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ABSTRACT

An important hallmark of aging is the loss of proteostasis, which can lead to the formation of protein aggregates and mitochon-

drial dysfunction in neurons. Although it is well known that protein synthesis is finely regulated in the brain, especially at
synapses, where mRNAs are locally translated in an activity-dependent manner, little is known as to the changes in the synaptic
proteome and transcriptome during aging. Therefore, this work aims to elucidate the relationship between the transcriptome
and proteome at the soma and synaptic levels during aging. Proteomic and transcriptomic data analysis reveal that, in young

animals, proteins and transcripts are correlated and synaptic regulation is driven by changes in the soma. During aging, there is a

decoupling between transcripts and proteins and between somatic and synaptic compartments. Furthermore, the soma-synapse

gradient of ribosomal genes changes upon aging, that is, ribosomal transcripts are less abundant and ribosomal proteins are
more abundant in the synaptic compartment of old mice with respect to younglings. Additionally, transcriptomics data highlight
a difference in the splicing of certain synaptic mRNA with aging. Taken together, our data provide a valuable resource for the

study of the aging synapse.

1 | Introduction

Brain aging is characterized by a progressive reduction of cor-
tical gray matter volume (Fjell et al. 2009; Lemaitre et al. 2005,
2012; Raz et al. 2005). Surprisingly, cortical shrinkage is not
correlated with significant neuronal death during normal brain
aging but represents a pathological feature associated with neu-
rodegenerative diseases (Morrison and Hof 2007; Pakkenberg
et al. 2003). Cortical shrinkage must then be mainly the result
of changes in the network of neuronal connections (neuropil),

and indeed aged pyramidal cortical neurons are affected by a
reduction of synaptic spines (Dickstein et al. 2007, 2013) and im-
balances in neurotransmitter signaling (Leventhal et al. 2003;
Wang et al. 2011). These synaptic changes are likely the cause
of age-dependent deficits in functions such as perceptual speed
and working memory (Buckner 2004; Nyberg et al. 2012).

Neurons are cells of a peculiar morphology that comprise com-
plex and extensive neurites. Neurites can have a length that is
orders of magnitude larger than the soma diameter and most of
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the neuronal cytoplasm is contained in neurites. Dispatching so-
matically synthesized proteins to distant compartments is a de-
manding process and it has become increasingly clear that many
transcripts coding for synaptic proteins are transported to distant
sites (von Kiigelgen and Chekulaeva 2020 and references therein)
and that most of the neuritic proteome is synthesized locally
(Zappulo et al. 2017). Local synaptic translation is indispens-
able both for synapse maintenance and for activity-dependent
synaptic plasticity both during development and in adulthood
(Cioni et al. 2018; Glock et al. 2017; Holt and Schuman 2013;
Holt et al. 2019; Sun et al. 2021). Transcripts coding for synaptic
proteins are subject to alternative splicing and are enriched in
specific motifs that support local translation. Neuronal aging is
known to affect splicing at a global level and altered splicing is a
likely driving factor of Alzheimer's disease (Raj et al. 2018).

Although synaptic translation has been extensively analyzed in
relation to several physiological and pathological mechanisms
(Piol et al. 2023; Seo et al. 2022; Cagnetta et al. 2023), no one has
so far provided a comprehensive view of the changes that occur at
the synaptic level with age. Albeit there is no lack of studies on the
modification of the synaptic transcriptome during aging (Chen
et al. 2017; Dillman et al. 2017), here we provide the first insight
into how transcriptome and proteome change together in the
aging synapse. Furthermore, in this work we analyze the effects
of aging on differential splicing in the local synaptic proteome.
To this end, we analyzed the RNA extracted from synaptosomes
obtained from cerebral cortices of C57BL/6J mice of 3weeks,
5months, and 18 months of age. These three time points span
three pivotal stages of brain development: at 3weeks corticogene-
sis is completed, but synaptogenesis is ongoing (Li et al. 2010), and
cortical plasticity is likely at its peak (Gordon and Stryker 1996).
At 5months the mouse is considered a mature adult, and this
represents an intermediate time point between development
and aging. Mice at 18 months of age already suffer from cogni-
tive decay (Fukushima et al. 2008; Peleg et al. 2010), but age-
dependent mortality for the BL6 strain is still marginal, with
survivorship of around 80% (Flurkey et al. 2007). Synaptosomes
are artificial, membranous sacs that contain synaptic components
and are generated by subcellular fractionation of homogenized or
ground-up nerve tissue because the lipid bilayers naturally re-
seal together after the axon terminals are torn off by the phys-
ical shearing force of homogenization. Synaptosomes contain
the complete presynaptic terminal, including mitochondria and
synaptic vesicles, along with the postsynaptic membrane and the
postsynaptic density (PSD) (Daniel et al. 2012). This preparation
hasbeen widely used for biochemical characterization of synapses
and to study mechanisms of neurotransmitter release (Trebesova
and Grilli 2023; Garcia-Sanz et al. 2001). Here we employ RNA-
seq, proteomics, and sequencing of ribosome-associated RNAs to
obtain the first multiomics analysis of the aging synapse.

2 | Results and Discussion

2.1 | Synaptosomes Enrichment From Mouse
Cortex During Aging

We extracted cortex-derived synaptosome (SYN) samples from
young (3weeks old), adult (5months old), and old (18 months
old) C57BL/6J mice (Table S1). From each sample, both RNA

and proteins were purified. The enrichment of synaptic compo-
nents in SYN samples was verified through Western Blot and
quantitative Real-Time PCR (qPCR) (Figure S1A-G).

We then performed depletion of rRNAs and single-end RNA-Seq
on SYN and total homogenate (TH) samples, obtaining an av-
erage number of reads per sample of 25+ 1 and 20 + 3 millions,
respectively. The distribution of reads mapping to different ge-
nomic features differs between SYN and TH, with higher per-
centage of reads mapping to intronic sequences in TH samples
as compared to SYN samples (Figure S1H), as expected due to
the presence of pre-mRNAs in TH. A total of 32,978 (19,097 cod-
ing) and 27,905 (17,911 coding) transcripts were detected with at
least one read in TH and SYN, respectively. We also measured
protein abundances by mass spectrometry-based proteomics
and Data Independent Acquisition (DIA). A total of 4083 and
3221 proteins were detected with non-null peptide absolute in-
tensity in TH and SYN, respectively. The percentage of proteins
for which also the corresponding transcript was detected is 77%
in TH (N=3176) and 98% in SYN (NN =3168).

Principal component analysis (PCA) (Figures S1I and S2) visual-
ized three levels of sample separation based on global transcript
and protein expression. TH and SYN samples are separated on
PC 1 (89% and 52% of variance explained, respectively, for tran-
scripts and proteins), demonstrating that the subcellular origin
of samples is the major source of expression variation. The lower
separation of TH and SYN at the protein level could represent a
biological phenomenon suggesting a more homogeneous pro-
tein composition across the ages or could be due to the much
lower depth of the data generated by proteomics as opposed to
transcriptomics. The respective enrichment in SYN of synaptic
proteins and transcripts and depletion of nuclear proteins and
transcripts for each of the three age steps was further confirmed
by computing the probability distribution functions of the en-
richment scores and visualizing them as density plots for these
two gene and protein sets (Figure S1J,K). We further assessed the
quality of our SYN preparation by comparing our transcriptomic
and proteomic data with four public synaptosomal datasets and
detected significant positive correlation in all three compari-
sons (Ouwenga et al. 2017; You et al. 2015; Zappulo et al. 2017;
Moczulska et al. 2014) (Table S2 and Figure S3), even when
only nonsynaptic proteins were taken into account. As further
validation steps, we compared our RNA-seq data with Hafner
et al. (2019) paper where synaptosomes were further divided
into Vglut+ synaptosomes (excitatory synapses) and Vglut— syn-
aptosomes (inhibitory synapses and glial components), and the
analysis showed a clear enrichment of glutamatergic transcripts
(Figure S3E). In addition, we compared our proteomics data with
Sharma et al. (2015) that identifies cell-type specific proteomes in
the brain. The proteins significantly enriched (FC > 2) in neurons,
oligodendrocytes, astrocytes, and microglia were compared with
SYN enriched proteins. Neuronal proteins showed the highest
enrichment followed by microglia-specific proteins (Figure S3F).

