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ABSTRACT 

The neurodegenerative disorder Alzheimer’s disease (AD) advances through progressive stages, which cause cognitive 
deterioration and neuronal death. The study of early-onset AD shows strong connections to APP, PSEN1 and PSEN2 
mutations but recent research demonstrates that multiple molecular pathways play essential roles in disease progression. 
The review integrates existing knowledge about four essential genetic factors that contribute to Alzheimer’s disease 
development: BACE1 and TREM2 expression dysregulation and, non-coding RNAs (e.g., miR-29 and BACE1-AS) and 
copy number variations (e.g., APP duplications and GRN deletions) and aberrant splicing events (e.g., tau 3R/4R isoform 
imbalance). The mechanisms work together to disrupt amyloid-beta processing and tau regulation as well as synaptic 
function and neuroinflammatory pathways which speed up disease progression. The review examines how these factors 
work together to create AD pathology while discussing their value as diagnostic markers and therapeutic targets. The 
review demonstrates the need for integrating multiple omics approaches to improve precision medicine approaches for 
diagnosing and treating Alzheimer’s disease. The review demonstrates the intricate nature of AD pathogenesis while 
advocating for a comprehensive strategy to understand disease mechanisms and create specific therapeutic approaches. 
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INTRODUCTION 

 AD represents a neurodegenerative disorder 
which causes dementia leading to progressive memory 
deterioration before causing death. Since its discovery 
scientists have linked AD to genetic mutations in APP 
(Amyloid Precursor Protein) and PSEN1 and PSEN2 
genes as they cause early-onset familial AD (Nehra et al., 
2022; Better, 2023; Hampel et al., 2023). AD 
pathophysiology remains complex because environmental 
genetic and epigenetic elements play a dynamic part in its 
development (Nehra et al., 2022; Migliore and Coppedè, 
2022). A wide range of molecular processes functions as 
disease initiators and drivers in addition to the established 
genetic mutations according to recent findings (Dong-
Chen et al., 2023). The core feature of AD pathology 
involves gene expression dysregulation which primarily 
affects essential genes for tau homeostasis 
neuroinflammation and amyloid-beta production. The 
BACE1 gene demonstrates elevated expression in AD 
brains because it produces the β-secretase enzyme which 
begins APP amyloidogenic processing (Hampel et al., 
2021). The levels of BACE1 mRNA and protein in AD 
patients reach approximately 2.5 times those of age-
matched controls according to meta-analysis findings 
(Shobeiri et al., 2023). 

 TREM2 expression patterns undergo changes 
according to Shi et al. (2025) because this gene regulates 
microglial activation while working to eliminate amyloid 
plaque. The surface expression of TREM2 in AD brains 
together with impaired signalling results in weaker 
immune responses (Shi et al., 2025). The tau protein 
exists in MAPT gene which functions as a crucial 
element because abnormal MAPT expression leads to tau 
hyperphosphorylation and neurofibrillary tangles 
formation (De Bertier et al., 2025). Research using RNA 
sequencing data shows that MAPT overexpression occurs 
specifically in the entorhinal cortex and hippocampal 
regions which are affected by AD (Niu et al., 2025). AD 
development depends on the expression control of 
protein-coding genes and non-coding RNAs (ncRNAs) 
which function as key regulators of gene expression. 
Research studies have identified significant changes in 
miR-29, miR-146a and miR-34c levels in AD brains and 
CSF which modify tau phosphorylation pathways while 
affecting neuroinflammation and amyloid-beta 
production (Sundram et al., 2024). The scientific 
literature shows that miR-29a/b specifically targets 
BACE1 which leads to higher Aβ production and 
elevated BACE1 expression (Sharma et al., 2024). The 
formation of BACE1-AS and lncRNAs leads to RNA 
duplexes that bind to BACE1 mRNA for increased 
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translation and stability while enhancing Aβ production 
(Yang et al., 2025). These research findings show that 
ncRNAs offer promise as both therapeutic targets and 
biomarkers. AD pathophysiology experiences significant 
effects from copy number variations (CNVs) that 
describe DNA segment duplications or deletions (Gentile 
et al., 2021). The duplication of APP gene leads to 
elevated amyloid production and directly causes early-
onset AD primarily in familial cases (Grangeon et al., 
2023). The genes GRN (granulin), CR1 (complement 
receptor 1), and SORL1 are involved in CNVs that 
modify immune regulation and lysosomal function and 
amyloid precursor trafficking (Guo et al., 2021). The loss 
of synaptic genes such as CNTN5 and NRXN1 
accelerates cognitive decline because they disrupt 
synaptic plasticity and connectivity. 
 Since its discovery Alzheimer's disease has 
proven difficult to treat despite ongoing research during 
the past decades (Bermejo and Del, 2024). The medical 

