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SUMMARY

Alzheimer’s disease (AD), a neurodegenerative disease primarily affecting older adults, is characterized by
changes in memory, behavior, and language. Although gene expression varies during AD progression, the
molecular mechanisms underlying this variation remain unclear. RNA sequencing indicates that most genes
exhibit minimal gene-level differential expression in AD but may relate to neuronal function. Our comprehen-
sive analysis revealed that neural cell adhesion molecule 1 (NCAM1) underwent alternative splicing (AS) in AD.
Notably, an isoform switch occurred from the long isoform (L-NCAM1), typical under normal conditions, to
the short isoform (S-NCAM1) in AD. S-NCAM1 lacked the intracellular domain in L-NCAM1. Additionally,
the S-NCAM1-to-L-NCAM1 ratio increased in the hippocampus of amyloid precursor protein (APP)/PS1
mice compared to wild-type mice. Single-nucleus sequencing determined that this change in NCAM1 iso-
forms occurred predominantly within reactive astrocytes. Hence, AS may play a key role in AD development,

while the L-NCAM1-to-S-NCAM1 ratio could serve as a biomarker.

INTRODUCTION

Population aging has resulted in a heightened prevalence of
neurodegenerative diseases, many of which manifest clinically
as dementia. Alzheimer’s disease (AD) is the leading cause of
dementia, responsible for approximately 60-80% of cases
globally." AD is a progressive neurodegenerative disorder
characterized by damaged brain cells, which leads to cognitive
decline, memory impairment, and deficits in language abilities.”
Pathologically, AD is characterized by the extracellular accu-
mulation of p-amyloid (Ap) and the formation of intracellular
neurofibrillary tangles (NFTs) composed of hyperphosphory-
lated tau. These biomarkers are commonly observed in individ-
uals experiencing memory deficits and progressive cognitive
deterioration.”*°

During AD progression, alterations in gene expression profiles
lead to changes in enzyme activity that correlate with disease
severity.®” Notably, the aberrant expression of genes, such
as amyloid precursor protein (APP), presenilin 1 (PSEN7), and
presenilin 2 (PSEN2), contributes to increased Af production
and aggregation.®° While significant advancements have been
achieved in elucidating the molecular pathogenesis of AD, its
complete etiology and mechanisms of progression remain
incompletely understood.

Recent research has highlighted that post-transcriptional
modifications (PTMs) are linked to disease states.'® While trans-
lation levels are maintained, post-translational modification—a
classical type of PTM—plays a key role in regulating protein
function. Additionally, two main regulatory mechanisms at the
transcriptional level, mRNA splicing and mRNA modulation,
also impact which proteins are ultimately produced by altering
translation products and thus protein activity. As genes are tran-
scribed into precursor messenger RNA (pre-mRNA), mature
mRNA is produced after intron splicing, enabling translation
into specific proteins. "

Throughout mRNA maturation, certain exons can be selec-
tively included or excluded via alternative splicing (AS), a critical
process that allows a single gene to generate multiple protein
isoforms with distinct properties.’>'*

Substantial evidence indicates that AS plays a critical role in AD
pathology, while previous studies have largely focused on splicing
events in selected candidate genes.15 For instance, tau is a well-
established pathological hallmark of AD encoded by the microtu-
bule-associated protein tau (MAPT) gene; disruptions to MAPT
splicing can alter tau isoform abundance, closely associated
with tau pathology accumulation in AD.'® Additionally, Lambert
et al. demonstrated that bridging integrator 1 (BIN1) isoform
1 (BINT iso1) contributes to early endosome size dysregulation,
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an early pathophysiological feature of AD."” More comprehensive
analyses have also revealed widespread dysregulation of mRNA
splicing in AD, leading to the identification of several AD-associ-
ated genes and emphasizing the value of global transcriptome
splicing analyses.'® Notably, although MAPT and BINT are among
the most extensively researched AD-related genes, neither has
exhibited significant overall expression changes—defined as an
absolute log2 fold change greater than 1 and a p-value below
0.05—in multiple bulk RNA-seq datasets from human brain
tissue.'®'® This highlights the need to explore AS events and
pathology-associated isoforms in genes that show no significant
changes in total expression in transcriptomic analyses.

Accordingly, in the current study, we analyzed alterations
in AS profiles under AD conditions by examining human brain
tissues and identifying cell-type-specific AS events that occur
during AD progression. This strategy enabled the elucidation
of regulatory mechanisms underlying AS in genes with stable
expression levels, thereby supporting the identification of bio-
markers relevant to AD therapy.

RESULTS

Gene-level non-differentially expressed genes (nDEGs)
are associated with AD

This study examined the biological functions of genes without
differential expression in AD. To this end, we analyzed a bulk
RNA-seq dataset (GSE173955) from the hippocampi of 8 individ-
uals diagnosed with AD and 10 non-AD controls.*® Both groups
comprised individuals aged 65 years or older with comparable
male-to-female ratios (Figures 1A and 1B). Upon alignment to
the human genome, we identified 21,506 genes; among these,
1,243 were significantly downregulated and 1,448 were upregu-
lated in the AD group. Thus, DEGs constituted only 12.5% of all
genes, leaving 18,815 gene-level non-differentially expressed
genes (NDEGs) (Figure 1C and Table S1), based on an absolute
log2 fold change over 1 and a p-value below 0.05.

The potential involvement of the predominant nDEGs in AD
pathogenesis was investigated using Proteomaps functional
enrichment analysis, which identified subsets of nDEGs associ-
ated with neurodegenerative diseases (Figure 1D). Further Gene
Ontology (GO)-based enrichment analyses of nDEGs and DEGs
(Figure 1E) highlighted several pathways relevant to neuronal
function, including the regulation of transport, dendrite develop-
ment, neuronal apoptosis, and neuronal projection—all critical
for neural integrity and injury responses.