2.2 | Ribosomal Proteins Are Translationally
Repressed in Synaptosomes

We selected genes whose respective transcript and protein
levels are differentially expressed in either direction between

20f 24

Aging Cell, 2025

85UBD 17 SUOLULIOD @AERID) @(qedl|dde auy Ag pausenoh a1e sapile YO 8SN Jo S3|nJ 104 AriqIT UIIUO /8|1 UO (SUORIPUCD-PUR-SULBY /WO AB] 1M ATeIq 1 [eu1|UO//SANY) SUORIPUOD PUe SW L 3Ly 885 *[9202/S0/TT] uo Ariqrauluo A8|iM ‘Bsid 1Q 8101:dnS S[LLION BIONdS - 0ULR| RO 0JPUESS3|Y AQ 2920, BIR/TTTT OT/I0p/W0d™A8| 1M Aeiqjeul|uo//Sdny woJj papeojumoq ‘ZT ‘G202 ‘92L67LyT



SYN and TH in adult animals (adjusted p value > 0.05, Fisher's
meta-analysis) (Lury 1972). This selection left 2717 pairs of
matched proteins and transcripts. Synaptosomal enrichment/
depletion at both protein and transcript levels for these genes
is reported as a scatter plot in Figure 1A. The first quadrant of
this plot contains genes whose transcript and protein products
show synaptic enrichment; notably, this quadrant shows an
enrichment of genes coding for synaptic proteins, as shown
also in Figure 1D. This quadrant also shows a mild enrich-
ment for endosomal and cytoskeletal genes (Figure S4A-C),
which is consistent with the report that they act as scaf-
folds for local RNA translation (Cioni et al. 2018). The third
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quadrant contains genes that show synaptic depletion of both
the respective transcript and protein; the overrepresented GO
categories within this gene set show the expected relation to
nuclear proteins (Figure 1D). The second and the fourth quad-
rants contain genes whose corresponding proteins and tran-
scripts show opposite directions of enrichment. The second
quadrant contains synaptically depleted proteins whose tran-
scripts are enriched in the synaptosome. The overrepresented
GO categories of this gene set correspond mainly to organelles
such as the mitochondrion and the ribosome, in line with
previous studies (Figure 1D). These likely correspond to tran-
scripts that are translationally repressed or proteins whose
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FIGURE1 | Synaptosomes are enriched in transcripts coding for synaptic proteins. (A) Proteins and RNAs enrichment are plotted as log of the

ratio synaptosome vs. total homogenate. Quadrants are named clockwise, starting from the upper right one. The distribution of genes in each quad-
rant is not uniform according to Fisher's exact test (p=2.86x107%7). Protein and RNA fold changes are correlated using Spearman’s correlation
(p=0.141, p=1.342x107'3). Genes belonging to specific Gene Ontology (GO) terms are highlighted in different colors, red =synapses, blue =ri-
bosome, green =respiratory chain as indicated also in the legend. TH =total homogenate, SYN =synaptosomes. (B) The ratio between ribosome-
associated transcripts (translatome) in SYN and TH of genes of Quadrant I and II of Panel A is visualized in form of density plot. The means are
significantly different according to Wilcoxon Test (p value =2.546 X 10~%%). (C) Probability density plot of the translational efficiency of genes in Panel
A. Genes belonging to specific Gene Ontology (GO) terms are highlighted in different colors, red =synapses, blue =ribosome, green =respiratory
chain as indicated also in the legend. Differences in means are significant according to Kruskal-Wallis Test (p =0.0001). (D) Topl0 GO categories
significantly enriched in each of the 4 quadrants of Panel (A). Overrepresentation analysis (ORA) was performed with WebGestalt.
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half-lives are shorter in the synapses. The fourth quadrant
contains proteins enriched in SYN whose transcripts are more
abundant in TH. They are enriched for terms related to vesicle
components that are involved in soma processes trafficking
or in synaptic vesicle trafficking (Figure 1D and Figure S4D).
The proteins found in this quadrant are possibly synthesized
at the somatic level and transported to the neuronal processes.
In fact, it has been extensively reported that synaptic vesicle
(SV) proteins are synthesized at the somatic level and trans-
ported to the presynaptic terminal along the axon (Hafner
et al. 2019; Ahmari et al. 2000; Tao-Cheng 2020; Watson et al.
2023). When projecting the mRNAs identified by Hafner et al.
in the Vglut+ synaptosomes on the plot of Figure 1A, it is ev-
ident that Q4 contains mRNAs depleted from Vglut+ synap-
tosomes, but not mRNAs enriched in Vglut+ synaptosomes
(Figure S4E). Additionally, to exclude that the higher protein
abundance in Q4 might be due to a longer protein half-life, we
compared protein half-lives of Q4 and Q1 using data generated
from Fornasiero et al. (2018) in mouse cortical synaptosomes.
As reported in Figure S4F, we did not detect any difference
between the two quadrants. To confirm that transcripts in the
second quadrant of Figure 1A (i.e., transcript enriched and
protein depleted) are translationally repressed, we performed
ribosome pull-down both from SYN and TH, using a Sucrose
Cushion (SC). We then isolated ribosome-associated RNA
and performed RNA-seq after rRNA depletion, obtaining an
average number of reads of 39.6 +3.6 million. We then cal-
culated the translational efficiency (TE) by dividing RPKMs
of ribosome-associated RNAs in SYN (SC_SYN) by RPKMs
of ribosome-associated RNAs in TH (SC_TH). The proba-
bility distribution functions of TE of genes belonging to the
first and second quadrants of Figure 1A were estimated by
Gaussian kernel density and are reported as density plots in
Figure 1B. We found that genes of the second quadrant are
significantly less associated with ribosomes as compared to
genes of the first quadrant (p value =2.546 x 107%, estimated
by Wilcoxon Test). We also analyzed specifically TE of syn-
aptically enriched genes belonging to the GO categories ribo-
somes (GO:0005840), respiratory chain (GO:0070469), and
synapse (G0:0045202) (Figure 1C). It is apparent that trans-
lation is higher for synaptic transcripts, which are all actively
translated at the synaptic level as compared to genes belong-
ing to ribosome and respiratory chain categories.

We repeated the comparison between the proteome and tran-
scriptome of SYN and TH using the same procedure used for
the other two time points, yielding, respectively, 3142 and
3062 pairs of matched proteins and transcripts in adult and
old animals (Figure S5A,E). No substantial change in the
genes enriched at the synaptic level was observed during
aging (Figure S5D,H). The most relevant changes in GO cate-
gories affect genes that are enriched at the transcript but not
protein level in synaptosomes (located in the second quad-
rant). Although these genes appear to have a lower TE com-
pared to those located in Q1, also in young and old animals
(Figure S5B,F), GO categories related to ribosomes and the
respiratory chain are overrepresented in the second quadrant
in young and adult animals, but not in old animals. Notably,
the respiratory chain GO category is overrepresented in Q3
(Figure S5D,H) at 18 months, indicating that mitochondrial
respiration in old animals is impaired both at the somatic and

synaptic level. This observation is in line with the general age-
dependent decline in mitochondrial function, characterized
by decreased oxidative phosphorylation activity and increased
oxidative damage in various organs (Srivastava 2017), and at
the synaptic level, where a decline in synaptic mitochondrial
function contributes to neuronal and synaptic degeneration
(Du et al. 2012).

