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Abstract 

A comprehensive understanding of molecular changes during brain aging is essential to mitigate cognitive decline and delay neurodegenerative 
diseases. The interpretation of mRNA alterations during brain aging is influenced by the health and age of the animal cohorts studied. Here, 
we carefully consider these factors and provide an in-depth in v estigation of mRNA splicing and dynamics in the aging mouse brain, combining 
short- and long-read sequencing technologies with e xtensiv e bioinf ormatic analy ses. Our findings encompass a spectrum of age-related changes, 
including differences in isoform usage, decreased mRNA dynamics and a module showing increased expression of neuronal genes. Notably, 
our results indicate a reduced abundance of mRNA isoforms leading to nonsense-mediated RNA decay and suggest a regulatory role for RNA- 
binding proteins, indicating that their regulation may be altered leading to the reshaping of the aged brain transcriptome. Collectively, our study 
highlights the importance of studying mRNA splicing e v ents during brain aging. 
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Introduction 

Brain aging is a universal phenomenon associated with cogni-
tive decline and progressive deterioration of physiological and
biochemical processes ( 1 ). With advancing age, the functional
capacity of the human brain gradually deteriorates, resulting
in loss of attention, reduced efficiency of sensory perception,
and lack of coordination ( 2 ). Age-related cognitive impair-
ment is associated with cellular and anatomical changes, such
as decreased myelination ( 3 ) and synaptic alterations ( 4 ). Im-
portantly, age is the major risk factor for neurodegenerative
pathologies such as Alzheimer’s and Parkinson’s disease ( 5 ),
making the study of the molecular mechanisms underlying
aging crucial to preventing disease and maximizing human
healthspan. 

In the past, a number of gene expression profiling studies
have been performed in the brain, comparing the transcrip-
tomes of younger and older brains very often using mice as
model organism ( 6–19 ). The main finding of these studies is
that with aging there is an upregulation of genes involved
in complement activation and immune function ( 20–23 ), evi-
denced by upregulation of microglial and astrocyte genes ( 21 )
and downregulation of genes encoding immunosuppressive
factors ( 24 ). In addition, astrocytes upregulate the expression
of inflammatory factors that can lead to synaptic damage ( 24 ).
The increase in the immune response has also been observed
in human brain aging ( 4 ). although in patients it is challeng-
ing to distinguish physiological brain aging from cases where
the over-activated immune environment actually corresponds
to a very early step in the progression of neurodegenerative
changes ( 25 ). 

At the molecular level, brain aging comprises several alter-
ations such as changes in DNA accessibility and histone post-
translational modification patterns, resulting in long-term al-
terations in expression profiles of neurons and glial cells ( 26 ).
Recent data have also highlighted the importance of DNA re-
pair in neurons ( 27 ) and the role in transcriptional elongation
fidelity ( 28 ) suggesting that the mechanisms upholding the in-
tegrity of the transcriptome and proteome face heightened vul-
nerability during the aging process. Remarkably, the changes
observed in protein levels within the aging brain are subtle
( 29 ) with the predominant alterations revolving around shifts
in protein aggregation ( 30 ) and protein turnover profiles ( 31 ).
The seemingly low extent of proteomic changes might sug-
gest that overall molecular changes in the brain are limited. It
could also imply that protective buffering mechanisms coun-
teract transcriptomic changes at the proteomic level. However,
the reality is more complex. 

Conventional liquid chromatography-mass spectrometry-
based techniques employed in proteomics depend on bottom-
up strategies, deconstructing proteins into peptides for subse-
quent in-silico protein identification via matching with a pro-
tein database ( 32 ). This methodology inherently forfeits in-
formation about protein isoforms, a challenge further com-
plicated by the presence of posttranslational modifications
and diverse proteoforms ( 33 ). While top-down proteomic ap-
proaches capable of surmounting these limitations exist and
are progressively becoming more accessible ( 34–36 ), their im-
plementation is not without complexity, and their coverage of
the proteome remains moderate. In the pursuit of investigating
cellular diversity, recent years have witnessed the emergence of
various single-cell transcriptomic methodologies ( 37–39 ) en-
abling the comprehensive profiling of entire cell populations
within the aged brain ( 6 ). These foundational works have sup- 
plied a wealth of information, shedding light on the activation 

of glial and immune cells during aging. They significantly con- 
tribute to our understanding of the aging process in the brain.
However, the rapid expansion of these fields has not yet ren- 
dered them applicable to an exhaustive analysis of isoform 

discrepancies, due to the limited number of genes and proteins 
that can be captured by these methodologies ( 40 ,41 ). 

Changes in isoforms at the mRNA level result from alterna- 
tive splicing (AS), a process that generates multiple molecules 
from a single gene, resulting in a vast functional diversity 
and tissue complexity that makes the study of transcriptomes 
fascinating in the post-genomic era ( 42–45 ). In addition to 

potentially encoding different proteins, different mRNA iso- 
forms can affect mRNA stability by altering the interaction 

of RNA-binding proteins (RBPs). Moreover, adjustments in 

the length of the 3 

′ -untranslated region (3 

′ UTR) can regulate 
translation rate and thus modulate protein levels ( 46–48 ). Fur- 
thermore, differences in isoform expression diversity could be 
based on variable usage of untranslated transcripts and / or 
non-principal isoforms, implying that even small changes in 

isoform usage could significantly affect downstream proteome 
function ( 49 ). 

Strikingly, the brain has the highest level of age-related 

splicing changes compared to most of the other organs in the 
body ( 43 ). Age-related diseases such as Parkinson’s disease ( 7 ),
Alzheimer’s disease ( 50 ), and frontotemporal lobar dementia 
( 51 ) are associated with changes in RNA metabolism, partic- 
ularly mRNA splicing. Amyotrophic lateral sclerosis ( 52 ) and 

autism ( 53 ) have been linked to mutations in RNA-binding 
proteins involved in splicing control and aberrant splicing.
Splicing factors such as the polypyrimidine tract binding pro- 
teins 1 and 2 (PTBP1 and PTBP2) and other RBPs such as 
the heterogeneous nuclear ribonuclear proteins A1, H1, H3,
and F (hnRNPA1, hnRNPH1, hnRNPH3, hnRNPF) show in- 
creased mRNA levels with age in humans ( 54 ), suggesting that 
a tight crosstalk between mRNA species and RBPs is nec- 
essary to regulate these pathways. These observations sug- 
gest that transcription factors and RBPs may potentially affect 
exon / intron inclusion ( 4 ,55 ) and may play an important role 
in age-dependent changes. 

In light of these considerations, although isoform changes 
have been studied in the context of brain aging ( 54 , 56 , 57 ),
none of the previous work has extensively analyzed differen- 
tial transcript usage (DTU) during brain aging, and system- 
atically addressed the general aspects that control this pro- 
cess. This is crucial given the current insufficient exploration 

of this field ( 57–61 ), and has the potential to pave the way for 
novel discoveries also in the light of the recent development 
of technologies that allow to systematically study the role of 
RBPs ( 62 ,63 ). Thus, here we have chosen to focus our efforts 
on the comprehensive analysis of the overarching mechanisms 
that govern isoform transitions and DTU in the context of 
brain aging. We concentrated on whole brain bulk transcrip- 
tome analysis, and used two sequencing technologies, short- 
read RNAseq and long-read RNAseq acquired through Ox- 
ford Nanopore technology (ONT). We utilized brain samples 
from both young adult (6 months) and aged adult (24 months) 
male mice and analyzed two independent cohorts of mice to 

obtain reproducible and accurate data. Our approach encom- 
passed the examination of mRNA expression, extensive clus- 
tering, scrutiny of isoform usage, RBP binding probability and 

a study of RNA dynamics. We have also extensively integrated 
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ur results with re-analyses of recent works using complemen-
ary approaches such as single-cell sequencing. Our work con-
ributes to a clearer understanding of changes due to aging,
dentifies a specific pattern in the expression of genes show-
ng a switch between isoforms bidirectionally expressed and
ighlights a difference in mRNA dynamics during brain ag-

ng. This multifaceted analysis offered a comprehensive view
f the transcriptomic landscape in the aging brain. 

aterials and methods 

ethodological overview 

e used bulk RNA sequencing from two cohorts of male
ice at 6 and 24 months of age to explore the changes in
RNA expression, isoform usage, and post-transcriptional
NA dynamics during brain aging. RNA was extracted from

he whole brain and subjected to poly-A enrichment. 
We concentrated on males as we have done in the past

 31 ,64 ) as it has been proposed that gene expression changes
ssociated with brain aging are more apparent in males than
emales ( 65 ) and studying male mice allowed us to evaluate
he specific effect of genes expressed on the Y-chromosome.

e generated short-read RNAseq data and in parallel ac-
uired long-read transcriptome data using Oxford nanopore
equencing technology (ONT) to strengthen our results and
ross-validate them with a different sequencing technology.
e also added a second cohort of animals for biological vali-

ation purposes. Unless otherwise stated, downstream analy-
es presented here were primarily based on gene or isoform
uantification from the original short-read paired-end data
ataset. We generated ∼130M reads per sample for the short-
ead paired-end RNAseq dataset (average read length of 151
p), ∼30M reads per sample for the short-read single-end
NAseq dataset (average read length of 50 bp) and ∼1M

eads per sample for the long-read dataset (average read length
f 825 bp; Supplementary Table S1 ). As expected by the
ong-read dataset, the read length ranges from ∼140–50 000
p, which is common for nanopore datasets ( 66 ). In both
ases, raw reads were processed and mapped to the reference
enome (GRm39.103) and were quantified at the gene and
t the isoform level. Further downstream analyses were per-
ormed to explore differences across ages. 

nimal cohorts 

ll performed animal experiments were approved by the
ocal authority, the Lower Saxony State Office for Con-
umer Protection and Food Safety (Niedersächsisches Lan-
esamt für Verbraucherschutz und Lebensmittelsicherheit).
he cohorts of mice used here (C57Bl / 6JRj) were pur-
hased from Janvier labs and routinely checked for ab-
ence of the following four classes of pathogens: (i) bac-
eria and fungi: Bordetella bronchiseptica , CAR bacillus,
itrobacter rodentium , Clostridium piliforme , Corynebac-

erium bovis , Corynebacterium kutscheri , Dermatophytes ,
ncephalitozoon cuniculi , Helicobacter spp, Mycoplasma
ulmonis , Pasteurellaceae , Actinobacillus spp., Haemophilus
pp., Mannheimia haemolytica , Pasteurella spp., Pasteurella
ultocida , Pasteurella pneumotropica , Pasteurella trehalosi ,

almonella spp., Streptobacillus moniliformis , Streptococci
-hemolytic (not group D), Streptococcus pneumoniae ; (ii)
ndoparasites: protozoa, Entamoeba spp., Flagellates, Coc-
idia, Helminths, Cestodes, Nematodes; (iii) ectoparasites:
mites, fur-dwelling mites, surface-dwelling mites, follicle-
dwelling mites, lice, fleas; (iv) viruses: hantaviruses, K virus
(mouse pneumonitis virus), lactate deshydrogenase elevat-
ing virus (LDV), lymphocitic choriomenigitis virus (LCMV),
minute virus of mice (MVM), mouse adenovirus (MAD)
type 1 (FL), mouse adenovirus (MAD) type 2 (K87), mouse
cytomegalovirus (MCMV), mouse hepatitis virus (MHV),
mouse parvovirus (MPV), mouse polyomavirus, mouse ro-
tavirus (EDIM), mouse thymic virus (MTV), mousepox (ec-
tromelia) virus, murine norovirus (MNV), pneumonia virus of
mice, reovirus type 3 (Reo 3), Sendai virus, Theiler’s murine
encephalomyelitis virus (TMEV). 