field still depends on neuropsychological testing 
alongside neuroimaging for diagnosis but these methods 
show inadequate sensitivity and specificity during early 
disease stages (Alzola et al., 2024). The medical field 
offers cholinesterase inhibitors and NMDA receptor 
antagonists as available treatments that minimize 
symptoms yet fail to stop neurodegenerative processes 
(Shukla et al., 2025). Leucanemab and donanemab show 
modest clinical benefits yet raise safety issues after 
receiving recent FDA approval as anti-amyloid drugs. 
The limitations in current treatments reveal the urgent 
need for robust molecular biomarkers along with new 
therapeutic targets (Ameen et al., 2025). The detailed 
molecular bases of Alzheimer's disease specifically gene 
expression dysregulation non-coding RNA networks 
CNVs and aberrant splicing offer promising paths for 
both therapeutic development and diagnostic precision. 
Figure 1 illustrates the biological mechanisms that 
contribute to Alzheimer's disease development. 

 

 
Figure 1. The figure demonstrates how Alzheimer's disease progresses at a molecular level. The disease pathology 

results from four main factors including Gene Expression Alterations (red box). The changes in gene 

regulation might impact neurodegenerative processes. Non-Coding RNAs (miRNAs, lncRNAs) (blue box) 

the regulatory effects of small and long non-coding RNAs on gene expression contribute to disease 

progression. Copy Number Variations (CNVs) (green box) Structural genomic variations which modify 

gene dosage and neuronal function. The function of normal proteins becomes disrupted due to Splicing 

Abnormalities (purple box). The process of RNA splicing creates errors which can disrupt proper protein 

function. 

 

Gene Expression Alterations in Alzheimer’s disease: 
The main characteristic of Alzheimer’s disease is 
widespread gene expression dysregulation that results in 
neuronal dysfunction and neurodegeneration. The 
complex process of transcription factor imbalances 
combined with epigenetic changes and ongoing 
neuroinflammatory responses generates this altered 
transcriptional landscape (Giallongo et al., 2022). 
Epigenetic mechanisms which include histone tail 
modifications and DNA methylation at CpG islands and 

chromatin remodelling enable the regulation of important 
genes related to immune response and synaptic and 
amyloid processing function (Maity et al., 2021). The 
promoter regions of neuroprotective genes SORL1 and 
NEP show aberrant hypermethylation but pro-
amyloidogenic genes BACE1 display hypomethylation 
leading to their increased expression in AD brain tissue 
(Tiwari et al., 2025). The AD brain shows distinct histone 
acetylation patterns through H3K9ac and H3K27ac 
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markers near immune and amyloid metabolism enhancers 
(Paniri et al., 2024). 
 BACE1 β-secretase enzyme displays increased 
expression in AD brains through epigenetic promoter 
relaxation which leads to more amyloid-beta production. 
BACE1 mRNA expression in the hippocampus of 
Alzheimer's patients reaches 2.5 times higher levels than 
in controls with similar ages according to RNA-seq data 
(Zhou et al., 2023). NF-κB and SP1 bind more frequently 
to the BACE1 promoter under oxidative and 
inflammatory stress conditions while decreased promoter 
methylation contributes to these binding events (Luo et 

al., 2024). The regulation of TREM2 microglial receptor 
which handles phagocytosis and plaque removal 
functions becomes dysregulated. TREM2 loses its 
functional communication abilities through mutations 
like R47H but its reduced expression occurs through 
histone repression modifications and DNA methylation in 
regulatory areas (Shi et al., 2025). The research of ChIP-
seq data reveals that the TREM2 promoter in AD brains 
contains increased levels of the repressive histone mark 
H3K27me3 which leads to decreased transcription in 
microglial subtypes (Scholz et al., 2024). 
 SNCA (alpha-synuclein) joins BACE1, TREM2, 
and MAPT among the important genes that exhibit 
dysregulation in recent transcriptomic studies about 
Alzheimer's disease. Research now shows that SNCA 
links primarily to Parkinson's disease yet new findings 
suggest its role in Alzheimer's disease pathogenesis. The 
synaptic protein alpha-synuclein serves the biological 
functions of synaptic plasticity and neurotransmitter 
release and synaptic vesicle movement because it is 
encoded by the SNCA gene. The decreased expression of 
SNCA in Alzheimer's disease brains particularly affects 
the cortex and hippocampus thus causing synaptic 
dysfunction and cognitive deficits (Murphy and 