2.3 | Noncoding RNAs Are Enriched
in Synaptosomes

Some noncoding RNAs (ncRNAs) are reported to be partic-
ularly enriched in synapses (Rybak-Wolf et al. 2014; Chen
et al. 2017). In our dataset, we detected 26,431 genes differ-
entially expressed between SYN and TH, 35% of which are
annotated as ncRNAs (9397 genes). In particular, 10,871 tran-
scripts, out of which 827 are annotated as ncRNAs, were sig-
nificantly enriched in SYN. We compared these genes with
synaptically localized ncRNAs extracted from three differ-
ent datasets (You et al. 2015; Ouwenga et al. 2017; Zappulo
et al. 2017) and found 51 ncRNAs significantly enriched in
synapses in our data and You et al. data (Figure S6A) and
289 noncoding genes significantly enriched in the synaptic
compartment in both our dataset and Zappulo et al. dataset
(Figure S6C). As expected, we only found 9 ncRNAs enriched
in SYN both in our dataset and Ouwenga et al. TRAP-seq
data (Figure S6B), as this dataset is particularly enriched in
ribosome-bound transcripts. We confirmed that ncRNAs sig-
nificantly enriched in SYN (IN=827) are translationally re-
pressed by comparing them with Zappulo et al. Ribo-seq data,
using as control protein-coding RNAs that are significantly
enriched in SYN (N=4083). Probability distribution functions
of translation rates were estimated by Gaussian kernel density
and are reported as density plots in Figure S6D. Synaptic en-
richment of some long ncRNAs was further validated by qPCR
(Figure S6E-G).

2.4 | RNA-Protein Decoupling in
Aging Synaptosomes

To gain insights on the relationship between transcript and
protein abundance, we performed Spearman's correlation
between RNA Reads Per Kilobase Million (RPKMs) and the
corresponding protein absolute intensities for each time point
separately for TH and SYN. We detected a significantly higher
correlation in total homogenate as opposed to synaptosomes
(p=0.0002 evaluated by two-way ANOVA), likely due to the
transport of some proteins from the soma. We also observed
a decrease in correlation as a function of age (p<0.0001
evaluated by two-way ANOVA) (Figure 2A), indicating age-
dependent decoupling between protein and transcript, as pre-
viously observed in total brain homogenates of primates and
killifish (Kelmer Sacramento et al. 2020; Wei et al. 2015). To
analyze transcript and protein regulation during aging in TH
and SYN, we computed Spearman’s correlation of RPKMs or
protein absolute intensities with age for each gene. Rho co-
efficients were analyzed using Generally Applicable Gene
Enrichment (GAGE) (Luo et al. 2009) to obtain Gene Ontology
categories enriched for genes whose expression is positively or
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FIGURE 2 | Age-dependent regulation of protein and transcript. (A) Box plot of the proteome-wide correlation between transcript RPKMs and
protein absolute intensities in total homogenate (TH) samples, colored in blue and synaptosomal (SYN) samples, colored in red, at 3weeks, 5months,
and 18 months. Differences between conditions were evaluated by two-way ANOVA. (B) Generally Applicable Gene Enrichment (GAGE) of the cor-

relation of TH transcripts with age. Only the top10 Cellular Component terms are shown. (C) GAGE of the correlation of TH proteins with age. Only

the top10 Cellular Component terms are shown. (D) GAGE of the correlation of SYN transcripts with age. Only the top10 Cellular Component terms

are shown. (E) GAGE of the correlation of SYN proteins with age. Only the top10 Cellular Component terms are shown.

negatively correlated with age (Figure 2B,C and Figure S7A
for TH; Figure 2D,E and Figure S7B for SYN). In TH, tran-
scripts and proteins related to spliceosomal complex and ri-
bosomes display an opposite behavior with aging. At the
transcript level, in fact, these genes increase with age, while
they decrease with age at the protein level. The same phe-
nomenon of protein-transcript decoupling was observed also
in the turquoise killifish Nothobranchius furzeri (Sacramento
et al. 2019). Some examples are depicted in Figure S7C,D.

We also examined the correlation between age-dependent reg-
ulation in SYN and TH during aging, both at the transcrip-
tomic and proteomic levels. The comparison of transcripts
regulated between the young and adult stages in SYN and TH
yielded 2878 genes significantly regulated in either of the two
compartments. The fold change of these genes in total homog-
enate and synaptosomes is highly correlated (0 =0.811, p value
<2.2x10716 calculated with Spearman’s correlation), suggest-
ing that transcript changes in the synapse are driven by the
soma (Figure 3A). The same process was repeated for tran-
scripts regulated during aging, yielding 4364 genes commonly
regulated in the two compartments. During aging, the cor-
relation between TH and SYN drastically decreases (o =0.038,
p value=0.011, calculated with Spearman'’s correlation), sug-
gesting that the synaptic compartment becomes decoupled
from the soma (Figure 3B). We observed the same phenome-
non at the proteome level, with a correlation of the two com-
partments decreasing from 0.615 (p value < 2.2 X 1071%) during
adulthood (Figure 3C) to 0.259 (p value =4.174 X 10716) during

aging (Figure 3D), and at the level of the translatome, with a
correlation of the two compartments decreasing from 0.713 (p
value <2.2x1071%) during adulthood (Figure 3E) to 0.146 (p
value =6.024 x 107%%) during aging (Figure 3F). While genes
coding for synaptic proteins are, as expected, stably expressed
and translated during development both in TH and SYN
(Figure S8A,C,E), the genes more affected by the decoupling
are those coding for ribosomal proteins. More specifically,
their transcripts increase, and their proteins decrease in TH
while the opposite is observed in SYN (Figure S8B,D, respec-
tively). To further corroborate this finding, we repeated this
analysis using the intersection of the adjusted p value, instead
of combining them with Fisher's metanalysis. We observed
that increasing gene selection stringency does not change the
detected decrease in correlation between TH and SYN. In ad-
dition, the GO categories overrepresented in the four quad-
rants are largely consistent (Figure S9).

To explore further the age-dependent transcriptome/pro-
teome decoupling, we analyzed the correlation between
RNA and proteins during development and aging, both in
TH (Figure 4A,D, Figure S10A,B) and SYN (Figure 4G.J,
Figure S10C,D), highlighting in the scatterplots the GO cat-
egories that are most affected by aging, namely respiratory
chain and ribosome. This correlation decreases from 0.221
(p value <2.2x107%) to —0.011 (p value=0.743) in TH and
from 0.236 (p value <2.2x1071%) to 0.028 (p value =0.246)
in SYN. We thus calculated a decoupling score for each gene
defined as the ratio between protein and transcript changes:
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FIGURE3 | Legend on next page.

positive decoupling indicates that the protein increases more
(or is reduced less) than expected from transcript regulation
and negative decoupling that the protein increases less (or
decreases more) than expected from transcript regulation (Di
Fraia et al. 2023) and used decoupling scores of each gene as
input for GAGE (Figure 4B,E,H,K). This analysis showed that
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ribosomal genes have a negative decoupling during develop-
ment and aging in TH. In SYN, on the other hand, ribosomal
genes show a negative decoupling during development and a
positive decoupling during aging. Analysis of the correlation
of decoupling with changes in translational efficiency (TE) in
old SYN confirmed that positive decoupling correlates with
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FIGURE 3 | Soma-synapse decoupling during aging. (A) Transcript regulation plotted as log of the ratio 5m vs. 3w in TH and SYN. Quadrants
are named clockwise, starting from the upper right one. The distribution of genes in each quadrant is not uniform according to Fisher's exact test
(p<2.2x1071%). SYN and TH fold changes are correlated based on Spearman'’s correlation (o =0.811, p<2.2x1071%). (B) Transcript regulation plot-
ted as log of the ratio 18m vs. 5m in TH and SYN. Quadrants are named clockwise, starting from the upper right one. The distribution of genes in
each quadrant is not uniform according to Fisher's exact test (p=7.856x107%%). SYN and TH fold changes are weakly correlated using Spearman’s
correlation (p=0.038, p=0.011). (C) Protein regulation plotted as log of the ratio 5m vs. 3w in TH and SYN. Quadrants are named clockwise, start-
ing from the upper right one. The distribution of genes in each quadrant is not uniform according to Fisher's exact test (p <2.2x107%). SYN and TH
fold changes are correlated using Spearman’s correlation (p=0.615, p<2.2x10716). (D) Protein regulation plotted as log of the ratio 18m vs. 5m in
TH and SYN. Quadrants are named clockwise, starting from the upper right one. The distribution of genes in each quadrant is not uniform accord-
ing to Fisher's exact test (p=9.909x1071!). SYN and TH fold changes are correlated using Spearman's correlation (o =0.259, p=4.174x1071°). (E)
Ribosome-associated transcript regulation plotted as log of the ratio 5m vs. 3w in TH and SYN. Quadrants are named clockwise, starting from the
upper right one. The distribution of genes in each quadrant is not uniform according to Fisher's exact test (p <2.2x1071%). SYN and TH fold chang-
es are correlated using Spearman’s correlation (p=0.713, p<2.2x1071). (F) Ribosome-associated RNAs transcript regulation plotted as log of the
ratio 18m vs. 5m in TH and SYN. Quadrants are named clockwise, starting from the upper right one. The distribution of genes in each quadrant
is not uniform according to Fisher's exact test (p=8.305x107%7). SYN and TH fold changes are correlated using Spearman’s correlation (o =0.146,