Notably, DEGs comprised a small fraction of these path-
ways, whereas most genes associated with neuronal function
were nDEGs (Figure 1E). For example, the expression of
genes involved in dendrite development, such as reelin (RELN),
leukocyte-specific transcript 1 (LST7), and Ephrin A1 (EFNAT),
crucial for synaptic regulation,”'® remained unchanged. Simi-
larly, key genes implicated in neuronal apoptosis, such as
mitogen-activated protein kinase 7 (MAP2K7), beta-secretase
1 (BACET), and sirtuin 1 (SIRT1), were not differentially ex-
pressed during AD progression.”*” The expression of addi-
tional genes, including cool-interacting tyrosine-phosphorylated
protein 2 (GIT2), metallothionein 3 (MT3), obscurin such as cyto-
skeletal adaptor 1 (OBSL1), abelson tyrosine-protein kinase 1
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(ABLT), endosome-associated trafficking regulator 1 (ENTR1),
and histone deacetylase 6 (HDAC6), which are involved in
various aspects of neuronal and nervous system regulation by
modulating ion conduction, membrane, and microtubule func-
tions, also remained stable (Figures 1F and S1A).28-"

While pathways enriched in DEGs aligned with recognized
aspects of AD pathology, a notable finding was the consider-
able functional overlap between nDEGs and DEGs: Nearly
80% of DEG-enriched pathways were also represented among
the nDEGs. These results suggest that nDEGs may contribute
to AD pathology.

AS events in AD

Numerous genes associated with neuronal function do not
exhibit changes in expression, some of which are critical to
AD development. Thus, we investigated how these nDEGs
influence AD progression. Notably, we identified 969 nDEGs
whose transcript isoforms exhibited significant expression dif-
ferences (defined by |dIF| > 0.1 and p-value < 0.05; Figures 1G
and 1H, and Tables S2, S3, and S4).

Such variation in transcript usage often results from mecha-
nisms such as AS or modifications at transcript start or end sites.
To specifically assess AS, we used rMATS to exclude genes
where isoform differences were due solely to initiation or termi-
nation shifts, resulting in 938 genes primarily characterized by
AS events. From these, we identified 840 genes with significant
differences in transcript isoform usage (Figure 2A; Tables S5 and
S6), suggesting that AS events were responsible for generating
the differentially expressed transcripts and the diversity of tran-
scripts within nDEGs related to AD severity.

AS allows each gene to produce multiple transcript variants.
Among the transcripts from the differentially spliced genes,
only 892 underwent nonsense-mediated decay (NMD)—a pro-
cess that eliminates mRNAs with premature stop codons
(Figures 2B and S1B). Notably, ~29% of NMD-affected tran-
scripts exhibited significant differences between AD and non-
AD samples (|dIF| > 0.1, p-value <0.05; Figure S1B). Given
that NMD can halt or eliminate protein production in non-cod-
ing transcripts, we excluded these complex, non-protein-cod-
ing transcripts from further analysis (Figures 2B and S1B).

Subsequently, we employed Metascape to analyze the
biological pathways associated with the parental genes of the
remaining transcripts. The findings revealed robust enrichment
in inflammatory processes and AD-related pathways, high-
lighting the potential involvement of AS-derived nDEGs tran-
scripts in AD pathology (Figure 2C).

AS pattern in AD

AS encompasses five main types: exon skipping (ES), alternative
3’ splice site selection (A3SS), alternative 5’ splice site selection
(A5SS), intron retention (IR), and mutually exclusive exons (MXE;
Figure 2D). Through AS, a single gene can produce myriad distinct
transcripts, enabling various biological functions. Our compre-
hensive analysis of AS events in differential transcripts revealed
ES as the predominant pattern (Figures 2E and 2F; Tables S7
and S8), aligning with previous studies.®> After removing 42
non-coding or pseudogene-derived transcripts (5%), we identified
798 protein-coding transcripts (95%; Figure 2F and Table S9).
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Figure 1. nDEGs analysis in patients with AD

(A and B) Bulk-RNAseq results in hippocampal tissues were collected from GSE173955, encompassing patients with AD (n = 8) and non-AD (n = 10) elderly

individuals, with information on both age and sex included.

(C) A volcano plot depicts gene expression in GSE173955, with gray dots indicating differentially expressed genes (DEGs) and red dots representing nDEGs.

(D) Proteomaps analysis of nDEGs based on transcripts per million (TPM).

(E) The percentage of DEGs and nDEGs within shared pathways related to neuron function.

(F) Expression profiles of representative genes for nDEGs in dendrite developm
groups.

ent, neuron apoptotic process, and neuron projection among AD and non-AD

(G) A volcano plot was used to illustrate changes in transcript isoform levels, where the difference in isoform fraction (dIF) represents the differential abundance of

each transcript.

(H) A Venn diagram was used to compare genes with significant differential isoforms and nDEGs. Blue dots represent non-overlapping genes, whereas red dots

indicate genes shared by both groups.

Often, multiple AS events and patterns occur within a single
gene, yielding diverse transcripts from precursor mRNAs and
resulting in the alteration or loss of protein-coding frames.""
Most transcripts displayed more than one AS pattern and
included multiple AS events, significantly impacting the genetic
information within transcripts of the same gene and leading
to diverse expression profiles (Figures 2G and 2H; Tables S10
and S11).