Tissue isolation and mRNA extraction 

For mRNA isolation, whole hemispheres were dissected from
two cohorts of four male mice (four animal replicates for two
cohorts, eight adult and eight aged in total) from each age
group (young-adult 6m and aged-adult 24m) and further used
for RNAseq analysis. After rapid dissection on ice, the tissue
was washed briefly in 320 mM sucrose buffer (320 mM su-
crose, 5 mM HEPES pH 7.4) and homogenized with a Teflon
pestle in glass homogenizer operated with a drill (10 strokes at
900 rpm) in 2 ml of sucrose buffer supplemented with RNase
inhibitors (New England Biolabs, cat. M0314, at the concen-
trations indicated by the manufacturer). This step allowed
to obtain a homogenous tissue lysate representative for the
whole brain. The lysate (500 μl) was used for RNA extrac-
tion, mixed with 800 μl Trizol and extracted with the Qiagen
RNeasy mini kit following the manufacturer’s protocol. Total
brain mRNA was always kept on ice and stored at –80 

◦C. 

Library preparation and sequencing for short-read 

dataset 

Sequencing of RNA samples from a first biological cohort of
8 male mice was performed using Illumina’s next-generation
sequencing methodology ( 67 ). In detail, total RNA was quan-
tified, and quality checked using the Tapestation 4200 instru-
ment in combination with RNA ScreenTape (both Agilent
Technologies). Libraries were prepared from 500 ng of in-
put material (total RNA) using NEBNext Ultra II Directional
RNA Library Preparation Kit in combination with NEBNext
Poly(A) mRNA Magnetic Isolation Module and NEBNext
Multiplex Oligos for Illumina (96 Unique Dual Index Primer
Pairs) following the manufacturer’s instructions (New Eng-
land Biolabs). Quantification and quality checks of libraries
was done using an Agilent 4200 Tapestation Instrument and
D1000 ScreenTapes (Agilent Technologies). Libraries were
pooled and sequenced on a NovaSeq 6000 SP 300 cycle run.
System runs in 151 cycle / paired-end / standard loading work-
flow mode. Sequence information was converted to FASTQ
format using bcl2fastq v2.20.0.422. The datasets generated
and analyzed for the short-read dataset are available on GEO
under the accession number: GSE233835. For validation pur-
poses, we analyzed samples from a second independent cohort
of 8 male mice. This second short-read dataset is available in
GEO under accession number GSE249499 as a subseries of
our main series GSE233837 (see data availability section). In
this case, the samples were processed in a different sequenc-
ing facility according to the protocol for Illumina stranded
mRNA preparation and the mRNAs were sequenced on the
HiSeq4000 with a length of 50 bp (single-end) in order to ex-
clude a possible bias due to where the samples were processed

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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and sequenced. Sequencing was performed by the Transcrip-
tome and Genome Analysis Laboratory (Göttingen). 

Short-read data quality controls and alignment 

First, the ‘fastq’ files were evaluated for read quality us-
ing the FastQC v0.11.9 ( 68 ) through the command line
tool. The adapter sequence (‘ AGA TCGGAAGAGC’) from the
‘fastq’ files was trimmed using trimgalore v0.4.11 ( 69 ) and
these trimmed fastq files were assessed for read quality us-
ing the FastQC v0.11.9 command line tool ( 68 ). Second,
the ‘fastq’ files were mapped to the reference mouse genome
(GRCm39.103) using the ‘hisat2’ tool ( 70 ) and quantified us-
ing feature counts from subread package ( 71 ) for gene-level
read counts. Note that for isoform-level read counts, the raw
files were mapped and quantified to the transcriptome using
salmon v0.10.2 ( 72 ). Third, gene and isoform reads were fil-
tered for low counts ( ≤5 reads) and quantile normalization
followed by row-wise median normalization. This allowed us
to compare these datasets more reliably across the biological
replicates. The number of splicing isoforms was determined
in either the young adult or aged brain after applying a min-
imum cutoff ( > 2) to check if there was a difference in the
number of splicing isoforms between the ages. The normalized
data files were visualized with Principal Component Analy-
sis (PCA) in R using prcomp() function to identify possible
outliers. As these were not found, we proceeded with further
analyses. 

Oxford nanopore technology (ONT) sequencing 

Sample measurements using RNA High Sensitivity (HS) assay
kit were taken before the library preparation for Direct RNA
nanopore sequencing was started, and cleanup and concentra-
tion of the sample were performed. The samples from the first
cohort of male mice (matched to the subseries GSE233835)
were measured to be in the range of: 5.9–11 μg. A 1:1 ratio
of RNAClean xp beads was used to clean up the sample. It
was eluted in 9 μL nuclease-free water and directly used for
library preparation with the Oxford Nanopore protocol SQK-
RNA002. All steps were followed according to the manufac-
turer’s specifications, with increased incubation periods (RNA
elution to 15 minutes and adapter ligation to 20 min). The
RMX volume was reduced to 4 μl. The final library concen-
tration was in the range of 1044 to 1372 ng. The library was
then loaded on an R9.4 flow cell and sequenced on a MinION
device (Oxford Nanopore Technologies). The sequencing run
was terminated after 72 h. The datasets generated and ana-
lyzed for the long-read dataset are available on GEO as a sub-
series of our main accession (GSE233837) with the accession
number: GSE233836. 

Oxford nanopore technology (ONT) data quality 

and alignment 

Long read sequencing was performed using MiniON Initially
the ‘fastq’ files were assessed for quality using the command
line tool NanoStat ( 73 ). Second, the ‘fastq’ files were mapped
to the reference mouse genome (GRCm39.103) using the ‘min-
imap2’ tool ( 74 ) and quantified using feature counts from sub-
read package ( 71 ) for obtaining gene-level counts. Not that for
transcript-level read counts, the files were mapped to the tran-
scriptome ‘minimap2’ tool ( 74 ) and quantified using salmon
v0.10.2 ( 72 ). Third, gene and isoform reads were filtered for
low counts ( ≤5 reads), and quantile normalization followed
by a ‘row-wise’ median normalization was performed for ease 
of further analysis as in the case of the short-read datasets. 

Differential expression and gene ontology analysis 

The normalized counts were used to perform Differential 
gene expression (DGE) analysis using the DESeq2 v1.30.1 

( 75 ) R package. Significantly differentially expressed genes 
( Supplementary Table S2 ) and isoforms ( Supplementary Table 
S9 ), with corresponding adjusted P -values ( padj ) of ≤ 0.05 

and |log 2 FC| of ≥0.58 were selected to determine the func- 
tional significance by performing a gene ontology analy- 
sis using the clusterProfiler v4.5.0 ( 76 ) package. Gene over- 
representation analysis was performed using the enrichGO() 
function and gene set enrichment analysis was performed 

using gseGO() with default parameters and a p -value cut- 
off ≤0.05 and the P -values were adjusted using the Benjamini–
Hochberg method. Furthermore, the background genes for the 
over-representation analysis were the genes that were signifi- 
cantly differentially expressed. 

Weighted correlation network analysis (WGCNA) 
and their association with the cell types and brain 

pathologies 

To construct co-expression networks capturing potentially 
coregulated genes in the aged brain, we utilized gene-level 
counts. Initially, the counts were filtered for low counts ( ≤5 

reads), and then we applied quantile normalization, followed 

by row-wise median normalization to account for differences 
per gene in the aged brain. The resulting normalized gene-level 
counts were used as input to identify functional groups using 
the WGCNA v1.7.1 ( 77 ) R package. Gene expression mod- 
ules or functional groups within a signed network were gen- 
erated based on the topological overlap matrix (TOM), em- 
ploying a soft-threshold power of 18 to approximate a scale- 
free topology. We set the minimum size of the modules at 300 

and cutHeight at 0.85. Then the genes were clustered based 

on the dissimilarity measure (1-TOM). To assess the func- 
tional significance of these modules, we performed gene over- 
representation analysis using the enrichGO() function in the 
clusterProfiler v4.5.0 ( 76 ) R package. The background genes 
used for this over-representation analysis were all the genes 
assigned to any of the modules in the WGCNA analysis, en- 
suring a comprehensive evaluation of functional enrichment.
Additionally, we investigated the association of these modules 
with brain pathologies by analyzing curated and available dis- 
ease datasets from the literature. The list of the brain patholo- 
gies considered for the analysis included Parkinson disease 
(PD, N = 229), mental retardation (MR, N = 457), autism 

( N = 924), ataxia ( N = 245), amyotrophic lateral sclerosis 
(ALS, N = 50), and Alzheimer disease (AD, N = 82)). The 
overlap ratio was calculated using the GeneOverlap v1.26.0 

( 78 ) package within R. Furthermore, we explored the associa- 
tion of these modules with specific cell types using the Tabula 
muris senis dataset ( 6 ) ( Supplementary Table S7 ), providing 
insights into potential cellular mechanisms underlying brain 

aging. Furthermore, we validated these functional groups or 
modules using the modulePreservation() function from the 
WGCNA package. This validation was conducted using a sec- 
ond short-read dataset (50 bp) acquired in an independent co- 
hort of mice, a long-read dataset, and a previously-published 

human brain aging dataset ( 7 ,79 ) (GSE36192). This compre- 
hensive validation allowed us to assess the preservation and 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data


Nucleic Acids Research , 2024 5 

r  

e

G

F  

p  

l  

r  

N  

f  

t  

s  

o  

u  

t  

W  

v  

i  

s  

r  

i  

c

D

T  

i  

a  

e  

A  

p  

t  

s  

c  

m  

i  

t  

t  

t  

e  

s  

a  

i  

m  

w  

e  

t  

w  

j  

p  

v  

s  

p  

i

R
(

A  

(  

a  

m  

w  

t  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae172/7627472 by U

niversita di M
ilano Bicocca user on 20 M

arch 2024
obustness of the identified functional modules across differ-
nt datasets, enhancing the reliability of our findings. 