p=6.24x10"%),

an increase in TE and that higher protein concentration is the
result of higher rates of protein synthesis (Figure 4L).

We confirmed that ribosomal proteins decrease in TH and in-
crease in SYN during aging by a Western blot in an indepen-
dent group of samples (Figure 5A,B and Figure S11, p=0.243
for SYN and p=1.6x10"" for TH evaluated by two-way
ANOVA). Similarly, the decrease of transcripts coding for ribo-
somal proteins in SYN was confirmed by means of qPCR while
regulation of transcripts in TH was not consistent (Figure 5C,
p=8.97x1071 for SYN and 0.0273 for TH evaluated by two-way
ANOVA). Moreover, we evaluated the amount of ribosomal RNA
(rRNA) with a bioanalyzer (Figure 5D). This datum indicates
that higher ribosomal proteins correlate with an increase in fully
assembled ribosome at the synaptic level. We also performed
targeted proteomics via Parallel Reaction Monitoring (PRM) of
ribosomal proteins in our SYN samples (Table S3). We observed
a significant increase (evaluated by one-way ANOVA) of two of
the four analyzed proteins in adult and aged SYN (Figure 5E).
Finally, a staining of a ribosomal protein and RNA on isolated
synaptosomes (Richter et al. 2018) further corroborated our data
(Figure 5F, p<0.0001 evaluated by Kruskal-Wallis test).

To analyze which changes occur in posttranslational modi-
fications at the synaptic level, we compared the Differentially
Expressed Proteins (DEPs) with a recently published work
on posttranslational modifications in the brain (Marino et al.
2025). This comparison revealed that phosphorylation is gen-
erally reduced among downregulated synaptic (SYN) DEPs. In
addition, we observed a global downregulation of acetylation
and an upregulation of ubiquitination across synaptic DEPs,
independent of whether the proteins themselves were up- or
downregulated (Figure S12).

2.5 | Differential Expression of Transcript
Isoforms in Aging Synaptosomes

In order to identify transcript isoforms that are differentially ex-
pressed in SYN with aging, we performed paired-end long read
sequencing on TH and SYN from young, adult, and old mice of
ages corresponding to the previous experiments. We applied

both DIEGO (Doose et al. 2018) and LeafCutter (Li et al. 2018). In
both cases, Differentially Expressed Junctions (DEJs) were iden-
tified for each of the age comparisons SYN 3w/5m, SYN 3w/18m,
and SYN 5m/18m. Both software identify transcript isoforms by
determining differentially expressed junctions based exclusively
on split-read information and do not make use of a priori gene
models, like DEXSeq (Anders et al. 2012). The two software,
however, use different methods for the detection of statistically
significant DEJs. DIEGO analyzes each splice junction sepa-
rately and assigns a g-value to its differential usage. LeafCutter
analyzes clusters, that is, a set of junctions connected to each
other through common acceptor or donor splice sites, and as-
signs an adjusted p value to each cluster based on differential
connectivity within the cluster. In the three age comparisons,
3099, 1496, and 2192 DEJs (DIEGO) and 4249, 4175, and 4036
clusters (LeafCutter) were identified, respectively. Both software
identified only a negligible number of DEJs that could not be
mapped to an annotated gene or that spanned an unrealistically
large range (>106bp). For each age comparison, we evaluated
the percentage of DEJs with either: (i) both donor and acceptor
splice sites annotated, (ii) only one of the two splice sites anno-
tated, and (iii) both splice sites unannotated (Figure S13A,B).
LeafCutter-identified more junctions with at least one unanno-
tated splice site compared to DIEGO (18.74% in LeafCutter and
8.95% in DIEGO, on average). Next, we evaluated the percentage
of DIEGO-derived DEJs (Figure S13C) and LeafCutter-derived
clusters (Figure S13D) mapping on the 5’UTR, on the coding se-
quence (CDS), on the 3'UTR, and on the introns. Most splice
sites map to the UTRs and the CDS; however, we detected a
higher percentage of LeafCutter-identified splice sites mapping
on the 5'UTR and on introns, suggesting either that LeafCutter
identifies more unannotated exons and 5’UTR isoforms or that it
has a higher rate of false-positive calls, as compared to DIEGO.
We performed GO terms overrepresentation analysis on the top
1000 g-value ranked DIEGO-derived DEJs (Figure S12E-G)
and on the top 1000 adjusted p value ranked LeafCutter-derived
clusters (Figure 6A-C) to gain insights into the function of age-
dependent differentially spliced synaptic transcripts. The GO
category GTPase binding (GO:0051020) resulted preeminent in
all three comparisons. GTPase activity is involved in a multi-
tude of processes that are important in synaptic function, like
signal transduction at the level of G protein-coupled receptors,
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neurotransmitter release, protein synthesis, and synaptic plas-
ticity. This enzymatic activity is regulated by various GTPase
binding proteins, like guanine nucleotide exchange factors
(GEFs), which catalyze the exchange of GDP with GTP and the
reactivation of the GTPase; GTPase activating proteins (GAPs),
which increase the GTPase activity; and guanosine nucleotide
dissociation inhibitors (GDIs) that inhibit the exchange of GDP
with GTP and therefore maintain the GTPase in its inactive state.