Considering that ES and MXE result in skipped or deleted
exons, we examined the percentage of spliced-in (PSI) changes
for transcripts with ES and MXE events in AD compared to non-
AD conditions. Genes associated with ES transcripts were pre-
dominantly enriched in neuronal and nervous system functions

(Figures 21 and 2J; Tables S12 and S14), whereas those with
MXE events were associated with cellular structural functions,
with some involvement in neuronal and synaptic functions
(Figures 2K and 2L; Tables S13 and S15).

Cumulatively, these findings suggest that loss of genetic
information due to AS events, particularly ES and MXE, may
influence nervous system functions and potentially contribute
to AD pathogenesis.

Dominant transcript isoform switching in AD conditions

The biological function underlying transcript isoform dynamics
is complex, as evidenced by the diverse expression profiles
observed in high-throughput RNA sequencing data. For
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Figure 2. Changes in AS events in AD pathological conditions

(A) Differentially spliced genes were identified through a Venn diagram by overlapping genes with altered transcript isoform usage and nDEGs with genes ex-
hibiting significant AS events.

(B) Percentage of transcripts undergoing NMD among AS event transcripts in differentially spliced genes.

(C) Disease enrichment analysis of differentially spliced genes using Metascape analysis.

(D) Splicing patterns of AS events.

(E) Proportion of different AS patterns among differentially spliced genes’ transcripts excluded NMD.

(F) Bar and pie charts illustrate the numbers of different splicing events and the corresponding gene types in which these splicing events occur.
(G and H) Numbers of AS patterns and AS events in each gene, respectively.

(I and J) Volcano plot and gene function enrichment meteor plot of differentially expressed ES events between AD and non-AD.

(K and L) Volcano plot and gene function enrichment meteor plot of differentially expressed MXE events between AD and non-AD.
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analytical clarity, we defined transcripts originating from a
single gene as serving equivalent functional roles and focused
our research on overall gene expression levels. While this
approach facilitated characterization of genes with altered
expression under physiological and pathological conditions, it
overlooked the contributions of genes without expression
changes and neglected the intricacies of AS patterns and
events (Figures 2G and 2H).

Precursor mRNA splicing involves intricate exon selection—
either inclusion or exclusion—that produces distinct tran-
script variants containing unique genetic information. The
predominant variant is designated the major isoform, and
variations in its dominance across different physiological
states are referred to as isoform switching. This phenomenon
represents a shift in the dominant isoform, which preserves
total transcript abundance yet potentially alters protein func-
tion (Figure 3A).

Isoform switching may alter protein-coding sequences by
modifying open reading frames (ORFs) through changes in
exon usage that affect start and stop codons. Thus, AS can
generate an expanded repertoire of genetic variants, leading to
differential protein products from the same gene under different
pathological conditions (Figure S1C).

To elucidate isoform-switch dynamics and their functional
consequences, we used the IsoformSwitchAnalyzeR package
to identify isoform-switch events and their associated out-
comes. Among differentially spliced genes, we identified 642
that showed isoform switches between the non-AD and AD
cohorts (Figure 3B and Table S16). Notably, isoform switches
were evident in genes related to membrane transport (G-pro-
tein signaling modulator 2 [GPSM2], dispatched RND trans-
porter family member 1 [DISP1]), protein-protein interactions
(N-recognin [UBRT], leucine-rich melanocyte differentiation-
associated protein isoform 1 [LRMDA]), and enzymatic activity
(mannosidase alpha class 2a member 2 [MAN2A2], galactoki-
nase 1 [GALKT]; Figure 3C).

Analysis of isoform-switch consequences showed that the
most dominant transcripts under AD conditions possessed
extended ORFs and additional domains, indicative of increased
genetic content (Figure 3D and Table S17). A greater proportion
of non-coding transcripts also suggests cellular adaptation to
AD-associated pathology within the hippocampus (Figure 3D).
The assessment of coding potential further revealed that
most variant transcripts were capable of coding (Figure 3E and
Table S18).

Functional enrichment analysis of coding transcripts demon-
strated involvement in processes, such as microtubule orga-
nizing center, Golgi membrane structure, and commissural
neuron axon guidance, with notable differences in transcript
usage for genes such as neural cell adhesion molecule 1
(NCAMT1), vacuolar protein sorting-associated protein 72 ho-
molog (VPS72), and G-protein-coupled receptor kinase-inter-
acting protein 1 (GIT71; Figures 3F and S1D)—all established
contributors to neurodegenerative diseases.?®%3¢

Comparison of domain coding among transcripts affected
by AD-induced isoform switches revealed that the transcription
factor cysteine-2 histidine-2 (zf-C2H2) zinc finger domain
accounted for a prominent proportion of these genes. This
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suggested that AS events may critically influence AD patho-
genesis by modulating transcription factors.®”*® Additionally,
the enrichment of WD40, PDZ, and LIM domains suggests po-
tential alterations in signaling pathways, including those
involving ion channels and membrane-related functions, during
AD progression (Figure S1E).>%*"

Screening of spliced candidate genes in AD

To simplify the analysis of gene transcripts, we focused on
genes with two transcripts that were significantly differentially
expressed between the AD and non-AD groups, ultimately
identifying 155 genes with fewer than three transcripts
(Figures 3G and S2A). After removing non-coding transcripts,
36 genes remained, each with two protein-coding transcripts
(Figures 3G and S2A).

Furthermore, only 36 genes possessed two primary tran-
scripts that were both protein-coding (Figures 3G and S2A).
We then analyzed the resulting proteins and coding sequences
from isoform switching and highlighted the 15 genes with the
largest predicted peptide sequence divergence, including Jade
family PHD finger 1 (JADET), round spermatid basic protein
1-like (RSBN1L), and Pleckstrin homology domain-containing
family member 7 (PLEKHA7; Figure 3H).