McKernan, 2022; Thangavelu et al., 2024). Multiple AD 
cohorts have demonstrated through RNA-seq data a 
significant reduction in SNCA mRNA levels with a 
log₂FC −1.4 and p < 0.01 (Rey et al., 2021). The 
decreased resistance to oxidative stress together with 
compromised synaptic signaling appear to be responsible 
for the observed downregulation. Alpha-synuclein forms 
connections with tau and amyloid-beta which could 
increase protein aggregation while triggering 
neuroinflammatory responses. In AD the reduction of 
SNCA expression helps cause synaptic breakdown 
together with increased neurodegenerative pathways. 
 The tau protein gene MAPT is controlled by 
alternative splicing mechanisms. The splicing factors 
SRSF1 and TRA2B exhibit improper regulation in AD 
patients which leads to unbalanced 3R/4R tau isoform 
expression (Corsi et al., 2022). DNA hypomethylation 
coupled with histone acetylation modifications at MAPT 
intronic enhancers leads to increased tau expression 
alongside exon 10 inclusion which results in the 
formation of neurofibrillary tangles. The combination of 
epigenetic changes and transcription factor malfunction 
together with persistent inflammation from reactive 
astrocytes and activated microglia leads to enduring 
changes in gene expression profiles that negatively affect 
metabolic equilibrium and synaptic communication and 
neuroprotective systems. The expression patterns of 
hundreds of genes from immune pathways (e.g. TREM2, 
CD33), metabolic pathways (BACE1, SORL1) and 
cytoskeletal pathways (MAPT, NEFL) remain altered 
according to RNA-seq profiling of AD-affected brain 
regions (Zhang et al., 2023). Gene expression changes 
together with their regulatory mechanisms that occur in 
Alzheimer's disease are summarized in Figure 2 and 
Table 1. 

Table 1. The gene involved in Alzheimer’s disease (AD). Alteration: The upregulation or downregulation of the 

gene expression in AD. Impact: The biological effects or role of the gene alteration in the pathogenesis of 

AD. Pathway: The affected biological pathways involved in AD progression (e.g., amyloid-beta pathway, 

tau pathology, immune response). 

 
Gene Alteration Impact Specific Pathway References 

BACE1 Upregulated Increased amyloid-beta (Aβ) 
production 

APP cleavage → β-secretase pathway 
(BACE1–APP–γ-secretase axis) 

(Wang et al., 2024) 

TREM2 Upregulated Impaired microglial activity and 
immune signaling 

TREM2–DAP12–SYK signaling 
cascade 

(Zhou et al., 2023) 

MAPT Upregulated Tau hyperphosphorylation and 
aggregation 

GSK3β/PP2A-regulated tau 
phosphorylation pathway 

(Pan et al., 2021) 

APOE (ε4 
allele) 

Upregulated Impaired Aβ clearance, disrupted 
lipid transport 

APOE4–LDLR/LRP1–Aβ clearance 
axis; lipid metabolism dysregulation 

(D’Alonzo et al., 
2023) 

GRN Downregulated Altered lysosomal function, enhanced 
neuroinflammation 

Progranulin–Sortilin–lysosomal axis; 
NF-κB-mediated inflammatory 
pathway 

(Wang et al., 2022) 

SNCA Downregulated Synaptic dysfunction and α-
synucleinopathy 

SNCA–Rab3a–SNARE vesicle 
transport pathway; α-synuclein 
degradation via autophagy 

(Rey et al., 2021) 
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Figure 2. The heatmap based on post-mortem brain tissue samples of AD patients and age-matched healthy 

controls displays the gene expression dysregulation patterns of AD. The color scale in the heatmap 

displays normalized expression levels with blue indicating downregulation and white showing neutral 

baseline expression and red indicating upregulation. The heatmap contains brain sample columns that 

represent individual brain tissue samples and gene rows that represent APOE, PSEN1, MAPT, APP, 

BACE1, SNCA and other genes. The average linkage method with Pearson correlation distance metric 

performs hierarchical clustering to group genes and samples. The clustering method groups genes and 

samples with similar expression patterns to show individual differences in gene regulation and identify 

distinct molecular AD signatures. 

