with great certainty whether the effects we 

observed were due to Apoe genotype or litter-of-origin. Also, information of whether 

AppNL-G-F mice were littermates was not available, and this required us to assume 

that the effect of litter was negligible in order to perform the analysis. Another 

contrast between brain transcriptome analysis in zebrafish compared to mice is the 

influence of sex. Mouse brain transcriptomes show very significant difference due to 

sex, while this has a negligible effect on bulk brain transcriptomes from zebrafish 

(Barthelson et al., 2020a; Barthelson et al., 2020b; Barthelson et al., 2020c), and can 

generally can be ignored in a differential expression analysis. We also found 

evidence for changes to cell type proportions in both APOE-TR and AppNL-G-F mice, a 
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phenomenon that can create the artefactual appearance of gene expression change. 

We have not observed cell-type proportion differences in young or “middle aged” (24 

month old) zebrafish (Barthelson et al., 2021; Barthelson et al., 2020a; Barthelson et 

al., 2020b; Barthelson et al., 2020c; Hin et al., 2020), possibly associated with the 

resistance to damage of the highly regenerative zebrafish brain (Kroehne et al., 

2011). While this regenerative ability may hinder use of zebrafish for studying overt 

neurodegeneration, it can facilitate analysis of young, bulk brain transcriptomes 

before overt pathological processes would be expected.  

 

The advantages of zebrafish for analysing the early effects of EOfAD mutations are 

countered, occasionally, by disadvantages. The teleost lineage in which zebrafish 

arose from underwent a whole-genome duplication event (reviewed in (Meyer and 

Van de Peer, 2005)), such that many human genes are represented by duplicate 

“co-orthologues” in zebrafish (e.g. the co-orthologues of APP and APOE in zebrafish 

are appa / appb and apoea / apoeb respectively). This complicates interpretation of 

the effects of mutations in these genes. Additionally, zebrafish have never been 

shown, definitively, to be capable of producing Aβ, a pathological hallmark of AD. 

The β-secretase (BACE) site of human APP does not appear conserved in zebrafish 

Appa and Appb (Moore et al., 2014). Whether Aβ is causative of AD pathology or a 

consequence of it continues as a matter of debate in the AD research community 

(reviewed in (Morris et al., 2018)). If zebrafish cannot produce Aβ, then the changes 

we have observed in the brains of our zebrafish models may illuminate Aβ-

independent effects of EOfAD mutations.  
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Despite over 100 years of research into the pathological mechanisms of AD, 

effective therapeutics remain to be discovered. Once symptoms of AD begin to 

show, damage to the brain is considerable and likely cannot be reversed. 

Therefore, a deep understanding of the early cellular/molecular stresses on 

brains destined to suffer AD, occurring decades before symptom onset, is 

required in order to develop preventative treatments. This idea has formed the 

basis for the work presented in this thesis, where I have introduced into 

zebrafish, and analysed, the effects of EOfAD-like mutations in their brains. 

These effects were assessed mostly at 6 months of age, equivalent to recently 

sexually mature humans when symptom onset is still decades away. The 

majority of the work presented in this thesis assessed the genome-wide effects 

of these mutations on bulk brain transcriptomes. Additionally, some non-

transcriptomic effects were assessed.  

Changes to brain vasculature were not observed in zebrafish 

psen1 mutant brains  

In Chapter 3, I performed an analysis to investigate whether heterozygosity for 

previously generated psen1 mutations in zebrafish (psen1Q96_K97del and 

psen1K97fs) resulted in any morphological abnormalities in their brain 

vasculature with aging. If brain vasculature was damaged as a result of the 

psen1 mutations, delivery of oxygen and nutrients to the brain could be 

impaired. This could explain the apparent hypoxia transcriptional response 

previously observed due to heterozygosity for these mutations in 6 month old 

zebrafish brains under normoxia [1], and would provide evidence supporting 

the vascular hypothesis of AD pathogenesis [2]. No statistically significant 
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differences between psen1 mutant genotypes were observed in the forebrains 

of young adult or aged fish, and vessels appeared morphologically similar in 

each psen1 genotype. In the manuscript presented in Chapter 3 [3], I proposed 

two other mechanisms which could explain the apparent hypoxic response: 

changes to 𝛾-secretase activity or intracellular ferrous iron deficiency.   