NCAM1 AS event in AD

Given that RNA splicing is prevalent under physiological and
pathological conditions, it is expected to occur during AD in
mice. Analysis of 15 genes in murine models demonstrated
that their two transcript variants shared high sequence similar-
ities (>95%) with human orthologs, including neural cell adhesion
molecule 1 (NCAMT), glycoprotein M6B (GPM6B), and bridging
integrator 1 (BINT) (Figures 4A and S3A).

Due to the highest degree of homology between human
and mouse NCAM1, subsequent analysis focused on NCAM1,
a cell adhesion protein integral to neurogenesis, neurite
outgrowth, and cell migration during nervous system develop-
ment (Table S19). Two primary NCAM1 isoforms were identified
in humans—L-NCAM1 (long) and S-NCAM1 (short)—with no
significant difference in overall NCAM1 expression observed
between AD and non-AD groups (Figure 4B; Tables S20 and
S21), as determined by an absolute value of log2 fold change
below 1, consistent with established transcriptomic thresholds
for biological significance.*?

Notably, in patients with AD, the upregulation of S-NCAM1
and downregulation of L-NCAM1 were evident. Isoform-specific
analyses using unpaired two-tailed t-tests with Benjamini-
Hochberg FDR correction revealed significant differences: p =
3.75 x 107 for L-NCAM1 and p = 2.0 x 107 for S-NCAMT;
for isoform fraction, both yielded p = 1.0 x 107 (Figure 4B).
Structural examination indicated loss of exons 9, 18, 19,
and 20, as well as the insertion of a unique exon (representing
the intronic region between exons 17 and 18) in S-NCAM1
(Figures 4B and 4C).3>4344

Considering that NCAM1 functions as a transmembrane
protein involved in nervous system development,®**** we
analyzed the transmembrane topology and intracellular
domain structure of the two NCAM71 transcripts using
DeepTMHMM.*® Although both transcripts exhibited similar
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Figure 3. AS-caused isoform switch in AD conditions

(A) Precursor message RNA (pre-mRNA) generates different transcripts through different splicing patterns.

(B) A Venn diagram showing genes in which splicing events generate differentially expressed transcripts and are also characterized by an isoform switch.

(C) Among the isoform-switched genes, the isoform transcripts were switched in AD conditions, reflecting in the difference of dominate isoforms between non-AD

and AD.

(D) Different consequences resulting from isoform switch in AD and non-AD. The proportion of genes is presented with different switch consequences.

(E) The coding potential for 642 isoform switch genes. The difference in predominant transcripts between the AD and non-AD is calculated by dIF.

(F) Functional analysis of these genes is presented, showing that they are related to the Golgi membrane, the microtubule-organizing center, and catalytic activity.
(G and H) The brief outflow for 642 genes is performed for further screening, and 15 genes are left. And their expression profile is presented both in non-AD and AD

conditions.

extracellular domains, including multiple immunoglobulin fam- To confirm the presence of AS events in NCAM1 under AD
ily domains and Fn domains, the intracellular domain was ab-  conditions, rmats analysis was performed, detecting two AS
sent from S-NCAM1, in contrast to the full-length L-NCAM1  sites: exon 9 skipping in S-NCAM1 and a unique insertion
(Figures 4C, 4D, and S3B). AlphaFold3 prediction further instead of exons 18-20 (Figure 4E). These findings suggest
demonstrated that the deletion of exons 18-20 in S-NCAM1 that S-NCAM1 serves as a transcript marker for AD pathology,
significantly altered the protein’s C-terminal structure and while L-NCAM1 predominates in non-AD individuals, reflecting
consequently its transmembrane topology (Figure S3C).*¢ an isoform switch associated with the disease state.
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Figure 4. NCAM1 AS events in AD conditions

(A) Screening for homologous genes with similar transcripts between humans and mice. By pairing the L-iso and S-iso forms in humans with their counterparts in
mice and comparing their similarity with a cutoff value of 95%.

(B) Genomic information of NCAM1 transcripts and protein domains. The transcriptional levels of NCAM1 and the levels of NCAM1 isoforms in non-AD and AD
conditions are shown. At the gene level, significant differential expression was defined as [log2FC| > 1. Statistical significance was determined using a two-tailed
unpaired Student’s t test with Benjamini-Hochberg correction. *p < 0.05, *p < 0.01, and ***p < 0.001 (AD vs. non-AD).

(C) Exon details for these two transcripts of NCAM1.

(D) Membrane localization information for L-NCAM1 and S-NCAM1.

(E) Identification of representative ES events for NCAM1 and S-NCAM1. PSI (percent spliced in) reflects the usage of an exon, with a higher PSI value indicating
increased exon usage. RPKM represents the abundance of the exon sequence.

(F) Western blot (WB) analysis was performed to detect the two isoforms of NCAM1 protein in the hippocampus of WT (n = 6) and APP/PS1 mice (n = 6).
Representative immunoblots and densitometric quantification are shown. Statistical significance was assessed using an unpaired two-tailed Student’s t test to
obtain p-values.

(G) Isoform-specific primers were designed to distinguish L-Ncam1 and S-Ncam1 transcripts, and quantitative real-time PCR (qPCR) analysis was performed to
assess the ratio of long to short Ncam1 transcript isoforms in the hippocampus of WT (n = 10) and APP/PS1 mice (n = 10). Statistical significance was assessed
using an unpaired two-tailed Student’s t test to obtain p-values.
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Exon 9 skipping reduced L-NCAMT1 levels, whereas Intron
skipping repressed S-NCAM1 level; thus, exon 9 of NCAM1
may serve as a specific non-AD marker, while the Int sequence
is a tag for AD. Due to the presence of distinct 3'UTR regions,
differential abundance was assessed using IGV analysis
(Figure S3D). The S-NCAM1 3'UTR was significantly upregulated
in patients with AD, whereas L-NCAM1 exhibited the opposite
trend, supporting substantial isoform-specific expression
changes in AD pathogenesis (Figure S3D).