 

 The APOE gene along with its APOE4 allele 
plays a significant role in developing AD. Research has 
established that the APOE4 allele increases AD risk 
because it disrupts lipid metabolism and amyloid-beta 
clearance processes (Ayyubova, 2024). The APOE4 
allele carriers demonstrate reduced amyloid-beta 
processing capabilities which leads to brain accumulation 
of this protein. The numerous pathways which are altered 
in AD have been identified through gene expression 
profiling studies including those that affect neuronal 
survival and synaptic plasticity and immune regulation 
(Koutsodendris et al., 2022). Research has demonstrated 
that AD pathology leads to widespread transcriptional 
dysregulation while the disease mechanisms remain 
complex. 

Non-Coding RNAs and Their Roles in AD: Non-coding 
RNAs (ncRNAs) contain two significant post-
transcriptional regulators of gene expression including 
microRNAs and long non-coding RNAs (lncRNAs) 
which affect numerous biological processes according to 
Statello et al. (2021). Research shows that Alzheimer's 
disease (AD) exhibits dysfunctional noncoding RNAs 
(ncRNAs) which control crucial pathological 
mechanisms involving tau phosphorylation along with 
amyloid-beta (Aβ) formation and synaptic damage and 

neuroinflammatory responses (Olufunmilayo and 
Holsinger, 2023). The primary outcome of miRNA 
binding to target mRNA 3′ untranslated regions (3′UTRs) 
occurs through translational repression and mRNA 
degradation processes. Studies have found that several 
miRNAs change their expression levels in AD patients 
while showing associations with disease-related 
pathological features. AD patients show downregulation 
of miR-29a/b by 2.3 times which leads to increased 
BACE1 enzyme activity because this enzyme processes 
APP into amyloidogenic forms (Nguyen et al., 2021); 
The negative regulator miR-146a shows elevated 
expression levels between 1.7 to 2.5 times which 
becomes abnormal during chronic AD-related 
neuroinflammation (Li et al., 2023).  
 The AD-related elevation of miR-34c drives tau 
phosphorylation through its ability to target protein 
phosphatases and kinases thus producing neurofibrillary 
tangles. Blood tests of miR-29 and miR-146a show 
promise as diagnostic tools because research data shows 
that miR-29a achieves an area under the ROC curve 
(AUC) of 0.82 while maintaining 78% sensitivity and 
80% specificity for detecting AD patients versus healthy 
controls. The miR-132 miRNA shows significant 
reduction of 3–4 times in both AD brains and 
cerebrospinal fluid (CSF) samples. Through its protective 
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mechanisms miR-132 maintains synaptic health as well 
as survival and plasticity of neurons. The miR-132 targets 
two crucial mRNAs including MeCP2 which functions as 
a transcriptional repressor for neuronal maturation and 
epigenetic control and p250GAP that acts as a dendritic 
spine developmental inhibitor (Chen et al., 2021; Ilieva, 
2024). The decreased levels of miR-132 in AD patients 
create conditions that lead to increased neuronal damage 
together with dendritic shrinkage and impaired synaptic 
transmission. The pathophysiology of AD experiences 
major regulatory influence through the action of long 

non-coding RNAs (lncRNAs) in addition to miRNAs. 
BACE1-AS acts as an antisense lncRNA that forms 
RNA-RNA duplexes to stabilize BACE1 mRNA and 
increase β-secretase activity and Aβ production 
(Bampatsias et al., 2022). According to Olufunmilayo 
and Holsinger (2023), 17A functions as a lncRNA that 
leads to incorrect tau exon 10 splicing resulting in toxic 
tau forms which help create neurofibrillary tangles. 
NEAT1 together with MALAT1 represent two AD-
dysregulated lncRNAs that control inflammation and 
regulate nuclear paraspeckle function. 