Furthermore, we compared the overlap between the GO cate-
gories enriched in the DEGs (adjusted p value <0.01) and in the
genes that contain DEJs identified both with DIEGO (top 1000
q value ranked DEJs) and LeafCutter (top 1000 adjusted p value
ranked clusters) (Figure S13H-J and Figure 6D-F). We observed
a larger overlap between DEGs and DEJs in the contrast SYN
3w versus 5m as compared to the contrast SYN 5m versus 18m,
with only 10.7% (60/558) DEJs not DEG (Figure 6D) as opposed
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FIGURE 4 | Transcriptome/proteome decoupling with aging in TH and SYN. (A) Proteins and RNAs enrichment in TH are plotted as log of the
ratio 5m vs. 3w. Quadrants are named clockwise, starting from the upper right one. The distribution of genes in each quadrant is not uniform ac-
cording to Fisher's exact test (p <2.2x 107'9). Protein and RNA fold changes were correlated using Spearman'’s correlation (p=0.221, p<2.2Xx10719),
Genes belonging to specific Gene Ontology (GO) terms are highlighted in different colors, blue =ribosome, green =respiratory chain as indicated
also in the legend. (B) Generally applicable gene enrichment (GAGE) of the decoupling of transcripts and proteins in TH during development. Positive
decoupling indicates higher protein level than expected from transcript regulation and negative decoupling less protein level than expected from
transcript regulation. Only the top10 categories ranked on log, of the p value are shown. (C) Decoupling and Translational Efficiency (TE) in TH are
plotted as log of the ratio 5m vs. 3w. Decoupling and TE fold changes were correlated using Spearman's correlation (0 =0.160, p<2.2X 1071%). Genes
belonging to specific Gene Ontology (GO) terms are highlighted in different colors, blue =ribosome, green =respiratory chain as indicated also in
the legend. (D) Proteins and RNAs enrichment in TH are plotted as log of the ratio 18m vs. 5m. Quadrants are named clockwise, starting from the
upper right one. The distribution of genes in each quadrant is uniform according to Fisher's exact test (p =0.0673). Protein and RNA fold changes
were not significantly correlated according to Spearman’s correlation (o=—0.011, p=0.743). Genes belonging to specific Gene Ontology (GO) terms
are highlighted in different colors, blue =ribosome, green =respiratory chain as indicated also in the legend. (E) GAGE of the decoupling of tran-
scripts and proteins in TH during aging. Only the top10 categories are shown. (F) Decoupling and TE in TH are plotted as log of the ratio 18m vs. 5m.
Decoupling and TE fold changes were correlated using Spearman's correlation (o =0.147, p < 2.2x 10716), Genes belonging to specific Gene Ontology
(GO) terms are highlighted in different colors, blue =ribosome, green =respiratory chain as indicated also in the legend. (G) Proteins and RNAs en-
richment in SYN are plotted as log of the ratio 5m vs. 3w. Quadrants are named clockwise, starting from the upper right one. The distribution of genes
in each quadrant is not uniform according to Fisher's exact test (p =6.165x 10719). Protein and RNA fold changes were correlated using Spearman’s
correlation (p=0.236, p<2.2x1071%). Genes belonging to specific Gene Ontology (GO) terms are highlighted in different colors, blue =ribosome,
green =respiratory chain as indicated also in the legend. (H) GAGE of the decoupling of transcripts and proteins in SYN during development. Only
the topl0 categories are shown. (I) Decoupling and TE in SYN are plotted as log of the ratio 5m vs. 3w. Decoupling and TE fold changes were cor-
related using Spearman'’s correlation (0 =0.097, p=2.515Xx 10%%). Genes belonging to specific Gene Ontology (GO) terms are highlighted in different
colors, blue =ribosome, green =respiratory chain as indicated also in the legend. (J) Proteins and RNAs enrichment in SYN are plotted as log of the
ratio 18m vs. 5m. Quadrants are named clockwise, starting from the upper right one. The distribution of genes in each quadrant is uniform according
to Fisher's exact test (p =0.475). Protein and RNA fold changes were correlated using Spearman's correlation (p=0.028, p=0.247). Genes belonging
to specific Gene Ontology (GO) terms are highlighted in different colors, blue =ribosome, green =respiratory chain as indicated also in the legend.
(K) GAGE of the decoupling of transcripts and proteins in SYN during aging. Only the top10 categories are shown. (L) Decoupling and TE in SYN
are plotted as log of the ratio 18m vs. 5m. Decoupling and TE fold changes were correlated using Spearman’s correlation (o =0.002, p=0.875). Genes
belonging to specific Gene Ontology (GO) terms are highlighted in different colors, blue =ribosome, green =respiratory chain as indicated also in
the legend.

to the contrast SYN 5m versus 18m with 43% (261/605) DEJs not
DEG (Figure 6F, p<10~°, Fisher's exact test), suggesting that
during aging, regulation of transcript abundance, and alterna-
tive splicing become more decoupled. Generally, changes in syn-
aptic transcriptome during aging might be imputable either to
changes in the relative expression of certain transcripts (DEGs)
or to a transcript isoform switch (DEJs), where the two processes
can occur independently. We observed a significant overlap in
GO categories enriched in DEGs and genes containing DEJs
when comparing SYN of young animals with those of adult and
old animals, suggesting that, during development, the same bi-
ological processes are modulated via changes in both transcript
abundance and transcript isoform. On the other hand, during
aging, the two phenomena diverge, indicating that synaptic
gene expression might be regulated independently by changes
in transcript abundance and changes in transcript isoform.

We selected a subset of DEJs that were preeminent in at least
one of the three age comparisons, according to either DIEGO
or LeafCutter (Table 1 and Figure S13K-M), and examined the
variation in transcript abundance in the three age comparisons
(Table 2). Bcasl and Nfasc showed a marked decrease upon
aging, while the other genes were not differentially expressed
in the analyzed time points. A summary of the age-dependent
protein and transcript isoform changes is shown in Figure 6G-J.
The change in the usage of the selected junctions was validated
through RT-qPCR (Figure 6K-0") and RT-PCR (Figure S14A-C)
using an independent set of samples. In all the considered genes,

the junction is differentially used due to differential expression
of adjacent exons or of exons spanning that junction; we there-
fore designed three primer pairs: one amplifying a “normalizer
exon,” immediately adjacent to the selected junction, one am-
plifying the junction between the differentially expressed exon
and the normalizer exon, and the last one amplifying the entire
region in which alternative splicing was detected. For the valida-
tion through RT-qPCR, we used the gene Ldhb as a normalizer,
due to its stable expression, between both TH and SYN at the
considered time points.

2.6 | Birc2

BIRC2 is an Inhibitor of Apoptosis Protein (IAP) and inhib-
its apoptosis by binding Caspases (through BIR domains) and
ubiquitinating them (Silke and Meier 2013). By inspecting the
read coverage of Birc2, we identified an unannotated exon (to
which we will refer to as “Exon 4b”) in 3-week SYN. As shown
in Table S4 and Figure S14D, split reads span the junction be-
tween Exon 4 and Exon 5 and the junction between Exon 4b and
Exon 5, but no split read is detectable between Exon 4 and 4b;
furthermore, the putative unannotated donor splice site at the
3’ end of exon 4b (GTAAGC) is consistent with the consensus
sequence “GTAAGT,” thus we hypothesized that an unanno-
tated Transcription Start Site (TSS) might be present at the 5
end of Exon 4b, generating a transcript isoform that does not
include Exons 1-4 and, consequently, a protein with a shorter
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FIGURE 5 | Validation of ribosomal transcripts and proteins regulation in synaptosomes during aging. (A) Western blot of ribosomal proteins
using total cortical homogenate and synaptosomes of young, adult and old animals. Tubulin was used as loading control in all the experiments. (B)
Left panel: Mean of protein intensity quantification in Total Homogenate (TH) relative to tubulin for each time point of panel (A). Right panel: Mean
of protein intensity quantification in synaptosomes (SYN) relative to tubulin for each time point of panel (A). (C) Left panel: Mean of ribosomal
transcripts expression in total homogenate (TH) relative to Ldhb for each time point using independent samples. Right panel: Mean of ribosomal
transcripts expression in synaptosomes (SYN) relative to Ldhb for each time point using independent samples. Each time point N=4. (D) Ribosomal
RNA (rRNA) in total homogenate (TH) and synaptosomes (SYN). Box plot of the fold change of 18S and 28S between SYN and TH across the ages.
Red indicates young animals (N=4), blue adult animals (N=4) and green old animals (N=4). (E) Targeted proteomics of ribosomal proteins in SYN.
Normalized ratios of light to heavy peptides displayed. p values estimated by one-way ANOVA. (F) Immunofluorescence of SYN isolated from young,
adult and old animals (IN=4 for each time point). Synaptic protein synaptophysin (SYP) stained in green, in red Ribosomal protein RPL7 and in blue
Ribosomal RNA. Bar 5um. Right panel: Quantification of mean fluorescence intensity of RPL7 using SYP as reference. Each dot represents a single
synaptosome, bars indicate the mean with 95% Confidence Interval (CI). (F) Isolated synaptosomes staining. Synaptosomes were immunostained
with synaptophysin (SYP) (green), RPL7 (red), and Y10b (blue). On the right the mean intensity of RPL7 channel compared to SYP channel in the
three time points is reported (p <0.0001 evaluated by Kruskal-Wallis test).