Hypoxia-inducible factor 1, alpha subunit (HIF1-⍺) interacts with PSEN1 protein 

[4], and interaction of HIF1-⍺ and the 𝛾-secretase complex (contains PSEN1) 

increases 𝛾-secretase activity [5], resulting in a feed-forward mechanism of 

increased HIF1-⍺ stability involving p75NTR [6]. Since PSEN1 is the catalytic 

core of the 𝛾-secretase complex, is it assumed that the psen1Q96_K97del and 

psen1K97fs mutations disrupt 𝛾-secretase activity in zebrafish. Indeed, changes 

to the Notch signalling gene set have been observed in aged psen1K97fs/+ 

zebrafish brains, and in both young adult and aged (24 month) psen1Q96_K97del/+ 

zebrafish brains relative to non-mutant siblings in previous RNA-seq 

experiments performed by the Alzheimer’s Disease Genetics Laboratory 

(ADGL) [7, 8]. This is suggestive of altered 𝛾-secretase activity. Similarly, the 

two mutations in psen1 analysed in Chapter 8: T428del (EOfAD-like) and 

W233fs (familial acne-inversa-like), also appear to alter 𝛾-secretase activity. 

The T428del and W233fs mutations of psen1 were initially expected to 

decrease 𝛾-secretase activity. The human EOfAD mutation modelled by 

T428del (PSEN1T440del [9]), was shown to contain effectively no 𝛾-secretase 

activity (for cleavage of an APP fragment) in a cell-free assay [10]. The W233fs 

mutation is predicted to result in a grossly truncated protein without the critical 

catalytic aspartate residues required for 𝛾-secretase activity. However, 
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heterozygosity for either of these mutations was observed to increase the 

expression of the transcriptional targets of Notch signalling pathway, 

suggestive of increased 𝛾-secretase activity. Why? Unfortunately, no antibodies 

against zebrafish presenilin proteins currently exist (despite multiple attempts 

by the ADGL to generate these), meaning this is a difficult question to explore 

using zebrafish. Future exploration of the Q96_K97del and K97fs brain 

transcriptome datasets should involve the assessment of expression of the 

downstream targets of Notch signalling (such as performed in the research 

described in Chapter 8) to assess their overall direction of change, to 

determine whether these mutations may be increasing or decreasing 𝛾-

secretase activity. Additionally, work in the ADGL is underway to confirm these 

apparent increases of 𝛾-secretase activity using molecular, rather than 

bioinformatic techniques.  

In addition to changes in 𝛾-secretase activity, the HIF1-mediated transcriptional 

response to hypoxia requires not only oxygen, but also ferrous iron [11, 12]. 

Previous work by the ADGL [8] provided evidence that heterozygosity for each 

psen1 mutation may result in iron dyshomeostasis in 6 month old zebrafish 

brains. This provides support that a deficiency of intracellular ferrous iron, and 

therefore, stabilisation of the HIF1 complex (through HIF1-⍺), could be driving 

the increased basal expression of the hypoxia responsive genes under 

normoxia.  

In summary, we observed no evidence supporting that changes to brain 

vasculature drive the apparent hypoxic stress in young adult psen1 mutant 

brains. However, other evidence from the ADGL support that the apparent 
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hypoxic stress may be driven partially by iron dyshomeostasis and/or changes 

to the interaction of the Psen1 and Hif1-⍺ proteins in zebrafish. 

The work presented in Chapter 3 does have limitations regarding its 

conclusions. Due to financial constraints and microscope availability, I 

performed this work using confocal laser scanning microscopy. Ideally, these 

brains should be imaged using light sheet microscopy, which has the benefit of 

increased resolution and greater fluorescence intensity in deeper focal planes 

(i.e. on the ventral side of the brain which was opposite to the detector in the 

confocal imaging). Imaging time is greatly reduced in light sheet relative to 

confocal microscopy. This would have allowed increased numbers of biological 

replicates to be analysed, which would increase statistical power to detect the 

likely subtle morphological differences which may be present in zebrafish 

modelling the early AD disease state. Additionally, labelling of vessel lumens 

was recently shown to outperform labelling vessel walls in terms of accurate 

detection of vessels, and in contrasting between signal and background 

fluorescence in mouse brains [13]. Finally, inter-family variation makes 

comparisons between the two psen1 mutants difficult. An analysis of a family of 

fish arising from a pair mating of Tg(fli1:GFP);psen1Q96_K97del/+ and 

Tg(fli1:GFP);psen1K97fs/+ would give both heterozygous psen1 mutants and 

their wild type siblings in the same family (i.e. as in the RNA-seq experiments 

of Chapters 8 and 9), allowing direct comparison between these two mutations 

without confounding batch effects, and with the added benefit of only imaging 

wild type brains once. Therefore, future work may include labelling of the vessel 

lumen in a single family of fish as just described, rather than labelling of 

endothelial cells (i.e. in vessel walls) by the fli1::GFP transgene, and obtaining 

378



of images for 3D reconstruction using light-sheet microscopy to allow more 

precise comparisons. 