 

 
Figure 3. The expression of important microRNAs (miRNAs) differs in Alzheimer's disease (AD). Post-mortem 

brain tissue samples from AD patients (red) and age-matched controls (blue) display the expression levels 

of four disease-associated miRNAs: miR-132, miR-146a, miR-29 and miR-34c. Multiple transcriptomic 

investigations were used to generate the data which is presented as averaged normalised counts. The 

expression of miR-146a and miR-34c increases in AD brains due to their roles in tau phosphorylation, 

amyloid-beta processing, neuroinflammation and synaptic integrity while miR-132 and miR-29 

experience significant decreases. The DESeq2 analysis used hierarchical clustering and differential 

expression methods with p < 0.05 as the significance threshold. 

 

 The majority of research demonstrates 
consistent directional dysregulation of these miRNAs in 
AD brain tissue even though cohort-dependent variability 
is observed in biofluid samples such as CSF and plasma. 
The levels of miR-146a increase in AD brain tissues but 
its expression in plasma and serum shows conflicting 
results. Such findings could result from either sample 
processing steps or stage-specific changes or degradation 
processes (Azam et al., 2024). The brain tissue shows 
consistent downregulation of miR-132 but some research 
studies fail to validate this pattern in blood-based 
biomarker panels. This underlines the necessity to 
perform cross-validation between multi-omics platforms 
as well as across different sample types when interpreting 
miRNA biomarker data while also considering the 
importance of tissue context. 

Copy Number Variations in AD Pathogenesis: Copy 
number variations (CNVs), the duplication or deletion of 
specific genomic regions, are now important causes of 
neurodegenerative disorders including Alzheimer’s 
disease (AD) (Gentile et al., 2021). The CNVs may cause 
gene expression changes which may influence the key 
cellular functions like amyloid-beta synthesis, immune 
responses and synaptic transmission (Wang et al., 2023). 
These genetic changes in AD contribute to the complex 
genetic basis of the disease which leads to the genetic 
heterogeneity observed in affected individuals (Andrews 
et al., 2023). Personal genomic evaluations for AD risk 
prediction should include CNVs as an essential 
component. The most common reason for early onset AD 
is a high copy number variation of the APP gene (Ming et 

al., 2022; Ehn et al., 2025). This duplication results in the 
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elevated levels of amyloid precursor protein (APP), thus 
resulting in the enhanced production of amyloid-β 
peptides that form plaques in the brain, a characteristic 
feature of AD (Zargaham et al., 2025). The immune 
system and amyloid processing are affected by CNVs in 
genes GRN (granulin), CR1 (complement receptor 1) and 
SORL1 (sortilin-related receptor 1) (Firdaus and Li, 
2024). These genes play a role in regulating microglial 
functions and amyloid turnover but their downregulation 
due to CNVs leads to neuroinflammation and 
dysregulation of amyloid beta processing which worsens 
the AD progression (Yang et al., 2025). Also, deletions in 
genes such as CNTN5 (contactin 5) and NRXN1 
(neurexin 1) have been linked to AD (Dauar et al., 2023). 
 Copy number variations (CNVs) play a 
significant role in Alzheimer's disease (AD) particularly 
in early cases. WGS, aCGH and SNP arrays are 
commonly used to identify CNVs as high-resolution 
platforms with different sensitivity levels and breakpoint 
resolution. High-resolution platforms that offer varying 
degrees of sensitivity and breakpoint resolution, such as 
whole-genome sequencing (WGS), array comparative 
genomic hybridisation (aCGH), and single nucleotide 
polymorphism (SNP) arrays, are commonly used to 
identify CNVs. The duplication of the APP gene, which 
raises the levels of amyloid precursor protein and causes 
an excess of amyloid-beta peptides, is one of the best-
characterized CNVs. This duplication causes 8–10% of 
autosomal dominant early-onset AD and has nearly 
complete penetrance and a significant effect size. People 
who have APP duplication frequently exhibit earlier 
disease onset and co-occurring cerebral amyloid 
angiopathy (Hoogmartens et al., 2021; Leitner et al., 
2024). Duplications and deletions affecting genes like 
GRN, CR1, and SORL1 are examples of additional 
harmful CNVs. For example, deletions in exons 2–5 of 
GRN impair lysosomal function and increase 
neuroinflammation by disrupting progranulin production. 
For instance, duplications spanning intron 5 to exon 8 of 
CR1 change complement regulation and raise plaque-
associated inflammation, while CNVs disrupting exon 
13–20 of SORL1 impair its function in APP trafficking. 
 The genes control synaptic connection 
preservation and neuron health which leads to synaptic 
dysfunction when deleted. The first sign of Alzheimer's 
disease synaptic dysfunction occurs due to CNVs in these 
genes which produces early cognitive decline in patients. 
The presence of genetic heterogeneity in Alzheimer's 
disease caused by CNVs requires personalized genomic 
analyses to enhance risk prediction and early detection 
and potentially develop better treatments for AD patients 
with genetic risk. Scientists continue to study this 
interaction while understanding how CNVs and 
environmental risk factors like head trauma and 
cardiovascular stress affect disease expression and 
progression. Research into AD diagnostic precision and 