N-terminal. In fact, we were able to identify in Exon 5 a start
codon contained in a Kozak sequence and in frame with the open
reading frame (ORF) using ATGpr tool (Salamov et al. 1998). In
agreement with these results, the amplicon spanning the junc-
tion 4b-5 is more expressed in SYN 3w as compared to SYN 5m
and SYN 19m, indicating that the unannotated isoform is only
present in young synapses (Figure 6K' and Figure S14A). In
the truncated protein isoform, the first 395aa are missing. That
means that the three BIR domains are not present in this pro-
tein and that only the RING domain (amino acids 565-600) and
the CARD domain (amino acids 447-537) remain (Figure 6G),
where the latter can inhibit the E3 ubiquitin-protein ligase activ-
ity by preventing RING domain dimerization (Lopez et al. 2011).
We hypothesize that the loss of function of BIRC2 that results
from the loss of its BIR domains facilitates the successful activa-
tion of apoptotic signaling in neurons of young animals, which
could be important for synaptic pruning and neuronal circuit
formation. Alternatively, this truncated protein may act nonca-
nonically and control biological processes other than apoptosis.

2.7 | Bcasl

BCASI (Breast Carcinoma Amplified Sequence 1) is a basic pro-
tein highly expressed in the brain; its knockout is associated
with schizophrenia-like behavioral abnormalities in mice (Fard
et al. 2017; Ishimoto et al. 2017). The inspection of the coverage
of its transcript (Figure S14E) suggests that Exons 9-11 are more
expressed in SYN 3w as compared to SYN 5m and SYN 18m.
In agreement with this result, the amplicon spanning the junc-
tion 8-9 is higher expressed in young SYN and progressively de-
creases its expression with aging (Figure 6L" and Figure S14B).
Interestingly, the amplification of the junction 8-12 generates
four amplicons, of which only two correspond to the isoforms
containing or excluding the Exons 9-11, while the other two
might be further variants containing only some of the three
exons (Figure S14B). The Exons 9-11 have all lengths multiple
of 3 (respectively 42, 165, and 66nt), and all the possible tran-
script isoforms are therefore in frame for translation. Therefore,
in adult and old synapses, the short-length and the mid-length
isoforms are more frequent, while in young synapses, the long-
length isoform is the dominant isoform (Figure 6H). Little is
known about the structure of the protein and its possible role in
synapse physiology. However, various phosphorylation sites are

annotated (Huttlin et al. 2010), and some of them are located in
the N-terminal region that is coded in isoform 201, but not in iso-
form 208 transcripts, and in the Exons 9-11. The age-dependent
translation of the abovementioned transcript isoforms would
therefore lead to peptides with different phosphorylation sites,
and that, on the other hand, could have an impact on the protein
function.

2.8 | Nfasc

Neurofascin is a cell adhesion molecule of the L1 subgroup of
the immunoglobulin superfamily that mediates homophilic ad-
hesions through its Ig-like domains. It mediates axon targeting
and synapse formation during neural development, and both
glial and neuronal isoforms are known. This transmembrane
protein is organized in an N-terminal extracellular region, a
transmembrane domain, and a C-terminal cytoplasmic domain.
The first 24aa of the N-terminal represent the signal peptide
and are therefore absent in the mature protein. The extracellu-
lar domain is composed of six Ig-like domains, five Fibronectin
type-III (FN III) domains, and one PAT domain, and the various
isoforms have different FN III domains and can have or not have
the PAT domain (Kriebel et al. 2012; Suzuki et al. 2017). Exon
pairs 18-19, 20-21, 22-23, 24-25, and 28-29 (isoform 207) code,
respectively, for the FN III Domains 1-5, while the exon pair
26-27 codes for the PAT domain.

This transcript is subject to extensive differential splicing.
We identified 18 and 20 DEJs with DIEGO and LeafCutter,
respectively, in the three age comparisons, which, if merged
by interval overlapping, are organized in six regions along
the transcript, of which all but Regions 3 and 5 showed any
detectable age-dependent change in coverage. Those regions
correspond, respectively, to Exons 26-29 (Region 1), Exons
22-23 (Region 2), Exon 8b (Region 4), and Exon 1 (Region
6). The inspection of the coverage suggests that Exons 26-29
(Region 1) are less expressed in SYN 3w, as compared to SYN
5m and SYN 18m. Furthermore, the inspection of the cover-
age of exons 22-23 (Region 2) suggests that they are more ex-
pressed in SYN 3w, as compared to SYN 5m and SYN 18m.
In line with this result, we confirmed that the amplicon
spanning the junction 21-22 is expressed the most in SYN
3w (Figure 6M'). The amplification of the region spanning
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FIGURE 6 | Differentially spliced genes (LeafCutter) show overrepresentation of GTPase binding activity and significantly overlap with differen-
tially expressed genes (DEGs) in the same age comparison. (A-C) Gene Ontology (GO) categories (Molecular Function) that are overrepresented in
the list of genes to which the 1000 most significant clusters (ranked on adjusted p value) map in the three age comparisons SYN 3m vs. 5m (A), SYN
3w vs. 18m (B) and SYN 5m vs. 18m (C) are represented by REVIGO through multidimensional scaling using a measure of semantic dissimilarity
(the distances between dots, that represent single GO categories, are inversely related to the similarity of the categories). Ellipses delimit manually
identified clusters of highly similar GO categories, and a representative term of each cluster is indicated. (D-F) Overlap of the list of GO categories
that are overrepresented in the list of genes to which the 1000 most significant clusters (lowest adjusted p value) map (orange) and the list of genes that
are differentially expressed (adjusted p value <0.01) (blue) in the three age comparisons SYN 3m vs. 5m (D), SYN 3w vs. 18m (E) and SYN 5m vs. 18m
(F). The overlap is highly significant at all three age comparisons but smaller for the SYN 5m vs. 18m comparison, given that both the comparisons
60/498 vs. 261/344 and 49/573 vs. 261/344 are significantly different (Fisher's exact test, p value <0.0001). (G-J) Schematic representation of the pre-
dominant protein and transcript isoforms of the three genes Birc2 (G), BcasI (H), Nfasc (I) and Eif2b3 (J) in young, adult and old synapses. The sizes
and distances of the different domains are not to scale. (K-O") Experimental validation of candidate junction. (K) Schematic representation of the
primer pairs used for RT-qPCR and RT-PCR validations for Birc2. Please note that the coding sequence of Birc2 is annotated on the—strand. Exons
are represented as gray boxes and introns as black lines (not to scale). The green box represents the unannotated Exon 4b. A light blue background
represents the region spanned by the identified DEJ. Putative TSSs and ATG sites are shown, respectively, on Exon 4b and 5. The dotted lines at the 3’
end of Exon 4b indicate that this is not clearly defined. (K') Validation by RT-qPCR. The relative expression of the Junction 4b-5 is reported as normal-
ized by expression of the Exon 5. (L) Schematic representation of the primer pairs used for RT-qPCR and RT-PCR based validation for Bcasl. Please
note that the coding sequence of BcasI is annotated on the—strand. Exons are represented as gray boxes and introns as black lines (not to scale). A
light blue background represents the region spanned by the identified DEJ. (L) Validation by RT-qPCR. The relative expression of the Junction 8-9
isreported as normalized by expression of the Exon 8. (M, N) Schematic representation of the primer pairs used for RT-qPCR and RT-PCR based val-
idation of Region 1 and Region 2 of Nfasc. Please note that the coding sequence of Nfasc is annotated on the—strand. Exons are represented as gray
boxes and introns as black lines (not to scale). Light blue backgrounds represent the two regions. (M', N') Validation by RT-qPCR. The relative expres-
sion of the Junctions 21-22 (M") and 8b-9 (N') are reported as normalized by expression of Exons 21 (M") and 9 (N"). (O) Schematic representation of
the primer pairs used for RT-qPCR based validation for Eif2b3. Exons are represented as gray boxes and introns as black lines (not to scale). Exons or
parts of exons that are part of the 5’UTR are represented in orange. A light blue background represents the region spanned by the identified DEJ. (O")
Validation by RT-qPCR. The relative expression of the Junction 1-2 is reported as normalized by expression of the Exon 2.