C3 / AU3 analysis 

or the calculation of GC3 / AU3 content, which represents the
ercentage of the third letter in each codon, we initially se-

ected all genes with isoforms that exhibited significant bidi-
ectional expression changes (both up- and down-regulated).
ext, we determined the average GC3 content for each iso-

orm sequence within these selected genes and then computed
he mean percentage of GC3 for all isoforms per gene. Sub-
equently, we categorized the isoforms into two groups based
n their direction of expression change during aging (either
pregulated or downregulated). For each group, we calculated
he difference between the averaged GC3 content of each gene.

e then normalized this difference by dividing it by the same
alue, resulting in a normalized GC3 content value for each
soform group (either upregulated or downregulated). For in-
tance, if there is no difference between the groups, the value
eported is 0. Conversely, if there is a difference, the value
s either positive or negative, indicating the direction of the
hange. 

ifferential transcript usage (DTU) analysis 

o delve deeper into isoform resolution, with a focus on
soform switching and its potential consequences associ-
ted with alternative splicing, we performed D TU (Differ -
ntial Transcript Usage) analysis using the IsoformSwitch-
nalyzeR v1.12.0 ( 80 ) package. In this analysis, we ap-
lied several filtering steps to ensure robust results. Ini-
ially, we filtered transcript counts based on geneExpres-
ionCutoff ≤5 and isoformExpressionCutoff ≤3, and only
onsidering genes with at least two isoforms by setting re-
oveSingleIsoformGenes = TRUE. The isoform switches,

ndicating differences in alternative splicing events, were
hen identified using the isoformSwitchAnalysisPart1() func-
ion, employing the DEXSeq switchTestMethod. To predict
he functional consequences of the isoform switches, we
mployed the isoformSwitchAnalysisPart2() function, con-
idering inputs from CPC2 and PFAM results. We evalu-
ted several consequences, including ‘intron_retention’, ‘cod-
ng_potential’, ‘ORF_seq_similarity’, ‘NMD_status’, and ‘do-
ains_identified’. The consequence summary and enrichment
ere generated using the extractConsequenceSummary() and

xtractConsequenceEnrichment() functions. The significance
est was performed using R’s exact binomial test ‘binom.test()’
ith default parameters and the resulting p-values are ad-

usted with ‘p.adjust()’ using FDR (Benjamini-Hochberg). By
erforming this comprehensive isoform-level analysis, we gain
aluable insights into the intricate dynamics of alternative
plicing and isoform switching in the context of brain aging,
roviding a deeper understanding of the potential functional
mplications of these molecular events. 

NA binding proteins (RBPs) and splicing factor 
SF) analysis 

 list of RBPs and SFs was curated from the RBPmap database
 81 ) ( Supplementary Table S12 ). The binding motifs of RBPs
nd SFs were used to determine the binding probability on
RNAs (whole or sub-portions such as the 3 

′ UTR). Initially
e calculated the number of occurrences of each motif within

he sequence and we then expressed them as binding prob-
ability (calculated per 10 

′ 000bp). In the case of RBPs or SFs
with more than one motif, the probabilities were summed. For
the 3 

′ UTR we calculated the fold change (FC) difference be-
tween the 24m and 6m by grouping transcripts that are either
downregulated, upregulated, or non-significantly changed in
the aged brain. In the heatmap ( Supplementary Figure S12 ) the
FC was plotted as log 2 , so positive values indicate a relatively
higher binding probability in the selected group of genes and
padj were calculated with ANOVA followed by Tukey post-
hoc test accordingly. All the values are in any case reported in
Supplementary Table S12 (sheet name ‘RNA binding protein
analysis for 3UTR’). 

Comparison to other available published datasets 

We compared our data with a human dataset ( 7 ,79 )
(GSE36192). Here a sub-selection of the biological samples
from GSE36192 was performed to compare the age group
of mice and human as follows: 6m mice were compared to
human male cortex samples between the age of 19 and 39
(young adult) and 24m mice were compared to human sam-
ples between the age of 48 and 60 (aged). We used the counts
deposited in GSE36192, row-median normalized them, and
checked for preservation with the modules that we identified
in mice through our WGCNA analysis. 

To compare the whole brain sequencing data obtained in
this study with single-cell datasets, several datasets were used.
Initially, since we wanted to check if there a change in the
specificity of the expression of neuronal genes is an effect at
the level of the whole brain, we used the Tabula muris se-
nis database ( 6 ). This database does contain single-cell data
for the whole organ and is thus most suited for this purpose.
Here we retrieved the counts for various cell types, including
non-myeloid cells (neurons, N = 14 373; neuronal stem cell,
N = 1318; astrocytes, N = 9181) and myeloid cells (microglia,
N = 18 052) ( 6 ). We normalized the data, and checked the ex-
pression of the genes across different cell populations for neu-
ronal genes that were selected from the SynGo Database ( 82 )
or for all other remaining genes ( Supplementary Figure S2 c-f).

To determine if there is a specific cell composition change
in the aging brain, we retrieved and reanalyzed datasets from
Allen and collaborators ( 37 ) and from Buckley and collabo-
rators ( 39 ) and performed deconvolution-like analyses to esti-
mate the effect from single-cell populations ( 83 ). The dataset
from ( 37 ) includes different cell types at different ages in the
mouse brain. To analyze cell composition, we identified the
number of cells per cell type across different ages for ex-
citatory neurons (ExN), inhibitory neurons (InN), medium
spiny neurons (MSN), oligodendrocytes (Oligo), astrocytes
(Astro), endothelial cells (Endo), microglia (Micro), oligoden-
drocyte precursor cells (OPC), pericytes (Peri) and vascular
leptomeningeal cells (VLMC). We calculated the total num-
ber of cells per biological sample and the relative percentage
changes of the number of cells across ages. To select genes spe-
cific for each cell type, we retrieved their gene counts and cal-
culated the fold change differences across all cell types. When
determining cell-specificity for a defined cell type, the genes
with a fold change > 4 in the remaining cell types were consid-
ered specific. After the sub-selection of cell-type specific genes,
it was found that macrophages (Macro) had only one gene
and T cells did not have any genes and therefore were not
included in further analyses. We checked the expression of
the cell-type specific genes in the young and aged brain (both

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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in their dataset and in our short-read dataset). The dataset
from ( 39 ) also includes different cell types at different ages.
Since biological replicates are scattered across ages, to be able
to obtain mouse groups for direct comparison to our short-
read dataset we grouped the ages from 4.7m to 8.4m (average
∼6m) and considered them as ‘young adult’ and from 22.6m
to 25.93 (average 24m) and considered them as ‘aged’. To an-
alyze cell composition, we identified the number of cells per
cell type for activated neuronal stem cells (aNSC), neurons,
neuroblasts, Oligo, Astro, Endo, Micro, OPC, mural, ependy-
mal cells (Epen), and Macro per age group. Further analy-
ses were carried on similarly to what is described above, al-
though a slightly higher threshold of 5 was used as the num-
ber of genes was slightly higher. All these results are detailed
in Supplementary Table S4 , sheet ‘Buckley and collaborators
Single-cell’. 

To determine if there is a region-specific contribution to the
changes that we observed in our short-read dataset we con-
sidered the region-specific information contained in the work
from Allen et al. ( 37 ). To identify genes unique to specific brain
areas, we collected gene counts for the following distinct re-
gions: upper cortical layers, cortical layers V and VI, stria-
tum, corpus callosum, and olfactory bulb region. We assigned
each gene to a single region based on its count compared to
the median count in other regions. If a gene’s count exceeded
the median count of that gene in other areas, it was allocated
to that particular region. However, if a gene showed higher
counts in multiple regions compared to the median value, it
was not assigned to any region. For example, if ‘gene X’ had
100 reads in cortical layer V and this count surpassed the me-
dian count for all other brain regions, ‘gene X’ was placed
in cortical layer V. Conversely, if ‘gene X’ had higher counts
in multiple regions exceeding the median values, it was not
considered for assignment to any specific region. To assess the
conservation of region-specific information in humans we an-
alyzed data from the Human Protein Atlas ( 84 ). Here, we con-
sidered genes specific for the cerebral cortex, cerebellum, basal
ganglia, thalamus and hippocampus, and the region-specific
assignation was directly obtained from that work ( 84 ). 

For the analysis of CLP1, an important enzyme that
can phosphorylate the 5 

′ -hydroxyl groups of RNAs, we se-
lected referred to a previously published work ( 85 ). Here
we retrieved the genes that are significantly either down-
or up-regulated in the CLP1 KO mice versus WT mice
(log 2 FC ≥ |0.58| and padj ≤ 0.05) and used these genes for
the analysis showed in Supplementary Figure S11 f. 

External dataset retrieval information 

Data for Supplementary Figure S2 for the single-cell dataset
was obtained from cellxgene for Brain myeloid and non-
myeloid cells ( https:// cellxgene.cziscience.com/ datasets ) ( 6 ).
Data for Supplementary Figure S1 g (human dataset) ( 7 ,79 )
were obtained from Gene expression omnibus (GEO) using
the identifier GSE36192. Data for Supplementary Figure S3
and S4 (single-cell and region specific) were obtained
from zenodo ( https:// zenodo.org/ records/ 7145399 )
( 37 ) and cellxgene ( https://cellxgene.cziscience.com/
collections/31937775- 0602- 4e52- a799- b6acdd2bac2e ) 
( 39 ). Data for Supplementary Figure S5 for the region-
specific dataset was obtained from human protein atlas
( https:// www.proteinatlas.org/ humanproteome/ brain ) ( 84 ). 
RNA dynamics 

To find the RNA dynamics between young adult (6m) and 

aged mice (24m), we profiled premature and mature RNA ex- 
pression levels from total RNA-seq data, and we used these 
quantities to estimate the ratio of processing to degradation 

rates (i.e. post-transcriptional ratio). A difference of this mea- 
sure between two conditions is indicative of a peculiar modu- 
lation of RNA processing and / or stability ( 86 ). Then, we per- 
formed a gene-level analysis with the R package INSPEcT ( 87 ) 
to identify the genes that are post-transcriptionally regulated 

between the two conditions ( Supplementary Table S13 ). 