gene-dosage-based treatment methods depends on the 
understanding of CNV architecture together with its 
interactions with other modifying factors. The figure 
shows copy Number Variations in AD Pathogenesis. 

Alternative Splicing and Its Impact on AD: The 
process of alternative splicing functions as a fundamental 
neuronal system which produces various proteins from 
single genes that execute distinct cellular functions. The 
disease progression of Alzheimer's disease (AD) 
develops from splicing abnormalities which create 
abnormal protein variants (Biamonti et al., 2021; 
Bhatnagar et al., 2023). The disrupted splicing regulation 
affects many critical genes that preserve neuronal 
architecture and regulate amyloid-beta breakdown as well 
as synaptic operations (Lui et al., 2025). Research on 
neurodegeneration shows that irregular splicing patterns 
act as a critical factor for disease development which 
makes splicing regulation an appealing therapeutic 
approach for treating Alzheimer's disease (Nikom et al., 
2023). AD splicing dysfunction primarily affects the tau 
protein because its alternative splicing creates two main 
isoforms that have either three (3R) or four (4R) 
microtubule-binding repeat domains (Waheed et al., 
2023). The AD progression results in a disturbance of 
3R/4R tau isoform ratios that leads to elevated 4R tau 
levels. The faulty tau splicing process leads to the 
formation of neurofibrillary tangles through tau 
aggregation which are the main pathological feature of 
AD (Waheed et al., 2023). The tangles cause significant 
damage to neurons that leads to cell death specifically in 
brain areas that control memory and cognitive functions. 
Tau splicing regulation plays an essential role in 
determining the course of Alzheimer's disease 
progression (Sinsky et al., 2021). The amyloid precursor 
protein (APP) gene exhibits critical involvement in AD 
through its alternative splicing pathways which regulate 
its processing activity and amyloid-beta peptide 
generation (López-Hernández et al., 2025). During the 
processing stage different APP splicing variants 
determine how amyloid-beta peptides will be formed. 
The accumulation of these peptides leads to amyloid 
plaque formation which serves as a main feature of AD 
pathology. The SNCA gene which encodes alpha-
synuclein and the BIN1 gene which regulates synaptic 
function and neuroinflammatory processes display 
splicing defects in AD brains (Ramakrishan et al., 2025). 
The breakdown of synaptic communication along with 
intensified neuroinflammatory responses through splicing 
alterations speeds up neurodegenerative processes. The 
therapeutic application of targeting splicing mechanisms 
offers potential solutions to treat AD-related 
abnormalities and extend disease progression thus 
opening new therapeutic possibilities for AD treatment. 
Figure 5 illustrates the MAPT gene's alternate splicing 
pattern of exon 10 that produces an increased abundance 



Rehman et al.,   J. Anim. Plant Sci., 35 (6) 2025 

 1473

of tau protein variants in AD. The pie chart shows the 
distribution of 3-repeat tau (3R tau) and 4-repeat tau (4R 
tau) isoforms in AD post-mortem brain tissue samples. 
The RNA-seq and RT-PCR quantification from AD brain 
samples demonstrates that 4R tau forms approximately 
70% of total tau transcripts but 3R tau represents only 
30%. The evidence points to an abnormal process of exon 

10 inclusion. The neurofibrillary tangles which form as a 
result of this imbalance lead to microtubule instability 
and promote tau aggregation. The studies consistently 
show this 3R/4R tau ratio pattern although some 
variations in brain region-specific and disease 
progression-related ratios have been documented (Corsi 
et al., 2022; Yin et al., 2024) 

 

 
Figure 4. The figure illustrates the copy number variation (CNV) frequencies specifically deletions and 

duplications in several Alzheimer's disease (AD)-associated genes. The APP gene shows the highest 

frequency of duplications (n=15), suggesting its strong association with increased amyloid-beta 

production in AD pathology. In contrast, CNTN5, GRN, and NRXN1 exhibit higher frequencies of 

deletions compared to duplications, indicating potential loss-of-function effects contributing to synaptic 

and neuroinflammatory dysfunction. CR1, SORL1, and GRN demonstrate relatively balanced CNV 

types, while NRXN1 shows a striking imbalance favoring deletions. Overall, the plot highlights gene-

specific patterns of CNVs that may underlie different pathogenic mechanisms in AD. 