TABLE1 | Listof candidate junctions chosen for validation.

Gene name (coordinates) Comparison DIEGO LeafCutter
Birc2 (chr9:7.821.219-7.825.615) SYN (3w) vs. SYN (5m) — AP=0.33 (**)
SYN (3w) vs. SYN (18m) — AP=0.33 (*¥)
Beasl (chr2:170.349.463-170.378.722) SYN (3w) vs. SYN (5m) AC=-1.1(* AP=0.25 (¥+%)
SYN (3w) vs. SYN (18m) — AP=0.17 (***)
SYN (5m) vs. SYN (18m) — A¥P'=-0.06 (ns)
Eif2b3 (chr4:117.019.476-117.022.154) SYN (3w) vs. SYN (5m) AC=-1.0 (ns) —

Note: Significance values of q value (DIEGO) and adjusted p value (LeafCutter) are indicated in the following way: "> 0.05, *<0.05, **<0.01, ***<0.001. AC values are
rounded to the nearest tenth, q value and adjusted p value to the nearest thousandth and Psi to the nearest hundredth.
Abbreviation: AC, abundance change.

junctions 21-24 provided a clear result, since we were able to
observe two bands, corresponding to the isoforms with and
without Exons 22-23, of which only the first one is ampli-
fied in SYN 3w (Figure S14C). Those results suggest that the
predominant transcript isoform in young synapses does not
code for the 5th FN III domain and the PAT domain (Exons
26-29 less expressed), while the predominant transcript iso-
form in adult and old synapses does not code for the 3rd FN
11T domain (Exons 22-23 less expressed). This suggests that
in young synapses the predominant transcript isoform codes
for NF155, while in adult and old synapses the predominant
transcript isoform codes for NF186 (Figure 6I). In fact, it is
known that the isoform NF155 is the glial isoform, which is
expressed with the onset of myelination, while the isoform
NF186 is predominantly expressed in the adult brain, where it

stabilizes axo-axonic synapses and mediates the clustering of
Na, channels (Kriebel et al. 2012).

Furthermore, when we inspected the coverage of Region 4, we
hypothesized that Exon 8b (51 nt) could be more expressed in
SYN 3w, compared to SYN 5m and SYN 19m. In agreement
with this result, the amplicon spanning the junction 8b-9 re-
sulted to be more expressed in SYN 3w, both in RT-qPCR and
RT-PCR (Figure 6N and Figure S14C). The amplification of
the region spanning the junction 8-9 generates three different
amplicons, of which two correspond to the isoforms with and
without Exon 8b. The first one is slightly more expressed in
SYN 3w, while the second one is clearly expressed the most
in SYN 3w. The third amplicon (slightly longer than 200bp)
might represent an unspecific amplification, given that no
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TABLE 2 | Log, fold change (log,FC) and the corresponding
adjusted p values of the candidate genes in the three age comparisons
SYN 3m vs. 5m, SYN 3w vs. 18m and SYN 5m vs. 18m.

SYN (3w) vs. SYN 3w) vs. SYN (5m) vs.
SYN (5m) SYN (18m) SYN (18m)
Birc2 log,FC=0.17 log,FC=0.31 log,FC=0.13
(ns) (ns) (ns)
Bcasl log,FC=0.87 log,FC=1.11 log,FC=0.24
(***) (***) (ns)
Nfasc log,FC=1.31 log,FC=1.20  log,FC=-0.12
Eif2b3  log,FC=-0.38 log,FC=-0.08 log,FC=0.29
(ns) (ns) (ns)

Note: Adjusted p values are indicated in the following way: *>0.05, *<0.05,
##<0.01, ***<0.001. Log,FC values are rounded to the nearest hundredth.

third splicing isoform can be observed from the coverage data.
Given that this region codes for a part of the portion between
the 2nd Ig-like domain (Exons 7-8) and the 3rd Ig-like domain
(Exons 9-10), it seems that the predominant transcript isoform
in young synapses codes for a 17 aa longer variant of this pro-
tein segment.

Finally, we evaluated Region 6, noticing that two 5'UTR iso-
forms could be observed: an Nfasc-202/-203 isoform (286/292 nt),
that can be observed at all three ages, and an Nfasc-201 iso-
form (427nt), that can be observed only in young synapses
(Figure S14F). The biological function of these two different
5'UTRs, and the underlying alternative TSSs, has not been in-
quired yet.

2.9 | Eif2b3

EIF2B is the GEF that catalyzes the reactivation of eIF2alfa,
and EIF2B3 is its third (gamma) subunit. The inspection of
the coverage of its transcript suggests that Exon 1, which is
part of the 5’UTR, is less expressed in SYN 3w, compared to
SYN 5m and SYN 18m. In other words, in young synapses the
isoform 201 (short 5’UTR) seems to be preferred (Figure 6J).
In agreement with this result, the amplicon spanning the
junction 1-2 is less expressed in SYN 3w, compared to SYN 5m
and SYN 18m (Figure 60"). The isoform 201, which is predom-
inant in young animals, is characterized by a much smaller
5'UTR. Although this isoform is already annotated, its biolog-
ical function has not been studied yet. The presence of a short
5'UTR can have a variety of implications for the transcript
localization, stability, and translation rate, and that, on the
other hand, could allow for an age-dependent global regula-
tion of synaptic translation.

3 | Discussion

Synaptic function and plasticity critically depend on tran-
script differential localization and local translational control.

Several seminal studies analyzed the synaptic transcriptome
and the mechanisms regulating its local translation. All these
previous studies investigated young or adult animals, and the
topic of translational remodeling and transcript trafficking
during aging remained unexplored. Our results show that
during adulthood, the regulation of proteins and transcripts
at the synapse is tightly coordinated with molecular changes
occurring in neuronal cell bodies. However, during aging,
this coupling is progressively disrupted, leading to both pro-
tein-transcript uncoupling and soma-synapse uncoupling at
multiple levels. This includes alterations in the localization
and expression of proteins and transcripts, as well as synapse-
specific changes in splicing patterns.

A loss of protein-transcript correlation is observed already in
the transition between young- and adult-life stages. The rea-
son underlying the loss of correlation between absolute levels
of protein and transcripts can be multiple. One main factor re-
lates to protein half-lives. Proteins with large half-lives accumu-
late even if the corresponding transcript decreases or is stable
(Kelmer Sacramento et al. 2020). These changes cannot be re-
garded as regulations in common sense. Protein and transcript
regulations are active processes, and our data show that age-
dependent changes between young and adult stages are highly
correlated, indicating that these processes remain coordinated
in adult life despite the loss of correlation in absolute protein and
transcript levels.

Aging is particularly associated with synapse-specific transla-
tional remodeling, with ribosomal protein-coding transcripts
exhibiting striking changes. In young synapses, these tran-
scripts are enriched but translationally repressed, suggesting
a tightly regulated mechanism controlling ribosomal protein
production. In contrast, during aging, these transcripts be-
come downregulated at the synapse while simultaneously dis-
playing increased association with ribosomes. The presence
of higher levels of ribosomal proteins, despite a reduction of
the corresponding transcripts, delineates a purely posttran-
scriptional mechanism driven by an increase in translational
efficiency (TE) of transcripts coding for ribosomal proteins
specifically in the aging synaptosomes. This translational re-
modeling is in stark contrast with a remodeling in the oppo-
site direction in TH, where ribosomal proteins decrease as a
result of decreased TE. Loss of ribosomal proteins appears as
a general phenomenon across a variety of mouse organs (Yu
et al. 2020), and a decline in protein synthesis rate is gener-
ally associated with aging, representing an early event in neu-
rodegenerative diseases (Halliday et al. 2017) and is thought
to contribute to impaired synaptic function and cognitive
deficits observed in physiological aging (Kim and Pickering
2023). Several studies have consistently reported enrichment
for transcripts coding for ribosomal proteins and translational
machinery in general at the synaptic level (Fusco et al. 2021;
Seo et al. 2022), and local protein synthesis is a key mechanism
to sustain synaptic maintenance and plasticity (Monday et al.
2022). These transcripts are under strict translational control;
their translation is normally repressed (hence the correspond-
ing protein levels are low), but their translation is activated
by electrical stimulation (Shigeoka et al. 2019). The transla-
tional remodeling observed at the synapse may represent an
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adaptive mechanism to maintain synaptic function by ensur-
ing adequate protein synthesis during aging. Alternatively, it
could reflect the loss of active translational repression that en-
sures activity-dependent control of protein synthesis in young
animals. In either case, increased synthesis of translational
machinery must cause a global translational remodeling af-
fecting synaptic protein synthesis.