Plots and statistics 

All plots were created in R. Statistical calculations were per- 
formed in R as indicated in the text. 

Results 

Gene expression changes in the aged brain 

We followed the general experimental workflow explained in 

the methodological overview (Figure 1 ) and initially assessed 

inter-sample variability of the replicates using principal com- 
ponent analysis (PCA) and calculating the Spearman ρ corre- 
lation (Figure 2 A insets and Supplementary Figure S1 a, b, in- 
set). As anticipated, our results demonstrate that the replicates 
exhibit grouping patterns based on their respective ages. Sub- 
sequently, we performed differential gene expression in the ag- 
ing brain by comparing mRNA abundance obtained through 

short-read and ONT sequencing methods. 
We evaluated genes that exhibited significant differences be- 

tween 24-month-old (24m) and 6-month-old (6m) mice, se- 
lecting genes in our short-read dataset with a multiple compar- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://cellxgene.cziscience.com/datasets
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://zenodo.org/records/7145399
https://cellxgene.cziscience.com/collections/31937775-0602-4e52-a799-b6acdd2bac2e
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://www.proteinatlas.org/humanproteome/brain
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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Figure 2. Gene expression changes in the aging mouse brain. ( A ) Volcano plot displaying the differentially expressed genes. Insets: dot plot for biological 
replicate variability calculated using PCA and correlation matrix (spearman ρ) of the Illumina short-read dataset. ( B ) STRING representation for the top 50 
most down- or upregulated genes in the aged brain (respectively pink and light blue). Genes in bold were also identified in a specific synaptic gene 
ontology enrichment analysis (SynGO ( 82 )), as also shown in the detailing inset where synaptic genes are categorized. ( C–E ) Gene ontology (GO)- Gene 
set enrichment analysis (GSEA) of genes that are significantly down- or upregulated in the aged brain ( padj ≤ 0.05, |log 2 FC| ≥ 0.58), related to panel A. 
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son adjusted p-value ( padj ) ≤ 0.05 and an absolute log 2 fold
hange (|log 2 FC|) ≥ 0.58 ( Supplementary Table S2 ). When
onsidering this subgroup of significantly differentially ex-
ressed mRNAs, we found a slight over-representation of up-
egulated genes (3936 upregulated transcripts corresponding
o ∼56% and 3114 downregulated transcripts correspond-
ng to ∼44%; Figure 2 A, and Supplementary Table S2 ). We
hecked and this small bias seems to be due to a bona-
de higher expression rather than a problem of normaliza-
ion. As expected, in the long-read dataset we observed sim-
lar changes with an overall significant positive correlation
f the two datasets (spearman ρ = 0.74, P -value < 2.2e-16;
upplementary Figure S1 d and Supplementary Table S2 ) and
lso in the second independent animal cohort we observed
imilar changes with an overall significant positive correlation
f the two datasets (Spearman ρ = 0.88, P -value < 2.2e-16;
upplementary Table S2 ). 

To check the overall quality of our data, we first made
ure that we could find in our data coarse changes consistent
ith previous aging studies and we could replicate increased

xpression of astrocyte-specific genes ( 88–90 ), including vi-
entin (Vim) and the astrocyte marker GFAP. These results
nderscore astrocytosis as a common phenotype of the ag-
ng brain ( 91 ). Furthermore, we observed the downregulation
of sirtuin (Sirt6), a key regulator of mitochondrial function,
which indicates mitochondrial impairment ( 92 ). We also con-
firmed the decrease of several other genes for mitochondrially-
targeted proteins which are incorporated in mitochondrial
complexes such as Ndufs4, Ndufs5, Ndufs6, Sdhb, Uqcr10,
Uqcrc2, Uqcrq, Uqcrqb, Cox5a and Cox5b, that corroborate
previous observations of mitochondrial dysfunction ( 93 ). 

When analyzing the highest and lowest 50 most signifi-
cantly changed transcripts (Figure 2 B and Supplementary 
Table S2 ), we found that among the differentially downreg-
ulated genes in the aged brain several hits indicate changes in
neuropeptide hormone secretion and function. These include
for example the mRNA encoding Cartpt, an anorectic peptide
that inhibits feeding behavior ( 94 ), and the homeobox tran-
scription factor Nkx-6–1, which is involved in the transcrip-
tional regulation of the insulin gene and is an important reg-
ulator of late brain development ( 95 ). Other interesting hits
include the ubiquitin protein ligase E3A (Ube3a) and secre-
tagogin (Scgn). Ube3a is an E3 ubiquitin-protein ligase im-
portant for the degradation of cytoplasmic misfolded proteins
that is mutated in Angelman syndrome, a human neurodevel-
opmental disorder caused by loss of function of the maternally
inherited UBE3A ( 96 ,97 ). Scgn is a secreted calcium sensor
that has a function related to neuroendocrine cells and has

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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recently been shown to interfere with α-synuclein fibrillation
( 98 ). 

Among the 50 most upregulated mRNAs, we observed a
clear enrichment of transcripts encoding proteins with essen-
tial neuronal and synaptic functions (Figure 2 B, right and
Supplementary Table S2 ). These included, for example, mR-
NAs related to potassium channels (Kcna2, Kcnd3, Kcnj2,
Kcnj10 and Kcnk9), neurotransmitter receptors (Grik3,
Gabrb2, Grm5, and Cnr1), and other neuronal compo-
nents, including the presynaptic scaffold bassoon (Bsn) and
microtubule-associated protein 2 (Map2). To distinguish pos-
sible differences between pre- and postsynaptic changes, we
performed an additional analysis using the curated synaptic
gene ontology database SynGO ( 82 ). This showed that both
pre- and postsynaptic mRNAs are increased in the aged brain,
although we found a hint among these for the enrichment
of components in the postsynaptic density (PSD; inset in Fig-
ure 2 B). To account for possible sex-chromosome related ef-
fects, we also tested if there is a change in the expression
of X- or Y-chromosome genes. We observed no difference in
their overall expression as they were not significantly changed
when comparing 24m vs 6m mice (paired t-test p-values for X-
chromosome or Y-chromosome specific gene expression 0.98
and 0.52, respectively). 

A more wide-ranging gene ontology gene set enrichment
analysis (GSEA) based on all changed transcripts confirmed
a significant downregulation of neuropeptide hormone activ-
ity (GO:0005184). This analysis also revealed a decreased
expression of mitochondrial and ribosomal mRNAs in the
aged brain including several gene ontologies (GOs) asso-
ciated to these processes (e.g. GO:0033108, GO:0007005,
GO:0140053 and GO:0032543; Figure 2 C–E). Overall, the
upregulated GOs point to synaptic transmission, neuronal
terminal differentiation, and specific increase of mRNAs for
synaptic components (GO:0014069, GO:0098982). 

Potential discrepancies in the magnitude and direction of
synaptic transcript changes with previous datasets may be due
to several reasons, including differences in the age of the con-
trol cohorts (refer to Supplementary Table S3 ) or the fact that
subregional studies could suffer from variability in the dis-
sected region. Coincidentally, the latter was one of the rea-
sons that in our case led us to analyze the whole brain. We
reasoned that cross-testing our results with recent single-cell
datasets could partially resolve some of these discrepancies.
In addition, this would allow us to understand whether the
observed change is due either to a bona fide upregulation
of neuronal transcripts in neurons or rather to a deregula-
tion of transcriptional specificity in other cell types, includ-
ing glial cells, which might begin to express neuronal genes.
This possibility is suggested by shifts in the molecular iden-
tities of glial cells observed in aged human brains ( 10 ). To
this end, we took advantage of data from recently published
single-cell dataset across mouse ages ( 6 ) and we performed
a comparative analysis between our datasets and single-cell
data ( Supplementary Figure S2 and Supplementary Table S4 ).
Due to the increased expression of synaptic genes observed in
the aged brain, we focused our analysis on neuronal synaptic
genes curated from the SynGO ( 82 ) database and examined
their expression changes across cell subtypes identified in the
single-cell dataset. This analysis revealed that the upregulation
of synaptic genes is significant in aged mouse neurons but was
not observed in other cell types ( Supplementary Figure S2 ).
Overall, these findings indicate a possible engagement of neu- 
rons to produce more synaptic transcripts in the aged brain. 

To investigate whether the composition of cell types and 

specific cell populations might influence some of our results,
we additionally utilized two recently published single-cell 
datasets ( 37 ,39 ) covering various mouse ages and applied 

single-cell deconvolution-like approaches inspired by the re- 
cent literature ( 83 ). Re-analysis of these single-cell datasets al- 
lowed us, first, to answer the question of whether changes in 

the number of different single-cell populations during brain 

aging were clearly detected in these single-cell studies. Sec- 
ond, we also used these data to test, at least by estima- 
tion, whether the differences observed in our work might be 
preferentially due to specific cell populations. After retriev- 
ing and re-analyzing the data, we found no significant differ- 
ences in cell numbers across ages in the single-cell datasets 
( Supplementary Figure S3 a, b), with two exceptions: mi- 
croglial cells in the work of Buckley and coworkers (( 39 ),
Supplementary Figure S3 a) and endothelial cells in the work of 
Allen and coworkers (( 37 ), Supplementary Figure S3 b). We de- 
cided to follow up on the observation that microglia cells are 
increased in the work from Buckley and collaborators. After 
retrieving the list of 1330 microglia-specific transcripts from 

their work, we checked if these genes are changed across ages 
in our dataset ( Supplementary Figure S3 c). With this analysis 
we found that microglial genes are indeed also increased in 

our aged dataset. To understand if this phenotype could also 

be due to a change in the expression profile of this cell pop- 
ulation, we performed GO analysis of the microglial-specific 
genes ( Supplementary Figure S3 d) and found an overrepre- 
sentation of terms related to microglia activation such as lytic 
vacuole (GO:0000323) and phagocytic cup (GO:0001891),
suggesting a possible change in both number and phenotype 
of these cells. 