Putative evidence for impaired spatial working memory in 

12-month-old psen1 EOfAD-like mutants 

The primary pathology observed in AD is cognitive impairment. Therefore, 

assessment of cognitive abilities in any animal model of AD is an obvious 

experiment to determine model relevance. In Chapter 4, I performed an initial 

characterisation of whether heterozygosity for the psen1Q96_K97del, sorl1V1482Afs, 

or sorl1W1818* mutations in zebrafish result in alterations of spatial working 

memory. To achieve this, I utilised the free movement pattern (FMP) Y-maze 

task [14], a simple test of spatial working memory. Statistical evidence was 

observed in the re-analysis of the previously generated raw data for 

psen1Q96_K97del/+ mutant fish at 12 months of age. However, this finding was not 

replicated when analysing a different family with the same psen1 genotypes. 

No statistical evidence was observed for behavioural differences for the sorl1 

mutants at 12 months of age. Future work should involve replication of these 

experiments to confirm whether the observed (or not observed) impairments of 

spatial working memory are reproducible and, potentially, testing of our other 

EOfAD-like mutant zebrafish lines. The sample sizes used for this analysis 

were based on a the previously performed calculation by Cleal and Parker [15], 

who calculated that n = 14 fish per treatment would provide 80% power to 

detect statistically significant differences (alpha = 0.05) due to a range of 

pharmacological treatments (effect size of 1.2). The effect of heterozygosity for 

EOfAD-like mutations in young adult brains is likely less disruptive to brain 

function than pharmacological treatments. Therefore, the expected sample size 
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to detect a smaller effect size would be larger. In Chapter 4, statistical analysis 

was performed using generalised linear mixed effect models, as the type of 

data generated in this kind of analysis is count data, and both fixed and random 

effects were included in the statistical model. For these types of models, a 

power calculation can be performed using Monte Carlo simulations (i.e. [16]), 

which allow both fixed and random effects to be accounted for. To confirm the 

necessary number of zebrafish required to determine the likely subtle influence 

of an EOfAD-like mutation on spatial working memory, a Monte Carlo 

simulation should be performed in the future.  

Disturbance of the oxidative phosphorylation pathway is a 

transcriptomic signature of knock-in models of early-onset 

familial Alzheimer’s disease.  

In Chapters 5-8, I performed bulk RNA-seq analysis of EOfAD-like mutations in 

the zebrafish orthologues of SORL1, PSEN1 and PSEN2. Comparisons of the 

effects of these mutations, of other mutations previously generated by our 

group, and with knock-in mouse models of EOfAD and LOAD mutations, has 

revealed that changes to the oxidative phosphorylation pathway appear to be 

an early effect in AD-mutation carrier brains. As discussed in Chapter 9, both 

up- and down-regulation of the oxidative phosphorylation gene set was 

observed in different mutants for, as yet, unknown reasons.  

One possible explanation for the differences in direction of changes to gene 

expression observed in the different EOfAD-like mutants could involve the 

maintenance of homeostasis. Cellular processes fluctuate in their activity to 

maintain an overall steady state [17]. If a cellular function is impaired, such as 
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due to an environmental stress, homeostatic mechanisms will attempt to 

correct for this stress by upregulating that function. This could explain a 

potential explanation for why we observe both up- and down-regulation of the 

oxidative phosphorylation genes across our different EOfAD mutation model 

zebrafish. Overall, the mutations may result in impaired mitochondrial function. 