 
Figure 5. The figure presents the relative distribution of tau splicing isoforms 3R Tau and 4R Tau in Alzheimer’s 

disease (AD). The pie chart shows that 4R Tau isoforms (dark blue) are more predominant, accounting 

for approximately two-thirds of the total tau population, while 3R Tau isoforms (light blue) comprise the 

remaining one-third. This imbalance between 3-repeat (3R) and 4-repeat (4R) tau isoforms is a hallmark 

of tauopathies and contributes to microtubule instability, tau aggregation, and the formation of 

neurofibrillary tangles in AD pathology. 
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 The imbalance between 3-repeat (3R) and 4-
repeat (4R) tau isoforms in Alzheimer's disease (AD) 
results from strict control of exon 10 alternative splicing 
in the MAPT gene by SRSF1, TRA2B, and hnRNPG 
splicing factors. The elevated production of SRSF1 in 
AD triggers the inclusion of exon 10 and results in 
elevated 4R tau levels that show higher propensity to 
form neurofibrillary tangles. The unbalanced production 
of 3R and 4R tau causes fast neuronal degeneration while 
destabilizing microtubules. Scientists use RNA-seq data 
and sophisticated tools like rMATS, MAJIQ and 
SUPPA2 to measure exon inclusion levels and detect 
differential splicing events between conditions. These tau 
splicing changes occur specifically in the entorhinal 
cortex and hippocampus regions and their presence 
increases with disease progression according to Braak 
stages (Li et al., 2023. The alternative splicing of APP 
generates different isoforms containing Kunitz protease 
inhibitor (KPI) domains including APP751 and APP770 
which exhibit increased expression in AD brains to 
promote amyloidogenic processing. The alternative 
splicing of SNCA produces truncated isoforms including 
SNCA112 that lack the central hydrophobic domain 
which affects their aggregation properties and induces 
synaptic dysfunction. The splicing alterations serve as 
both diagnostic markers and therapeutic targets which 
correspond to disease stage and brain region thus 
demonstrating the essential role of post-transcriptional 
regulation in AD. 

Conclusion and Future Perspectives: Multiple 
molecular disruptions including aberrant splicing events 
and copy number variations (CNVs) and dysregulation of 
non-coding RNA (ncRNA) and gene expression 
alterations combine to produce Alzheimer's disease (AD) 
and its disease progression. The individual components 
act as barriers that impede essential cellular operations 
including tau aggregation and amyloid-beta accumulation 
and synaptic dysfunction and long-term 
neuroinflammation. These pathways undergo additional 
post-transcriptional modifications through ncRNAs 
including miRNAs and lncRNAs and transcriptional 
dysregulation affects the expression of vital genes 
BACE1 and MAPT. Neurodegeneration worsens because 
CNVs which affect immune-related genes CR1, GRN and 
endosomal trafficking genes SORL1 while splicing errors 
disrupt APP processing and tau isoform ratios. The 
complete understanding of these intricate relationships 
requires future studies to use multi-omics approaches 
which combine genomic, transcriptomic, proteomic and 
epigenomic data. 
 The integration of these methods becomes 
possible for biomarker and treatment target discovery 
through the use of complex analytical methods such as 
co-expression network analysis and Bayesian network 
modelling and supervised machine learning. The 

Religious Orders Study and Memory and Ageing Project 
(ROSMAP) and the Accelerating Medicines Partnership 
Alzheimer’s Disease (AMP-AD) collaborative initiatives 
have developed extensive public multi-omics datasets 
that originate from thoroughly described post-mortem 
brain tissues. These resources function as essential 
integrative research platforms because they generate 
high-resolution molecular maps which span disease 
progression and brain regions. Through precise 
computational models’ scientists can identify particular 
molecular signatures including CNVs and splicing 
isoforms and ncRNA expression profiles that will direct 
personalized treatment strategies. The future development 
of AD therapies depends on our ability to decode 
individual molecular profiles of patients and create 
personalized therapeutic approaches. 
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