We conducted a similar GO analysis on the endothelial 
cells ( Supplementary Figure S3 e), but no significantly enriched 

terms were found, suggesting no change in the phenotype of 
these cells. 

To additionally explore whether there is a possible influ- 
ence of region-specific changes in our bulk transcriptome data,
we re-analyzed the region-specific data from Allen and col- 
leagues ( 37 ). For each brain region, here we defined genes 
that could serve as region-specific markers and checked if they 
were changed in our aged short-read dataset ( Supplementary 
Figure S4 a). This analysis showed a significant upregula- 
tion of genes enriched in cortical layer V, in the striatum,
and in the corpus callosum during aging. Moreover, to ex- 
tend our findings to the human context, we also selected 

the region-specific genes from the Human Protein Atlas ( 84 ).
Despite overall module conservation ( Supplementary Figure 
S1 g), we found no significant differences during aging in our 
dataset when analyzing region-specific genes defined in human 

( Supplementary Table S3 ; Supplementary Figure S5 ), suggest- 
ing that region-specific differences might be less conserved be- 
tween species. 

Identification of common gene expression modules 

during brain aging 

To gain a more precise molecular understanding of the tran- 
scriptome changes and to identify patterns of gene expression 

and relationships between genes during aging, we examined 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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ene co-regulation using weighted gene co-expression net-
ork analysis (WGCNA ( 77 )). This method allows to cluster

enes with similar expression patterns into modules and can
rovide clues to potential regulatory relationships between
enes while reducing the complexity of the data. Using this
pproach, we identified nine mutually exclusive significantly
ifferent modules of different sizes ranging from 417 to 6878
enes (Figure 3 A–C and Supplementary Table S5 ), and one
odule (M0) corresponding to genes that remain unassigned.
mong the nine modules in the aged brain six were upregu-

ated (M1, M2, M3, M4, M6 and M9) and three were down-
egulated (M5, M7, and M8) (Figure 3 A, B). Note that the
lustering method does not take age group information into
ccount, and the fact that we found several modules that were
ifferentially expressed across ages indicates the ability of our
ethod to identify gene expression patterns that are relevant

o the aging process. 
To obtain a biologically-oriented description of each mod-

le, we performed an over-representation analysis using GO
nnotations ( Supplementary Table S6 ). Several significantly
nriched biological processes were identified for each mod-
le ( Supplementary Table S6 , Figure 3 D–G, Supplementary 
igure S1 f and Supplementary Figures S6 –S9 ), allowing to

dentify modules related to neuronal and synaptic biology
M2, M3, M4, M9), RNA stabilization and processing (M1),
itochondrial and ribosomal function (M8), and immune re-

ponse where two modules (M5, M6) displayed opposite ex-
ression patterns (Figure 3 C, Supplementary Figure S1 f). Al-
hough the data for all modules are available ( Supplementary 
able S6 ), due to space limitations, we focused on the de-
ailed description of four modules that we found to be of
articular interest: (i) M1 which is overexpressed in the aged
rain, encodes a number of proteins important for regulat-
ng mRNA stabilization and processing including Dicer1 that
rchestrate short dsRNA-mediated post-transcriptional gene
ilencing and FUS, an RNA-binding protein that plays a piv-
tal role in RNA metabolism (Figure 3 D and Supplementary 
igure S6 ); (ii) M2, which is also increased in the aged brain
nd encodes several components important in the develop-
ent and the final differentiation of neurons and particu-

arly pre-synapses. Among these there are SNARE proteins
uch as SNAP-25, the RNA-binding protein FMRP (encoded
y Fmr1) and important synaptic adhesion molecules, such
s the axonal neural cell adhesion molecule 1 (Ncam1; Fig-
re 3 E and Supplementary Figure S7 ); (iii) M3, also an aged-
verexpressed synaptic module, is predominantly enriched for
ranscripts encoded proteins related to cognition and synaptic
caffolds. 

For example, it includes the adapter protein of the excita-
ory postsynaptic density Shank1, and different isoforms of
he Calcium-calmodulin kinase II (Camk2a and b) that are
ocalized at the postsynapse (Figure 3 f and Supplementary 
igure S8 ); (iv) M8, which is downregulated in the aged brain,

ncludes a large number of ribosomal genes, both cellular
nd mitochondrial and a series of mRNA encoding important
layers in RNA splicing, such as the core component of the
pliceosome (Figure 3 G and Supplementary Figure S9 ). 

To further explore the association of the identified mod-
les with different brain cell populations and to explore pos-
ible links to human brain pathology, we used the previously
entioned single-cell dataset ( 6 ) (Figure 3 H; Supplementary 
able S7 ) and we curated a set of genes related to human
athology (Figure 3 I; Supplementary Table S8 ). These anal-
yses showed that the modules M1-M4 have a specific as-
sociation with the neuronal cell type and a higher over-
lap with brain pathologies. Modules M5-M6 are associated
with microglia and a comparatively lower association with
brain pathologies (Figure 3 I). Moreover, we checked if the
region-specific genes identified by Allen and colleagues ( 37 )
showed age-related differences in our modules. We concen-
trated on the gene sets which we found significantly dif-
ferent in our dataset (cortical layer V, striatum, and cor-
pus callosum; Supplementary Figure S4 a). This analysis re-
vealed that cortical layer V genes are significantly increased
in aged brains in our module M3 (related to synaptic neu-
ronal function; Supplementary Figure S4 b). When consider-
ing striatum-specific genes we found no significant difference
across our modules ( Supplementary Figure S4 c). Finally, the
corpus callosum-specific genes were increased in aged brain
in modules M4 and M9 (respectively a synaptic module and a
module related to cellular response to lipid and small GTPase
function; Supplementary Figure S4 d). 

Age-related modules are conserved in independent 
human brain and mouse datasets 

As a complementary approach to validate and further ex-
tend the relevance of our findings to the human context, we
performed module preservation analysis using both of our
datasets (short and long read) and a publicly available human
dataset ( 7 ,79 ). For the analysis of the human dataset, we de-
fined the young adult group as individuals aged between 20
and 30 years of age and the elderly group as individuals be-
tween 56 and 69 years of age. We selected these age groups
as they are more adequate for comparison with mouse brains
( 99 ) This analysis revealed that modules M1 to M4, which
were found to be upregulated in the aged brain in our short-
read pair-end mouse dataset, exhibited preservation in a sec-
ond independent animal cohort ( Supplementary Figure S1 f),
upon sequencing with a different technology that has inher-
ently different technical biases ( Supplementary Figure S1 e;
( 100 ,101 )), and also in the human context ( Supplementary 
Figure S1 g). This preservation across species and datasets con-
firms the robustness of our observations and indicates that the
upregulation of genes related to neuronal function is well con-
served and is also present in humans, when adult mice are used
for the comparisons. 

Altered splicing and length-associated 

transcriptome differences in the aged brain 

Given the abundance of alternative splicing (AS) events in the
brain ( 43 ), and the finding that a module we identified di-
rectly points to changes in mRNA splicing (M8), we investi-
gated more specifically whether there are age-specific changes
in AS. For this purpose, we initially focused on our short-read
dataset, aligning it with the entire mouse transcriptome and
we quantified distinct alternative isoforms expressed for each
gene. 

For further analyses we concentrated on genes that have
at least 2 isoforms that exhibited significant differences be-
tween 24m and 6m mice ( Supplementary Table S9 , S10 ). In
our short-read dataset, we found that ∼53% isoforms are
upregulated in the aged brain ( N = 6984) and ∼46% are
downregulated ( N = 6091; Supplementary Table S9 ), in line
with what we have seen at the whole-gene level. In the long-
read dataset we observed very similar changes for isoforms
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Figure 3. Co-expression modules and association with cells and brain pathologies of the mouse aging transcriptome ( A ) WGNCA dendrogram with 
highlighted modules (lo w er colored bar). Genes were clustered based on a dissimilarity measure. The branches are modules of closely correlated gene 
groups. Nine significant modules and M0 corresponding to ∼16 0 0 0 genes were detected with WGCNA. M0 is a module with a less correlated gene 
group. ( B ) Module dissimilarity based on module eigengene distances. Modules are grouped based on their expression. ( C ) Boxplot of normalized 
mRNA expression in young and aged brains, grouped by their modules detected in the WGNCA method (paired t-test followed by Tukey posthoc test 
P -value * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001 and **** ≤ 0.0 0 01). ( D –G ) Gene ontology o v er-representation analy sis (GO-ORA) f or the f our selected 
modules, respectively M1, M2, M3 and M8 shown here are top 5 GO terms based on the enrichment ratio. For all modules in detail refer to 
Supplementary Table S6 . Circle sizes in the enrichment graphs correspond to the number of terms for each GO term, and color scales represent the 
padj . Insets are string network analysis for each module and their association with the respective pathways. For enlarged views of the string network 
analysis refer to Supplementary Figures S6 –S9 . ( H ) Dot plot of median mRNA expression from a previously published cell dataset. The size of the bubble 
represents the normalized overlap of the genes in the module with the specific cell type Supplementary Table S7 ). The color scale corresponds to the 
median expression for the overlapping genes. ( I ) Dot plot of the association of modules to brain pathologies. Lists have been manually curated for each 
pathology ( Supplementary Table S8 ), the numbers are for overlap with all the genes in the short-read dataset, Alzheimer’s disease (AD), amyotrophic 
lateral sclerosis (ALS), ataxia, autism, mental retardation (MR), and Parkinson disease (PD). The size of the bubble represents the log 10 P -value, and the 
color scale corresponds to the o v erlap ratio. The numbers in the bubble are the percentage of genes in each module for each pathology. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae172/7627472 by U

niversita di M
ilano Bicocca user on 20 M

arch 2024

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data


Nucleic Acids Research , 2024 11 

t  

c  

ρ  

s  

v  

t  

t  

S  

t  

t  

a  

s  

b
 

k  

f  

r  

t  

t  

4  

q  

r  

a  

n  

d  

c  

t  

t  

r  

i  

o  

a  

t  

l  

a  

i  

f  

β  

i  

C  

n  

b  

w  

p  

P  

a  

f  

a  

i  

(  

s  

u  

f  

a  

t  

e  

a  

s  

a  

w  

b  

t  

b  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae172/7627472 by U

niversita di M
ilano Bicocca user on 20 M

arch 2024
hat were identified in both the technologies with a signifi-
ant positive correlation between the two datasets (spearman
= 0.46, P -value < 2.2e-16; Supplementary Table S9 ). In the