Therefore, the oxidative phosphorylation genes may be upregulated as an 

attempt to compensate for the impairment. Subsequently, if the upregulation 

exceeds the steady-state levels, the genes must then be downregulated. The 

regulation of the oxidative phosphorylation genes may resemble a waveform, 

where it oscillates within a “normal” range. Cyclic patterns of gene expression 

are typical of feedback mechanisms, in which a delay in the response of the 

system can result in oscillating patterns of gene expression (reviewed in [18, 

19]). In transcriptome analysis, we only observe a “snapshot” of the 

transcriptome state. Therefore, we may be observing the regulation of the 

oxidative phosphorylation genes between the peaks and troughs of this 

theoretical waveform as their expression is regulated to maintain homeostasis. 

However, this is highly speculative. Replication of the transcriptome analyses 

ideally should be performed to confirm whether each mutation results in a 

consistent direction of change to the oxidative phosphorylation gene set. A 

“targeted transcriptomics” approach such as BART-Seq [20], where only the 

expression of the oxidative phosphorylation genes can be analysed, could 

provide a more cost-effective method to achieve this. Additionally, the reality of 

energy production by mitochondria could be explored in vivo. Fluorescent 

sensors for ATP have previously been utilised in the living brains of mice [21], 

and application of this in zebrafish is likely feasible. Additionally, Mandal et al. 
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[22] have described an in vivo fluorescent reporter which can measure the ratio 

of ATP to ADP utilising a ratiometric, fluorescent sensor, PercevalHR [23], in 

zebrafish larvae. However, the changes to gene expression observed in our 

zebrafish models were relatively subtle (i.e. the magnitudes of the fold changes 

were generally modest, and statistical significance was only detected at the 

gene set, not single gene level). Therefore, exploring these changes at the 

molecular level could prove difficult in vivo, as the true signals may be lost in 

background noise.  

Potential therapeutics for the treatment of AD 

The brain transcriptome analyses presented in this thesis suggest that changes 

to mitochondrial function are an early stress in AD mutation-carrier brains. 

Therefore, targeting of mitochondria for therapeutic development, which is 

already being performed, is recommended. Naturally occurring compounds 

such as curcumin (derived from the spice turmeric) have antioxidant and anti-

inflammatory properties which have been utilised to potentially alleviate 

complications due to dysfunctional mitochondria in AD. Treatment of curcumin 

in a transgenic mouse model of AD reduced oxidative damage, inflammation 

and plaque pathology relative to controls [24]. However, this was not translated 

in human clinical trials and the AD-related protective effects were not observed, 

likely due to the lack of uptake into the brain (reviewed in [25]). Alternate 

methods of increasing the bioavailability of curcumin are currently being 

explored (reviewed in [26]). Other compounds have been explored and these 

are recently reviewed in detail in [27, 28]. However, the overall consensus is 

that variable success has been observed in human clinical trials utilising 
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mitochondrial-based therapeutics. Notably, at the animal model testing stage, 

almost all of these therapeutics were tested using transgenic mouse models of 

AD. Future therapeutics should be tested on knock-in animal models, as these 

may more reliably indicate therapeutic efficacy than transgenic models (which 

have not yet led to successful therapeutics for AD).  

Additionally, an individual’s level of physical activity and diet is known to have 

AD-protective effects which have properties which act at the mitochondrial 

level. Regular physical exercise is associated with neuro-protective effects 

such as increase blood flow to the brain [29], reduced oxidative stress [30], 

increased brain mitochondrial biogenesis [31], as well as association with 

improved cognitive abilities [29, 32, 33].  Diets which consist of high intake of 

foods naturally high in antioxidants and unsaturated fats, with minimal 

consumption of processed foods and added sugar (i.e. the Mediterranean diet) 

is associated with reduced risk of AD [34], as well as a lighter load of AD 

biomarkers [35]. Additionally, caloric restriction is associated with decreased 

oxidative stress as well as increased mitochondrial respiration [36, 37]. The 

Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and 

Disability (FINGER) [38] (which has led to a global network of similar studies 

[39]), is an investigation of whether a range of lifestyle modifications decrease 

the incidence of dementia. These lifestyle interventions span diet, exercise and 

cognitive training. In the initial study in the Finnish cohort, small protective 

effects were observed in the intervention group after two years, supporting that 

lifestyle intervention can reduce the incidence of dementia (including AD) [38]. 

A second follow-up analysis is due to be performed after seven years post-

intervention, where larger effect sizes may be observed. A meta-analysis of all 
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of the FINGER-type studies occurring globally (summarised in [39]) will provide 

a comprehensive investigation of the efficacy of lifestyle modifications on the 

prevention of cognitive decline in humans.  