To substantiate these findings in vivo, we examined the
expression of the two Ncam1 isoforms in hippocampal tissues
from six 6-month-old APP/PS1 mice and six age-matched
controls (Figure S3E). Compared to controls, APP/PS1 mice
exhibited a reduced L-NCAM1 (180 kDa) to S-NCAMf1
(120 kDa) ratio, consistent with the altered AS of Ncam1
(Figure 4F and Table S22). This confirms the dynamic transcript
usage of Ncam1 across different pathological states and under-
scores that genes with stable total expression may generate
functionally diverse proteins via AS.

To further substantiate the identity of the Ncam1 isoforms
undergoing switching, RT-gPCR analysis was performed
using total RNA extracted from hippocampal tissues of ten
6-month-old APP/PS1 mice and ten age-matched controls.
Isoform-specific primers targeting S-Ncam?1 and L-Ncam1
were used for the analysis (Figure 4G). Compared to controls,
APP/PS1 mice exhibited a significantly reduced L-Ncam1/S-
Ncam1 ratio, consistent with the western blot results (Figure
4G and Table S23). This confirms the occurrence of isoform
switching of Ncam1 in APP/PS1 mice and further identifies
the specific Ncam1 isoforms involved in this switching event.

The concordant shifts in NCAM1/Ncam1 transcript utilization
observed in human hippocampal tissues and mice suggest
that this phenomenon is a general feature of AD pathology
across species. This broadens our understanding of the molec-
ular mechanisms underlying AD and highlights the complexity
of AS-mediated transcriptomic regulation as an important
contributor to disease progression, with potential relevance as
a source of biomarkers or therapeutic strategies.

Isoform switch of Ncam1 in astrocytes in AD

To confirm whether the AS events of Ncam1 occur under AD
conditions, we analyzed single-nucleus RNA sequencing
data (GSE221959) from the hippocampus of 14-month-old
AD-BXD mice (n = 6) and age-matched wild-type (WT) mice
(n = 6). This facilitated the evaluation of cell-type-specific AS
patterns and the Ncam1 gene expression profile in the hippo-
campus (Figure 5A). Using quality control and unsupervised
clustering, we observed the presence of alternative exons in
each cell cluster, reflecting numerous differential splicing
events across cell types (Figure S4A). Although the expression
of most genes was constant across cell types under AD condi-
tions compared to that under normal conditions, these genes
underwent splicing with significant variation in exon usage,
leading to isoform switching, consistent with the findings
from the bulk RNA sequencing assay (Figure S4B). Notably,
cell-specific splicing events predominantly emerged in endo-
thelial cells, neurons, and astrocytes, with enrichment in genes
involved in nitrogen compound metabolism, neural function,
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and development (Figures S4C and S4D; Tables S24, S25,
S26, S27, S28, S29, and S30).

For the AS event of Ncam1, we observed robust total
Ncam1 expression in neurons, oligodendrocytes, oligoden-
drocyte precursor cells, and astrocytes under physiological
and pathological conditions (Figures 5B and 5C; Table S31).
Given the specificity of the unique Int exon in S-Ncam1, we
utilized Int expression as a marker for S-Ncam1 to detect
spliced transcripts under AD conditions (Figure 4C). Notably,
S-Ncam1 Int exon expression was predominantly observed
in astrocytes, with a significantly higher PSI value in the AD
group than in the non-AD group. This suggested that astro-
cytes in the hippocampus were the primary site for differ-
ential S-Ncam1 expression under AD pathological conditions
(Figures 5D and 5E; Table S32).

Given that Ncam1 splicing predominantly occurred in as-
trocytes, we examined the relationship between S-Ncamf
levels and AD severity in these cells. Three distinct subgroups
of astrocytes were detected: homeostatic state (Ast1; ex-
pressing Sic7a10 and Luzp?2), transitional state (Ast2; ex-
pressing Mfge8), and activated state (Ast3 expressing Ctsb
and Gfap) (Figures 5F, S4E, and S4F).*” Analysis revealed
that Ast3 astrocytes displayed the highest relative expres-
sion of S-Ncam1 and the greatest PSI value (S-Ncam1/Total-
Ncam1) (Figures 5G and 5H), indicating enhanced S-Ncam1
expression in activated astrocytes. The upregulation of
S-Ncam1 in activated astrocytes within AD models suggests
that loss of the intracellular domain of NCAM1 may affect
astrocytic function and potentially modulate their response to
AD pathology.*®

DISCUSSION

This study identified a phenomenon in which many genes with
stable overall expression levels exhibited substantial tran-
scriptional isoform switching during AD progression. These
findings underscore the potential role of AS in AD patho-
genesis. Analysis of AS patterns in hippocampal tissues
from patients with AD compared to non-AD controls revealed
that these events were associated with disease severity.
Specifically, NCAM1 emerged as a key gene affected by AS
in AD. As AD pathology progresses, AS of NCAM1 transitions
from L-NCAM1 to S-NCAM1, potentially resulting in the
loss of NCAM1’s intracellular domain and subsequent partial
functional impairment. These findings contribute to a deeper
understanding of the molecular mechanisms underlying
AD development and suggest that isoform switching may
represent a marker of AD, with implications for its use as a po-
tential biomarker.