econd independent animal cohort dataset also, we observed
ery similar changes for isoforms that were identified in both
he cohorts with a significant positive correlation between
he two datasets (spearman ρ = 0.87, P -value < 2.2e-16;
upplementary Table S9 ). In addition, we examined whether
here was a difference in the number of splicing isoforms de-
ected in either the young adult or aged brain after applying
 minimal cutoff. The analysis showed that there is indeed a
light increase in the number of spliced isoforms in the aged
rain (on average 3.3% more isoforms in the aged brain). 
Some notable examples of AS changes were observed for

nown adhesion molecules linked to synaptic function and
ormation / maintenance ( 102 ), such as Neurexin 3 (M1), Neu-
oligin1 and 2 (M3). These three proteins, when considered at
he gene level, all follow the expression trend of their respec-
ive modules and are overexpressed in the aged brain (Figure
 A, respective panels on the left). When annotating the se-
uencing results, taking into account the different isoforms de-
ived from the same gene, we realized that each of these genes
lso had isoforms that were expressed in the opposite man-
er to their respective modules (in these cases, downregulated
uring aging), such as an example Nlgn1-205 and Nlgn1-203,
orresponding to two transcripts which are protein coding but
hat in the case of Nlgn1-205 goes in the opposite direction
han M3 (downregulated in aging while genes in M3 are up-
egulated in aging, Figure 4 a right panels). These observations
ndicate an isoform switch occurring during aging, which we
bserved for at least ∼4300 genes. Interestingly, also genes
ssociated with neurodegenerative diseases (NDDs), such as
he mRNA encoding for the amyloid precursor protein APP
inked to Alzheimer’s disease and Parkin-7 (Park7) which is
ssociated with Parkinson’s disease (PD) show isoform switch-
ng behavior during brain aging. In the case of APP, iso-
orms App-201 and App-204, which encode the amyloid-

domain associated with AD pathology, were upregulated
n the aged brain, consistent with gene expression changes.
onversely, the isoforms App-205 and App2-10, which do
ot encode a protein, showed lower expression in the aged
rain. These findings align with the observation that isoforms
ith higher expression in the aged brain are predominantly
rotein-coding ( Supplementary Figure S11 c). Similarly, for the
ark7 gene, isoform Park7-209 was downregulated in the
ged brain, mirroring the gene expression pattern, while iso-
orms Park7-209 and Park7-210 were upregulated. Addition-
lly, we examined the expression of Rad52, a gene involved
n DNA repair that exhibits dysfunction during brain aging
71,72). We found that Rad52-206 was downregulated, con-
istent with gene expression changes, while Rad52-209 was
pregulated in the aged brain (Figure 4 A). When considered
or each module, isoform switching behavior, also referred to
s ‘bidirectional expression’ here, was observed for ∼28% of
he isoforms (see for example isoform density plots for over-
xpressed modules in the aged brain such as M1, M2 and M3
nd downregulated modules such as M8 in Figure 4 B). In the
econd independent animal cohort dataset, we also observed
 similar pattern in the changes of isoform switching that
as conserved across modules ( Supplementary Figure S10 a,
). Furthermore, consistent with the switching pattern results,
he analysis of module conservation indicates that modules are
eing preserved ( Supplementary Figure S1 f). It is reassuring
to note that the modules are conserved even when the results
were obtained in two independent animal cohorts. 

In the light of this widespread isoform-switching behavior
observed in the aged brain, we decided to investigate the po-
tential aspects influencing isoform changes. For this, we as-
sessed whether general features related to mRNAs such as iso-
form length, mRNA percentage of guanine cytosine (GC%)
which correlate to RNA stability, and codon composition
could contribute to the switching (Figure 4 C, D). To account
for a potential bias introduced by isoforms upregulated in the
aged brain (which are by definition more numerous), we per-
formed a gene-wise analysis, which is not influenced by ex-
pression differences (see methods for details). Briefly, we fo-
cused on genes with at least two isoforms expressed in both
age groups and normalized the length and the GC%, sepa-
rately for the isoforms that were significantly upregulated or
downregulated in the aged brain within each gene. To have
a more precise understanding of which region of the RNA
could be specifically influenced by these changes we analyzed
both the mRNA as a whole (cDNA) or subdivided it into cod-
ing sequence (CDS) and in the 5 

′ or 3 

′ untranslated regions
(UTRs). This analysis revealed that isoforms overexpressed in
the aged brain (up) when considered as a whole (at the level
of the cDNA) tend to be longer (Figure 4 c leftmost panel).
When considering the CDS and the 5 

′ UTR, which collectively
account for ∼70% of the cDNA length, this observation was
conserved. In contrast, the 3 

′ UTR exhibited a reverse trend
(Figure 4 C, rightmost panels). 

We also found that among the genes with isoforms that
have bidirectional expression in the aged brain, those that
are overexpressed are significantly longer than those that are
downregulated ( Supplementary Figure S13 a left panel). Fur-
thermore, we observed a positive correlation for module M2
(neuronal and synaptic; spearman ρ = 0.1 and P = 2e-05)
and M8 (mitochondrial and ribosomal; spearman ρ = 0.29
and P = 2.2e-16). We also observed a negative correlation
for module M4 (vesicle organization; spearman ρ = –0.12
and P -value = 0.00072) and M5 (immune response, spear-
man ρ = –0.11 and P -value = 0.027). Additionally, an over-
all positive correlation between gene length and expression
levels (spearman ρ = 0.2, P -value 7.13e-96) ( 103 ), consistent
with previous observations in the brain, but in contrast to the
generally negative correlation reported for other tissues. This
could suggest that longer isoforms are subjected to less effi-
cient degradation in the aged brain, leading to their accumu-
lation and increased abundance. When analyzing the GC%,
which is known to be correlated to increased mRNA stability
( 104 ,105 ), we observed a very similar trend (Figure 4 D), al-
though the CDS was not significantly different between aged
and young adult brains. We and others have reported a specific
pattern of genes that contain different GC% ( 99 ,100 ). When
considering more specifically the G / C-ending codons (GC3),
we also observed that aged isoforms have a higher GC con-
tent at the wobble nucleotide position (Figure 4 e). For both
length and GC% a reverse trend was observed for the 3 

′ UTR.
This might be of particular importance as the 3 

′ UTR region
is known to regulate mRNA dynamics and stability ( 44 ), as
for example it is a site for miRNA-mediated targeting and
degradation. 

Collectively, these findings highlight age-specific changes in
AS in the brain, evidenced by bidirectional isoform expres-
sion of key genes, as well as by the differential expression of
isoforms associated with NDDs and DNA repair . Moreover ,
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Figure 4. Isoform expression changes in the aging brain. ( A ) Boxplot of the normalized expression for a subselection of genes having isoforms that are 
expressed in an opposite manner when compared to the respective module. The panel on the left shows the gene expression while the right panels 
isof orm e xpression. ( B ) Volcano density plots of significantly differentially e xpressed mRNA isof orms within selected modules from the WGCNA analy sis 
that show interesting patterns during brain aging (M1, M2, M3 and M8). (C, D) B o xplot of the length ( C ) and GC% for different features ( D ) of an isoform. 
Genes were selected if they have at least 2 isoforms differentially expressed ( padj ≤ 0.05 and |log 2 FC| ≥ |0.58|). Numbers were normalized for each 
gene and values of 1 would indicate equal distribution between age groups. ( E ) Boxplot of codon composition in the CDS for genes that were selected if 
the y ha v e at least tw o isof orms differentially e xpressed ( padj ≤ 0.05 and |log 2 FC| ≥ |0.58|; paired t-test f ollo w ed b y Tuk e y posthoc test * ≤ 0.05, ** ≤
0.01, *** ≤ 0.001 and **** ≤ 0.0 0 01) 
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transcript length, GC% content, and codon composition ap-
pear to contribute to the observed isoform changes in the aged
brain. 

Age-specific alternative splicing events 

To understand if there is a specific pattern in splicing events

that could be at the basis of the observed isoform differ- 
ences, we performed differential transcript usage (DTU) anal- 
ysis. This analysis allows to differentiate subtypes of splic- 
ing events. Through this analysis, we identified specific splic- 
ing events for 5325 isoforms corresponding to 2311 genes 
( Supplementary Table S11 ). Alternative splicing might be gen- 
erated by variations in transcription start or termination sites 
(A TSS, A TTS), 5 

′ acceptor 3 

′ donor splice sites (A5, A3), exon 

skipping (ES), intron retention (IR), multiple exon skipping 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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MES), and insertion of mutually exclusive exons (MEE), as
lso represented in Supplementary Figure S11 a. In this type of
nalysis, 0.5 signifies no difference among the groups that are
onsidered, while lower or higher numbers indicate either a
ecreased or increased occurrence of the AS event. 
Analyzing our dataset, we observed that A5, ATSS,

TTS and MES events had a significantly decreased occur-
ence in the aged brain ( < 0.5), while the A3 events were
ncreased ( > 0.5; Figure 5 A). We also considered the same
hanges in the long-read dataset, and we observed that
hanges in both datasets were highly correlated ( r 2 = 0.90,
 = 0.0046; Figure 5 A inset and Supplementary Figure S11 b).
he use of these two complementary datasets ensured the re-

iability of the observed changes, although the overall number
f isoforms subdivided for each category is in some cases low
 < 20). 