Alternatively, mitochondrial dysfunction may be a secondary event in AD 

pathogenesis. As discussed multiple times throughout this thesis, failure to 

acidify the endolysosomal system (such as due to PSEN1 mutations [40], 

increased expression of the C99 fragment of APP [41] and the presence of the 

ε4 allele of APOE [42]) can result in mitochondrial abnormalities [43]. In 

promising work from the group of Professor Ralph Nixon, β2-adrenergic 

receptor agonists (such as the heart medication isoproterenol) were shown to 

rescue lysosomal acidification in three different cells lines with loss of PSEN1 

function [44]. Lysosomes of PSEN1 deficient cells showed not only decreased 

acidification relative to controls, but also reduced levels of chloride ions (Cl-) 

[44]. Chloride ions normally act as counter ions for the protons concentrated in 

lysosomes by the action of the v-ATPase proton pump (reviewed in [45]). 

Treatment of PSEN1 deficient cells with isoproterenol rescued lysosomal pH by 

facilitating the delivery of chloride channel-7 (ClC-7) from the endoplasmic 

reticulum to lysosomes, subsequently restoring lysosomal proteolysis, calcium 

homeostasis and autophagic flux to wild type levels [44]. This work has 

uncovered a novel phenotype in PSEN1 mutant cells, implicating a broader role 

of PSEN1 in maintenance of lysosomal ion homeostasis. Could a similar 

phenotypic rescue occur for the impairment of lysosomal acidification 

associated with C99, or the ε4 allele of APOE? Would these drugs be effective 

in vivo? Does treatment of β2-adrenergic receptor agonists rescue ferrous iron 

deficiency, mitochondrial abnormalities and inflammation associated with 
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impaired acidification of the endo-lysosomal system? These questions must be 

addressed in future work. However, this novel therapeutic strategy presents a 

promising avenue for the treatment of AD.  

Cell-type specific effects should be explored in future 

experimentation  

Analysis of bulk RNA-seq data gives information on global changes of the 

transcriptomic state of the brain, where gene expression values become 

averaged across the brain’s various cell types. The next logical step in 

understanding the effects of these mutations in young adult, mutation carrier 

brains is to perform cell-type specific analyses, i.e. single-cell or single nuclear 

RNA-seq (scRNA-seq and snRNA-seq respectively). These types of 

experiments have recently been performed on human AD samples [46-49] , 

and on transgenic/knock-out mouse models [50-52] and have revealed cell-

type- (and gender-) specific changes to gene expression with relevance to AD 

pathogenesis. For example, Mathys et al. [48] profiled > 80,000 nuclear 

transcriptomes from the prefrontal cortex of 48 individuals of various AD 

pathology stages. A comparison of the snRNA-seq data with comparable bulk 

RNA-seq data was performed, and this revealed that the changes to gene 

expression observed in the bulk RNA-seq data were driven by gene expression 

changes in mainly two cell types: excitatory neurons and oligodendrocytes. 

Additionally, APOE was strongly upregulated in microglia, and downregulated 

(to a lesser extent) in astrocytes, an interesting detail which would be missed in 

bulk RNA-seq data. Some of the strongest cell-type specific changes to gene 

expression were observed when comparing samples arising from individuals 

with “early” AD pathology relative to controls. Conversely, changes to gene 
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expression which occur in samples derived from patients with late-stage AD 

pathology were relatively consistent across cell types. This highlights the power 

of sc/snRNA-seq for understanding the early effects of AD mutations in vivo. 

Future work should include single cell/nuclei analysis of the zebrafish models 

described in this thesis to tease out the cell-type-specific changes occurring 

due to the EOfAD-like mutations.  

Conclusion 

The research presented in this thesis has harnessed the power of zebrafish as 

a model organism to reveal that an early transcriptomic signature of EOfAD is 

oxidative phosphorylation. To our knowledge, this is the first time brain 

transcriptome analyses have been performed in young, knock-in models of 

EOfAD in any species. Comparison of the transcriptomes of our zebrafish 

models with publicly available brain transcriptome data from mouse models of 

LOAD revealed similar processes affected, supporting that EOfAD and LOAD 

are the same disease. This definition of an early EOfAD transcriptomic 

signature, avoiding previous assumptions regarding pathogenic mechanism, 

provides a step towards development of a successful treatment for AD.  
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