Recent studies on AS in AD have primarily used animal
models. For instance, Lu et al. examined the AS profile in the ce-
rebral cortex of 9-month-old APP/PS1 mice and in hippocampal
microglia from both APP and non-transgenic (Ntg) mice.*%*°
However, many mouse models of AD, including Tg2576,
TgCRND8, APP/PS1, 5xFAD, and 3xTg-AD, fail to replicate
certain clinical features of AD.°"°? For example, the 3x Tg model
does not develop neuronal loss, even in the presence of Ap de-
posits and tau pathology.
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Figure 5. AS event of Ncam1 in astrocytes following AD

(A) Single-nucleus RNA sequencing (snRNA-seq) data from hippocampal tissues of WT (n = 6) and 14-month-old AD-BXD (n = 6) mice were analyzed using
t-distributed stochastic neighbor embedding (t-SNE) for unsupervised clustering. Cell-type annotations are indicated as follows: Oli, oligodendrocytes; Ast,
astrocytes; Neu, neurons; Mic, microglia; OPC, oligodendrocyte progenitor cells; Mur, mural cells; End, endothelial cells.

(B) Expression of total Ncam1 in various cell populations in the mouse hippocampus under different pathological conditions. Each dot represents a cell, and the

color of the dot represents the expression level, with darker colors indicating higher expression.

(C) Total-Ncam1 expression levels in different cells in the hippocampus.
D) S-Ncam1 expression levels in various cell populations.

(
(E) Difference of S-Ncam1 to total-Ncam1 in the different cell populations following AD.

(F) Subclassification of astrocyte subpopulations, dividing astrocytes into Ast1, Ast2, and Ast3.
(

G) The expression level of S-Ncam1 in different types of astrocytes.

H) Portion of S-Ncam1 in total Ncam1 in different astrocytes. And the differences in the usage of Int sequence among various astrocyte subpopulations under

(
different pathological conditions.

In the current study, we analyzed RNA sequencing data
from hippocampal tissues of patients with AD and a non-AD
cohort to gain detailed insights into expression patterns and
subtle changes across AD progression in real-world clinical
settings. Given that splicing significantly contributes to tran-
scriptome diversity, we identified numerous genes exhibiting
splicing events during AD progression, particularly those with
functions related to the microtubule organizing center, the
Golgi membrane, and axon guidance of commissural neu-
rons—all of which are associated with AD severity. Among
these, the long isoform of NCAM1 (L-NCAM1) is the predomi-
nant transcript in the hippocampus under normal conditions;
however, under AD conditions, there is a shift toward the short
isoform, leading to a marked decrease in the L-NCAM1-to-S-

NCAMT1 ratio. This alteration was also more evident in APP/
PS1 AD mice than in WT mice (Figure 4F).

AS of primary transcripts is a complex process that signifi-
cantly influences various pathological conditions. Many genes
undergo multiple splicing events, particularly in AD.°® The
NCAM1 gene, for instance, features two distinct splicing
events associated with AD. The first involves the deletion of
exon 9 in the L-NCAM1 variant, while the second is more
elaborate—entailing the loss of exons 18, 19, and 20, along
with the incorporation of an intron-derived exon between
exons 17 and 18 in the S-NCAM1 transcript during AD.
These splicing events occur at different sites within the
NCAM1 pre-mRNA, resulting in the production of S-NCAM1,
which lacks an intracellular domain.
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The NCAMT1 gene is evolutionarily conserved and plays a
crucial role in learning and memory, as well as in various
brain-related biological processes, including synaptic plas-
ticity, neuronal migration, axonal branching, fasciculation,
and synaptogenesis.®* The absence of an intracellular domain
in S-NCAM1 disrupts the signal transduction pathway from
the extracellular to the intracellular membrane, indicating
that NCAM1’s biological function may be altered under these
circumstances—a change with potentially significant impacts
on neuronal communication in AD.

AS events involving NCAM1 predominantly occur in astrocytes.
While bulk RNA sequencing provides the landscape of splicing
events in hippocampal tissues from patients with AD, single-
nucleus sequencing offers a deeper look into cell-type complexity
by creating a comprehensive atlas of human brain cells.
Combining single-nucleus and bulk sequencing provides more
detailed insights into splicing events in AD. AS events reportedly
manifest in various cell types within the prefrontal cortex of AD
brains, affecting the splicing and expression of transcripts
linked to chaperones, such as heat shock protein 90 alpha family
class A member 1 (HSP90AAT) in microglia and neurons with
tauopathy, prostaglandin D2 synthase (PTGDS) in astrocytes
and endothelial cells, and transient receptor potential melastatin
2 (TRPM?2) in astrocytes and excitatory neurons.>®

Our investigation of hippocampal tissues indicates that the
switch from L-NCAM1 to S-NCAM1 predominantly occurred
in astrocytes under AD conditions, not in other astrocyte
subtypes. Reactive astrocytes remodel their morphology,
molecular structure, and function in response to injury, illness,
or infection.®® Thus, the transcriptional shift to S-NCAM1 and
loss of the intracellular domain disrupts the original function
of NCAM1 in astrocytes."®

However, the role of altered NCAM1 expression throughout
the progression of AD pathology was not fully elucidated in this
study. Attempts to knock down S-NCAM1 levels in AB-induced
SVG-p12 astrocyte models using siRNA targeting S-NCAM1
did not yield notable phenotypic changes. This suggests that
physiological levels of S-NCAM1 play an essential role in main-
taining astrocyte function under AD conditions, and abnormally
low S-NCAM1 levels may contribute to AD onset. Moreover, ef-
forts to restore the intracellular function of NCAM1 via L-NCAM1
overexpression were impacted by competitive interactions
between exogenous and endogenous proteins, as reported in
previous studies.’’®® Even with increased exogenous
L-NCAM1, robust competition from endogenous S-NCAM1 pre-
cluded rescue of effects attributable to S-NCAM1.