To investigate whether the type of alternative splicing is re-
ated to the change in expression during aging, or in other
ords if an isoform that is either more or less expressed in

he aged brain can be influenced by a specific splicing event,
e designed a specific analysis (Figure 5 B). First, we identi-
ed the isoforms that are significantly differentially expressed
n the aged brain and that have a different splicing type (dif-
erentially used). We then focused on those genes whose iso-
orms are bidirectionally expressed (e.g. see Figure 4 A) and we
rouped them based on their module identities as defined by
ur WGCNA analysis (Figure 3 ). This allowed us to identify
soforms with either ‘similar’ or ‘opposite’ expression changes
hen compared to the module affiliation at the level of the
hole gene. As an example, the gene App (amyloid beta pre-

ursor protein, Figure 4 A) belongs to M3 but has four iso-
orms, two of which are upregulated in the aged brain (App-
01 and APP-201) and two which are downregulated (App-
05 and App-210) ( Supplementary Table S9 ). Since M3 is up-
egulated in the aged brain (Figure 3 B), App-201 and APP-
01, the two upregulated isoforms, have a ‘similar’ expression
o M3, while the two downregulated (App-205 and App-210)
ave an ‘opposite’ expression to the module. We extended this
nalysis to the selected isoforms as schematized in Figure 5 B
nd we found that modules overexpressed in the aged brain
M1, M2, M3, M4, M6 and M9) when compared to mod-
les that are downregulated in the aged brain (M5, M7 and
8) predominantly contained isoforms with an alternative 3 

′ 

cceptor site splicing (A3; Figure 5 C). Isoforms showing an
TSS splicing event showed an opposite phenotype (Figure
 C). These findings indicate that A3-type splicing events might
tabilize isoforms that are overexpressed in the brain (and thus
ontribute to their increased levels), while ATSS-type splicing
vents might have the opposite effect. Additionally, this analy-
is indicated that in the aged brain the overexpressed isoforms
end to be less sensitive to nonsense-mediated RNA decay
NMD), further corroborating this hypothesis, and have more
bundant protein-coding isoforms and less abundant non-
oding transcripts (Figure 5 D, Supplementary Figure S11 c).
ollectively, these findings suggest that age-specific isoform

witches in the aging brain, might have consequences for
RNA turnover due to reduced NMD sensitivity and possi-
ly other mechanisms that render some mRNAs less efficiently
egraded. 
To test whether specific mRNA-binding proteins (RBPs)

nd / or splicing factors (SFs) could explain the differences
n splicing events observed in the aged brain, we performed
an in silico RNA-binding motif analysis, using ∼80 proteins
with well-defined binding specificity ( 72 ). This analysis re-
vealed at least 7 RBPs that show higher binding probability
for isoforms that are significantly altered in the aged brain
( Supplementary Figure S11 d, e and Supplementary Table 
S12 ), including RBM4 (downregulated in the aged brain,
Supplementary Table S2 ), which is associated with neuronal
differentiation ( 44 ), and HNRNPU (upregulated in the aged
brain, Supplementary Table S2 ), which is related to neuronal
development ( 106 ). Additionally, we considered the RNA ki-
nase CLP1, as this protein has a role in the 3 

′ -end formation
( 107 ) and used a published dataset for retrieving mRNAs that
change when CLP1 is knocked down (( 85 ). Supplementary 
Figure S11 f). This analysis indicates that overall genes reg-
ulated by CLP1 (independently of whether they are down or
up-regulated) tend to be more expressed in the aged brain and
suggests that CLP1 might have a role in the regulation of the
aged brain transcriptome. 

We also performed a specific RNA-binding motif analy-
sis for the 3 

′ UTR region of mRNAs, as this region generally
plays a predominant role in mRNA stability and regulation
( Supplementary Figure S12 ). Our results show several signif-
icances, although overall there is no clear pattern of RBPs
and SFs that could easily explain the differences in mRNA
expression that we detect during aging. This is because none
of the proteins analyzed shows a significant bidirectional pat-
tern; in fact, if this were the case, we could hypothesize that
a specific RBP or SF drives some of the expression differences
we observe. Interestingly, we observed that overall, the mR-
NAs that change their level during brain aging (both increased
and decreased) are enriched for RBP and SF binding motifs
(46 among the 50 significant for downregulated transcripts
and 23 out of 33 significant for the upregulated transcripts).
This finding suggests that the 3 

′ UTR region of mRNAs might
be particularly sensitive to alterations in RBP and SF net-
works, although further experiments are needed to verify this
experimentally. 

Post-transcriptional mRNA regulation in the aging 

brain 

To follow up on the suggestion that some mRNAs may be less
subject to degradation in the aged brain, we examined changes
in the ratio of post-transcriptional rates, similarly to what has
been done previously( 87 ). Specifically, we used total RNA-seq
data to profile premature and mature RNA expression levels,
allowing us to estimate the ratio of processing to degradation
rates, also known as post-transcriptional (PT) ratio, which is
a measure influenced by mRNA turnover. A difference in this
measure between the aged and young adult brain indicates po-
tential modulation of RNA processing and / or stability (Fig-
ure 6 A and Supplementary Table S13 ). Genome-wide analy-
sis revealed a significant increase in PT ratio in the aged brain
compared to the young adult brain (Figure 6 B—Kolmogorov–
Smirnov and paired Wilcoxon tests P -values = 0), suggesting
a higher processing rate and / or increased RNA stability in the
aged brain. 

To gain a detailed understanding of the genes that con-
tribute to the differential phenotype observed in the aged
brain, we performed gene-level analysis using the R pack-
age INSPEcT ( 86 ,87 ). This analysis led to the identification
of 125 genes that were post-transcriptionally regulated be-
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Figure 5. RNA splicing changes in the aging brain. ( A ) Alternative splicing events in the aging brain (FDR ≤ 0.05 are significant changes), inset: scatter 
plot summarizing the correlations of the short-read with the long-read dataset for each splicing type. Points represent the fraction of genes with 
switches for each functional category in the individual datasets (P earson ’s P values). The significance test was performed using an exact binomial test 
f ollo w ed b y B enjamini-Hochberg adjustment (as this test is more accurate to study a variable that can take only tw o possible v alues; * ≤ 0.05, ** ≤ 0.01, 
*** ≤ 0.001 and **** ≤ 0.0001). ( B ) Workflow to compare the differentially used and expressed transcripts. ( C ) Isoform ratio as calculated in point 5 of 
panel B in figure. Modules are grouped depending on whether they are less expressed in the aged brain (M5, M7, M8) or more expressed (M1, M2, M3, 
M4, M6, M9) (unpaired t-test f ollo w ed b y Tuk e y posthoc test **** ≤ 0.0 0 01). ( d ) Consequences of isoform t ypes in the aging brain (FDR ≤ 0.05 are 
significant changes). The significance test is performed using the exact binomial test followed by Benjamini–Hochberg adjustment (* ≤ 0.05, ** ≤ 0.01, 
*** ≤ 0.001 and **** ≤ 0.0001). 
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tween the two conditions, a number significantly higher than
expected from random models ( Supplementary Figure S13 b).
Strikingly, this set of genes was enriched in transcriptional
units involved in RNA metabolism and immune cell defense
( Supplementary Figure S13 c), indicating the potential involve-
ment of mRNA turnover in shaping specific biological pro-
cesses that are hallmarks of brain aging. Finally, we further
explored the relationship between PT and gene length and
observed a positive correlation (Figure 6 C) and found that
these transcripts are significantly longer in the aged brain
( Supplementary Figure S13 a, left panel). 
Discussion 

The aging brain undergoes a multitude of molecular changes 
that influence its function and susceptibility to age-related 

neurodegenerative disorders. In this study, we have under- 
taken a comprehensive characterization of the transcriptome 
in the whole aging brain combining two sequencing technolo- 
gies, analyzing a second animal cohort for replication pur- 
poses, and applying several detailed bioinformatic analyses 
that were customized based on our observations. We focused 

on mRNA level changes, isoform usage, and modulation of 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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Figure 6. Post-transcriptional mRNA regulations in the aging brain. ( A ) Cartoon illustrating the rationale behind the identification of the samples 
characteriz ed b y a post-transcriptional regulation of a h ypothetical gene ‘X’. A linear model is fitted in the log 2 (premature) – log 2 (mature) space to 
recapitulate gene expression levels (gray shadows). The linear model is then translated to interpolate the control sample (dot). This leads to a 
gene-specific null model (black solid line). The samples not compatible with the null model (red triangles) would be evidence of a post-transcriptional 
regulation of a hypothetical gene ‘X’ while the other samples do not (squares). ( B ) Post-transcriptional ratio distributions in 6m and 24m mice (18638 
expressed genes - Kolmogorov-Smirnov and paired Wilcoxon tests P -values **** ≤ 0.0 0 01). ( C ) P earson ’s coefficients summarizing the correlations of 
gene length to the estimated mRNA lifetime changes in the aged brain. Points represent the posttranscriptional ratio and gene length (P earson ’s 
P -values). 
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ost-transcriptional RNA dynamics to shed light on the com-
lex molecular processes underlying brain aging. 
Mouse lines can provide genetically homogeneous and

isease-free cohorts of animals and are often used for aging
tudies ( 108 ). Several works concerning brain aging changes
t the transcriptome level have been published ( 6 , 8 , 9 , 11–
4 , 16 , 17 , 19 , 79 , 109 ) and different results have been found,
ossibly due to differences in the health state or age of the an-
mals considered (refer to Supplementary Table S3 ). In both
ice and humans, the period of adolescence is characterized
y several changes in brain connectivity and synaptic refine-
ent. In humans, this culminates in comprehensive cerebral
aturation towards the end of the second decade of life ( 106 ),
hereas in mice, brain maturation lasts until 6 months of
ge ( 110 ,111 ). For this reason, in this work, we selected 6-
onth-old mice as a control group for comparisons with aged
ice. 
A clear finding of our work is that aged brains show the

ownregulation of transcripts related to ribosomal and mito-
hondrial function, accompanied by an upregulation of sev-
ral mRNAs encoding neuronal transcripts (Figure 2 ). We also
bserved a mild astrocytosis, highlighted by the increase of
strocyte-specific genes such as GFAP, similar to previous find-
ngs ( 13 ,88 ). We did not observe overt inflammation in our
amples, which is somewhat in contrast to previous reports
ndicating strong immune activity in the aged brain ( 1 , 2 , 112 ).
his difference could be due to the age of the ‘young’ control
ohort of mice used for comparison and possibly also to the
ealth status of the aged colony in other works. At the same
ime, careful reanalysis of single-cell datasets and combination
ith our results does show an increase in the expression of mi-

roglial genes in the aged brain ( Supplementary Figure S3 c).
his apparent discrepancy points to a possible problem in

he curation of the current GO terms, which will need to be
pdated in the light of the latest single-cell results. A deeper
nalysis also suggests caution in the interpretation of these re-
ults, as these cells could either increase in number or change
heir phenotype, since we found evidence of genes related
to microglial activation, in agreement with previous results
( 21 ,113 ). 