Nevertheless, AS-generated isoforms offer expanded op-
portunities for investigating genes without significant expres-
sion changes. Our findings underscore the relevance of genes
that are not differentially expressed. Notably, after a series of
screening tests, we identified NCAM1 as a key gene.

Limitations of the study

This study has some limitations. Due to stringent regulations sur-
rounding human brain datasets, we could not obtain permission
for their use and consequently relied on publicly available data
from the Gene Expression Omnibus database. Unfortunately,
accessible sample information was limited to age and sex, and
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the sample size included only 18 individuals. This constraint raises
concerns regarding the reliability of our analyses.

In the next phase of research, we aim to enhance the
accuracy and generalizability of key gene identification by
leveraging rigorously curated databases, such as ROSMAP
and MSBB. This approach will increase our sample size and
facilitate the acquisition of detailed AD-specific information,
including measures such as MMSE, CERAD, and Braak scores.
This will significantly enhance the reliability and representative-
ness of the results. Using these data, we will create a compre-
hensive differential AS map based on nDEGs, combining multi-
ple indicators to thoroughly depict the evolution of AS during
the pathological process of AD, thereby deepening our under-
standing of the molecular mechanisms of AD.

Regarding NCAM1, challenges remain in delineating its various
isoforms and assessing their functional loss within the context
of AD pathology. Nevertheless, elucidating the roles and mech-
anisms of NCAM1—particularly L-NCAM1 and S-NCAM1—in
both non-AD and AD-affected brains, as well as investigating
alterations in splicing factors contributing to isoform differences,
will offer insights and directions for unraveling the complexities
of AD pathogenesis.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

AD mouse model

A total of 40 male mice, including 20 wild-type C57BL/6J mice and 20 APP/PS1 transgenic mice, were used in this study. The C57BL/
6J mice, aged 6 months and weighing 30-35g, were purchased from Jiangsu HuachuangXinnuo Pharmaceutical Technology Co.,
Ltd. The APP/PS1 mice, also aged 6 months and weighing 30-35g, were purchased from Hangzhou Ziyuan Laboratory Animal
Technology Co., Ltd. All mice were housed in a controlled environment with a 12-hour light/dark cycle and allowed free access to
standard rodent chow and water. The animals were acclimated to the laboratory conditions for at least 1 week before the start of
the experiment. All animal procedures were conducted in accordance with institutional and national guidelines and were approved
by the Institutional Animal Care and Use Committee of the Pharmaceutical Laboratory Animal Center at China Pharmaceutical
University (Approval No. 2025-03-003).

METHOD DETAILS

Transcriptome assembly and quantification from RNA-seq data

The bulk RNA-seq data from 18 human hippocampal tissue samples (8 individuals diagnosed with AD and 10 non-AD controls)
were obtained under accession number GSE173955, and all individuals included in the dataset were older than 60 years.
These sequencing data were aligned to the human reference genome (hg38) with the STAR aligner (version 2.4.11a),°° employing
a two-step mapping approach that integrates splice junction information from each sample. Following the initial phase of mapping,
an updated indexing strategy for identified splice junctions was generated, excluding splice junctions originating from mitochondrial
DNA, non-canonical junctions, and those with inadequate read support (read counts < 3), generating the results with heightened
precision and accuracy. After this two-stage approach alignment, the data were analyzed with featureCounts (version 2.0.6) and
RSEM (version 1.3.1) for transcript assembly,®¢" utilizing ENSEMBL GRCh38 and GRCm39 annotations as a guide for the transcript
model reference. To assess differential gene expression, DESeq2 (version 1.32.0) was employed,®® applying stringent criteria that
mandated a P-value < 0.05 and an absolute log?2 fold change (|log2FC|) > 1 for the identification of gene-level differentially expressed
genes (DEGs) and differentially expressed transcripts. Conversely, genes deemed not differentially expressed at the gene level
(nDEGs) were identified based on either an absolute log2 fold change (]log2FC|) < 1 or a P-value > 0.05.

Analysis of AS events

In brief, consistent with previous studies, AS events were classified into five distinct categories: exon skipping (ES), mutually
exclusive exons (MXE), alternative 3’ splice sites (A3SS), alternative 5’ splice sites (A5SS), and intron retention (IR). The inclusion ra-
tios of alternative exons or introns were quantified using rMATS (version 1.32.0) and betAS (version 1.2.1).°*%* AS events were
considered significant between AD patients and non-AD controls if |APSI| > 0.10, a commonly used and conservative effect-size
cutoff in differential splicing analyses.®® P-values were calculated by rMATS and adjusted for multiple testing using the
Benjamini-Hochberg procedure, with FDR < 0.01 indicating significance. For representative genes and splicing events, sashimi plots
were generated using the rmats2sashimiplot utility to visualize exon—-exon junction usage and splicing patterns across conditions.

Functional enrichment analysis

To explore the biological functions of gene-level non-differentially expressed genes (nDEGs), we analyzed their Transcripts Per
Million (TPM) values, which were used as inputs for Proteomaps analysis.®® Additionally, we employed Metascape tools to enrich
the functional profiles of genes exhibiting AS.%° For skipped exon genes with no changes in expression levels, we conducted domain
analysis using Pfam.®”

Isoform switching analysis

Isoform switching analysis was performed using IsoformSwitchAnalyzeR (version 2.2.0).°® To determine the change of isoform levels,
we assessed the difference in isoform fraction (dIF) between AD and non-AD cohorts. We established a criterion for statistical
significance, considering a switch to be notable when the difference in isoform fraction (dIF) exceeded 0.1 and was accompanied
by a P-value below 0.05, indicating robust evidence for isoform switching.