Another interesting finding is that we consistently observed
a higher proportion of significantly overexpressed rather than
downregulated transcripts in the aged brain (56% in short
read and 75% in long read). Although we can only speculate
about this finding, it may suggest that either increased mRNA
production, decreased degradation, or both processes are oc-
curring in the aged brain. If recent findings obtained in the
liver could also be extended to the brain ( 114 ), the increased
percentages of elongating RNA polymerases would suggest
that the mRNA degradation is the most affected part of this
dynamic equilibrium. Importantly, among the transcripts that
more pronouncedly show this effect there are those encod-
ing for proteins with essential neuronal and synaptic functions
(Figure 2 B), as also observed in the upregulated modules re-
lated to neuronal and synaptic biology (M2, M3, M4 and M9;
Figure 3 B). When re-analyzing region specific datasets, we also
observed an association between the genes of the M3 module
and cortical layer V and between the corpus callosum and M4
and M9 ( Supplementary Figure S4 b, d). This indicates that
some of the changes that we observe in our bulk dataset are
likely to be more pronounced in specific brain regions. 

Regarding the open debate about the possibility that physi-
ological aging might reduce the number of neurons ( 115–119 ),
our results, while far from definitive, seem to against a net
loss, at least in mice. This was also cross-checked with two
recent single-cell datasets ( 37 ,39 ), where the only significantly
changed cell populations were microglia and endothelial cells
( Supplementary Figure S3 c, e). We believe that the number
of endothelial cells is likely to be increased in the aged brain
as both our data ( Supplementary Figure S3 e) and the work
of Allen and coworkers ( 37 ) points to this, but also here cau-
tion is needed as previous works indicate that endothelial cells
in the brain might decline with age ( 120–122 ). The study of
brain endothelial cells is particularly relevant because recent
parabiosis experiments, in which aged mice are exposed to the
rejuvenating circulation of younger animals, show specific re-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae172#supplementary-data
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programming of this subpopulation of cells ( 123 ). It is clear
that that these cells might be a promising target for the treat-
ment of age-related diseases and should be studied more in de-
tail. More in general, re-analysis of single-cell datasets shows
that changes in cell populations during brain aging are either
minute or very difficult to be detected even with the latest
single-cell approaches ( Supplementary Figure S3 a, b; ( 37 ,39 )),
and specific enrichment approaches or more detailed experi-
mental strategies will be required to obtain a definitive picture.

We see increased expression of mRNA for synaptic com-
ponents, suggesting that there is no bulk neuronal loss and
possibly even some positive compensation. Moreover, re-
analysis of an independent single-cell database ( 6 ) indicates
that the cell type expressing these mRNAs is indeed neuronal
( Supplementary Figure S2 ), ruling out the possibility that glial
cells undergo partial trans-differentiation and begin to express
neuronal transcripts not specifically in the aged brain. 

Mitochondrial dysfunction is believed to be critical in
the onset and progression of neurodegenerative disorders
( 124 ,125 ). We also observed this phenomenon in our dataset
(M8, Figure 3 I). Additionally, we found that the modules (M1-
M3) upregulated in the aged brain are associated with brain
pathologies (Figure 3 I) and are conserved in a human dataset
( Supplementary Figure S1 g). 

While analyzing our data, we realized that one module
(M8) directly points to changes in mRNA splicing and de-
cided to look at splicing in detail. The role of splicing in
brain aging has been addressed in part by previous work
( 28 ,103 ), but none of these efforts have attempted to under-
stand whether there are general shifts in splicing behavior in
this context. Our work, which serves as a large database of
precise splicing changes for mRNAs encoding important pro-
cesses such as synapse formation, maintenance, and modula-
tion of brain activity ( Supplementary Table S6 ), also allowed
us to test for these global changes. The isoform analysis al-
lowed us to confirm that even for the same gene, longer iso-
forms tend to have higher levels in the aged brain (Figure 4 C;
Supplementary Figure S13 a, left panel) and that this is true
when separately considering most regions of the mRNA, in-
cluding the CDS and the 5 

′ UTR, while the 3 

′ UTR showed
an opposite trend. This finding supports our gene-level results
suggests that there may be something specific about the brain
for the accumulation of longer mRNAs, while other tissues
show an opposite trend ( 96 ). This point is controversial in the
literature as there are indications that support both positive
and negative correlation between gene length and increased
expression during brain aging ( 103 , 114 , 126 ). These might be
due to differences in the age of the control mice that were
used for comparisons ( 126 ). At the same time, even a more
careful module-wise analysis of our data shows differences in
the correlation between isoform length and expression. For
example, we observe a significant positive correlation for the
neuronal module M2 and the mitochondrial / ribosomal mod-
ule M8, while the vesicular module M4 and the immune re-
sponse module M5 show an opposite trend. These contrasting
results point to an unknown molecular or evolutionary mech-
anism that influences the relationship between mRNA length
and expression change during aging, precluding a simple in-
terpretation of these correlations. 

Other aspects related to RNA composition, including
GC%, seem to play a role, indicating either the existence
of specific binders, or biophysical stabilization processes that
might explain these effects. We attempted to rely on available
in silico data for RBPs that could explain some of the splic- 
ing changes that we observed and found some potentially in- 
teresting regulators. As an example, HNRNPU, KHDRBS2,
RBM25, RBM4, DAZP1 and UNK have binding motifs that 
are overrepresented in the isoforms more expressed in the aged 

brain ( Supplementary Figure S11 d, e). The paradoxical result 
of the 3 

′ UTR may be related to an additional regulatory layer 
that may play a role here, as miRNAs usually interact with 

the 3 

′ UTR of target mRNAs. We also observe that both RBPs 
and SFs overall have a higher binding frequency in mRNA 

isoforms that are differentially expressed in the aged brain 

( Supplementary Figure S12 ). These results remain puzzling 
and future studies that unbiasedly and comprehensively test 
the preferential degradation of RNA based on their 3 

′ UTRs.
Moreover, a comprehensive analysis of the RBPs and SFs that 
bind these regions, will be necessary to mechanistically eluci- 
date how aging reshapes the brain transcriptome. 

Our additional analyses aimed at dissecting the influence 
of different alternative splicing events indicate the presence of 
age-specific isoform switches. Notably, we observed in both 

our datasets a higher fraction of genes with alternative 3 

′ 

acceptor sites (A3) in the aged brain, whereas the young 
adult brain displayed a higher fraction of genes with alter- 
native transcription start sites (ATTS), suggesting that A3- 
type splicing events might protect isoforms from degradation 

while ATSS-type splicing events might have the opposite ef- 
fect. Overall, in the aged brain the overexpressed isoforms be- 
longing to the same gene also tend to be less sensitive to NMD 

(Figure 5 D), possibly indicating a positive selection of NMD- 
resistant transcripts in the aged brain. 

Analysis of mRNA PT ratio provided further insight into 

the transcriptomic changes that occur in the aging brain, re- 
vealing a scenario compatible with a significant increase in 

mRNA lifetime in aged mice (Figure 6 B). These findings are 
consistent with recent estimates of elongation speed obtained 

in a recent work from Debès and collaborators ( 28 ). Their 
work showed a reduction in the fraction of unspliced reads 
with aging, which the authors interpret as increased splicing 
efficiency associated with faster PolII elongation. While plau- 
sible, the authors themselves acknowledged that they ‘cannot 
exclude the possibility that this increase resulted from changes 
in RNA half-lives’. Consistently, our study observed a similar 
reduction in the fraction of unspliced reads with age, yet we 
propose that this decrease results from the combined modu- 
lation of RNAs processing and stability. Our study expands 
on the insights provided by Debès and coworkers. regarding 
splicing modulation and introduces novel relevant evidence 
supporting the involvement of RNA decay in aging-related 

gene expression modulations, suggesting that mRNA turnover 
plays a role in defining transcriptional programs associated 

with brain aging. Given the alterations in alternative splic- 
ing that we have observed here and that seem to correlate 
with slower mRNA turnover in the aged brain, we believe that 
decreasing elongation speed may not have therapeutic poten- 
tial in this context, but further experiments will be needed to 

test this aspect. As both mRNA (here) and protein lifetimes 
( 31 ,127 ) have been found to be affected in the aged mouse 
brain, these findings highlight the importance of measures that 
not only reflect abundances but also the dynamic replacement 
of biomolecules in the aged brain to understand differences 
that might otherwise remain unexplored. 

Among the limitations of our study, there is the fact that 
we concentrated our analysis on male individuals, limiting the 
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mpact of our work for sex-related differences. Historically it
as believed that results in female mice, could be less repro-
ucible, but this is probably not the case ( 128 ), and future
tudies will be required to bridge the gender gap in aging re-
earch. Our additional analysis in this direction tried to ac-
ount for possible sex-chromosome related effects. In our male
ohorts we did not observe a significant difference in the ex-
ression of X-chromosome or Y-chromosome specific genes.
f course, this does not rule out the possibility that there may
e sex-specific differences in gene expression in the aged brain
f male and female rodents, as previously shown ( 7 ), although
dditional experiments will be needed to address DTU and a
ossible role of RBPs in determining these differences. One
ther limitation of our work is that we lack a direct compar-
son with single-cell and spatial transcriptomics data within
he same animal cohort, although we did a sizeable effort to
e-use and integrate in our analyses a large wealth of recently
enerated datasets ( 6 , 37 , 39 ). Admittedly the single-cell data
omparisons that we show lend support to our interpretations,
ut they do not completely rule out potential alterations in cell
opulation composition. Finally, although our results indicate
 clear implication of RBPs and SFs in the remodeling of the
ged transcriptome, our binding motif analysis was performed
n silico and future more extensive experimental efforts will
e needed to directly test the role of these proteins in brain
ging. 

In conclusion, our work presents a systematic analysis of
he aging mouse transcriptome at the level of the whole brain,
evealing significant alterations in gene expression, isoform
sage and mRNA turnover. By thorough analyses, we have

dentified age-specific changes in neuronal gene regulation, al-
ernative splicing, and mRNA stability which opens up new
venues for future research into the molecular basis of brain
ging and age-associated neurodegenerative diseases. These
ndings have important implications for the study of age-
elated neurodegenerative disorders, as they may uncover po-
ential therapeutic targets and strategies for delaying or pre-
enting age-associated cognitive decline, restoring the alter-
tion of deregulated pathways. 

ata availability 

he datasets generated and analyzed during in current
tudy are available on GEO under the accession number:
SE233837 

Note that the ‘super series’ GSE233837 contains three sub-
eries: 

- GSE233835: Short-read 150bp paired-end (main dataset
for our analyses) 

- GSE233836: Long-read Oxford Nanopore Technology
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pendent biological cohort used for cross-validations) 

The scripts utilized in the current study are also publicly
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