Single nucleus RNA sequencing analysis

The single-nucleus RNA-seq data from 12 mouse hippocampal samples (6 WT and 6 AD-BXD mice) were obtained under accession
number GSE221959, and all mice included in the dataset were 14 months old. Firstly, the sequencing reads were mapped according
to the GRCm39 mouse reference genome using the 10x Genomics Cell Ranger (version 7.1.0),°° and then processed using
STARsolo,*® generating gene expression count matrices. To ensure data quality, we implemented rigorous quality control measures
within Seurat (version 1.2.1),”° excluding cells with excessive mitochondrial gene content (> 15%) or genes expressed in fewer than
10 cells. After data washing, the expression data was normalized to account for library size differences, scaling Unique Molecular
Identifier (UMI) counts to a uniform total of 10,000 per cell. Substantially, we integrated the data and calculated t-distributed Stochas-
tic Neighbor Embedding (t-SNE) coordinates for dimensional reduction and visualization purposes. Cell types were manually
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annotated by referencing the CellMarker2.0 database.”’ Finally, to unravel AS events at single-nucleus resolution, we applied
MARVEL (version 2.0.5) to capture the intricate landscape of alternative splicing. We excluded non—protein-coding genes from down-
stream analyses. For differential splice-site usage, only genes expressed in >10% of cells and splice junctions detected in >10% of
cells were retained for downstream AS analyses. Differential splicing was assessed using MARVEL s bootstrap-based testing frame-
work, which estimates the significance of splicing differences by resampling PSI distributions across cells within each group. Given
the increased technical noise and sparsity inherent to single-nucleus data, we applied relatively permissive thresholds, defining sig-
nificant AS events as those with P-value < 0.05 and |APSI| > 0.05.” All single-cell analyses were performed using the integrated
Seurat object. Cell type-specific Ncam1 expression levels were calculated as the total Ncam1 expression across all cells of a given
cell type divided by the total number of cells in that cell type. For S-NCAM1, a specific splice junction was used as a marker, and
S-NCAM1 expression was defined based on the presence of this splice junction, calculated as the total number of cells containing
the specific intron junction divided by the total number of Ncam1-expressing cells.

Western blot assay

The mice were humanely euthanized under deep anesthesia. To ensure complete perfusion, cold PBS was pumped through the
left ventricle at a controlled flow rate of 10 mL/min for a duration of 60 seconds. Following cardiac perfusion, brains were metic-
ulously extracted, and total cellular proteins were extracted from the hippocampal tissues. This was done by lysing the tissues with
RIPA buffer (purchased from Beyotime) supplemented with phenylmethylsulfonyl fluoride (PMSF). Subsequently, the lysates were
centrifuged at 12,000 rpm/min at 4°C for 30 minutes to collect the supernatant. The quantification of protein content was
performed using a BCA kit (also obtained from Beyotime). The isolated proteins were subjected to electrophoresis on SDS-
PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and then transferred onto polyvinylidene difluoride (PVDF)
membranes (purchased from Millipore). After transfer, the membranes were blocked with 5% skim milk prepared in Tris-buffered
saline containing 0.1% Tween 20 (TBST) for 1 hour at room temperature. The membranes were then incubated overnight at 4°C
with primary antibodies, appropriately diluted in blocking solution, including the NCAM1 antibody purchased from Proteintech
(Wuhan, China). After thorough washing with TBST for five cycles, the membranes were incubated with secondary antibodies
(HRP-conjugated anti-rabbit IgG) for 1 hour at room temperature. Protein expression was detected using an enhanced chemilu-
minescence kit (Tanon) and visualized using a Gel Imaging System (Bio-Rad, ChemiDoc MP, USA). The resulting densitometry
values were normalized to the intensity levels of tubulin, and quantification was performed using ImageJ.”®

RNA isolation and RT-qPCR analysis

Hippocampal tissues were dissected from APP/PS1 mice, and total RNA was extracted using RNA isolater Total RNA Extraction
Reagent (Vazyme) according to the manufacturer’s instructions. RNA was reverse-transcribed into cDNA using HiScript || Reverse
Transcriptase (Vazyme) on a Gene Explorer thermal cycler (BIOER). Quantitative real-time PCR (qPCR) was performed on a CFX
Opus 384 system (Bio-Rad) using SYBR Green PCR Master Mix (Vazyme). The thermal cycling conditions consisted of an initial
denaturation at 95°C for 10 min, followed by 35 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Isoform-specific primers
were designed to selectively amplify total Ncam1, L-Ncam1, and S-Ncam1 transcript isoforms. Quantitative real-time PCR was
performed to quantify total Ncam1 expression as well as individual isoforms. Isoform switching was assessed by calculating
the ratio of L-Ncam1 to S-Ncam1 expression levels. Relative expression levels were calculated using the 2°24°t method and
normalized to an endogenous control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Transcriptomic differential expression analysis was performed in R studio (version 4.3.2), where P-values were calculated using
DESeq?2 (version 1.50.2). Statistical analyses and data visualization for biological experiments, including RT-gPCR and Western
blot analyses, were performed using GraphPad Prism 9. Sample sizes correspond to the number of biological replicates and are
reported in the figure legends and Results. Data are presented as mean + SEM. Differences between two groups were assessed
using an unpaired two-tailed Student’s t-test. Full statistical details, including exact sample sizes and significance values, are
provided in the figure legends and main text.
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