In our study, we have not investigated posttranslational mod-
ifications, such as phosphorylation and ubiquitination. These
modifications are well known to have a profound influence on
synaptic function and synaptic plasticity. Of particular note, a
recent study demonstrated prominent age-dependent ubiquiti-
nation of the SNARE complex and loss of ubiquitination of post-
synaptic proteins in the mouse brain (Marino et al. 2025). So, it
is likely that post translational modification will also influence
synaptic function in the aging brain providing an additional
level of regulation with respect to those we analyzed in the pres-
ent study.

4 | Materials and Methods
4.1 | Mouse Maintenance

Tissue from wild-type C57BL/6 mice was obtained from the
Leibniz Institute on Aging, Fritz Lipmann Institute Jena, and
from Janvier facility. Mice were housed in standard cages and
fed standard lab chow and water ad libitum. Euthanasia was
carried out by cervical dislocation in accordance with the
European Council Directive of 22 September 2010 (2010/63/
EU). The scientific purposes of the experiments were ap-
proved by the local authorities and supervised by the local
veterinary (Anzeige N. O_AC_04, O_AC_08, O_AC_10, and
O_AC_23-27).

4.2 | Synaptosome Preparation and Validation

Synaptosomes were extracted from cerebral cortices of 3-
week-, 5-month- and 18/19-month-old mice as previously
described (Gray and Whittaker 1962; Moczulska et al. 2014).
Briefly, the cortex was dissected and transferred to ice-cold
synaptosomal buffer (10mM HEPES, 1mM EDTA, 2mM
EGTA, 0.5mM DTT, 0.32M sucrose, pH 7) containing protein
inhibitors (1 tablet/10 mL, Roche). Samples were homogenized
using a pestle (Sigma-Aldrich) with 12 strokes on ice. The ho-
mogenate was then centrifuged for 10 min at 1000g at 4°C and
the supernatant was centrifuged again for 40 min at 10,000g at
4°C. The obtained pellet, that contains the synaptosomes, was
then resuspended in ice-cold synaptosomal buffer and layered
over a discontinuous sucrose gradient (0.8 M/1M/1.18 M su-
crose). The samples were then centrifuged for 2h at 50,512g
at 4°C (Beckman Coulter Optima XPN-80 ultracentrifuge).
The interface between 1 and 1.18 M was withdrawn (synapto-
some sample) and stored at —80°C. Aliquots were taken after
the homogenization (total homogenate samples), after the
first centrifugation (cytosolic fraction samples) and after the

resuspension of the pellet containing the synaptosomes (raw
synaptosomes samples).

Synaptosome samples were processed for RNA extraction
according to (Smalheiser et al. 2014), and RNA was then ex-
tracted from the appositely prepared synaptosome samples
and from TH samples through acidic phenol-chloroform ex-
traction according to (Chomczynski 1993). The synaptosomes
were diluted in synaptosomal RNA buffer (50mM Hepes,
pH7.5,125mM NaCl, 100 mM sucrose, 2mM K acetate, 10 mM
EDTA) containing protease inhibitors (1 tablet/10 mL, Roche,
Cat. No. 11836170001), 160 U/mL Superase-In (Invitrogen,
Cat. No. AM2694), 160U/mL Rnase-OUT (Invitrogen, Cat.
No. 10777019), quickly pelleted at 20,000g for 20min and
rinsed twice in 4 X volume of synaptosomal RNA buffer and
spundown again 20,000g for 20 min. They were then resus-
pended in 100uL of synaptosomal RNA buffer, and RNA
was extracted with standard Trizol protocol (Chomczynski
and Sacchi 1987) using Qiazol lysis reagent (Qiagen Cat. No.
79306).

Validation of the synaptosomes enrichment procedure was
performed through Western Blot and qPCR. In the for-
mer case, the enrichment of NMDAR2B (Abcam, Cat. No.
ab65783) and the depletion of Histone H3 (Abcam, Cat. No.
ab1791) were evaluated and compared to a-Tubulin (Sigma-
Aldrich, Cat. No. T9026) levels. In the latter case, comple-
mentary DNA (cDNA) was produced using the SuperScript IV
Reverse Transcriptase (ThermoScientific, Cat. No. 18090010),
following the manufacturer's instructions. cDNA was
obtained from 100ng of total brain extract RNA and total
synaptosomal RNA and was used for qPCR using SYBR
Green PCR Master Mix (Qiagen, Cat. No. 208052) according
to the manufacturer's instructions. A two-step program was
run on a Biorad C1000 Touch cycler (Biorad) using 60° as
the annealing and extension temperature and generating a
melting curve. The expression values of each synaptic and
noncoding gene were normalized on H3F3B, coding for the
histonic protein 3 B (for details about the primers used see
table below).

For the validation of ribosomal proteins increasing with aging,
the enrichments of RPL10A (Abcam, Cat. No. ab226381),
RPS6 (Cell Signaling, Cat. No. #2217), RPL7 (Bethyl, Cat. No.
A300-741A), and RPL15 (LS Bio, Cat. No. LS-C162700) were
evaluated and compared to a-Tubulin (Sigma-Aldrich, Cat.
No. T9026) levels, both in TH and SYN. The validation of the
depletion of RNAs coding for ribosomal proteins from SYN
by qPCR was done as described above. The expression values
of each ribosomal gene were normalized on Ldhb, a tran-
script whose expression is stable in the two fractions analyzed
across all time points (for details about the primers used see
table below).

The validation of the differentially spliced regions by qPCR was
done normalizing each junction with a reference exon as de-
scribed in the text and didascalies (for details about the primers
used see table below).
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Target gene Forward primer Reverse primer Amplicon size

Camk2a acctgcacccgattcacag (Exon 1) tggcagcatactcctgacca (Exon 2) 112bp

(ENSMUSG00000024617)

Dlg4 accagaagagtatagccgattcg ggtcttgtcgtagtcaaacagg (Exon 12) 148bp

(ENSMUSG00000020886) (Exon 10-11)

Grial getttgtcacaactcacgga (Exon 2) cctttggagaactgggaaca (Exon 3) 110bp

(ENSMUSG00000020524)

Arc ggtgagctgaagecacaaat (Exon 1) gctgagetctgetcttettca (Exon 2) 101bp

(ENSMUSG00000022602)

H3f3b aagcagaccgctaggaagtc (Exon 4) ggtaacgacggatctctctcag (Exon 5) 154bp

(ENSMUSG00000016559)

Gm34838 ggctectctatgttggaatatg (Exon 2) tgcttccaaagtccttcagt (Exon 3) 119bp

(ENSMUSG00000110028)

Gm10925 aatcctattcccatcctcaa (Exonl) agggaaacaattattagggttc (Exon 1) 141bp

(ENSMUSG00000100862)

Gm13340 aataccaataataatcggagge (Exon 1) agactgttcatcctgttcetg (Exon 1) 176 bp

(ENSMUSG00000083563)

Ldhb-201 ccgaacaacaagatcactgta (Exon 2) gagcttgtcttccaacacat (Exon 3) 120bp

(ENSMUSG00000030246)

Rpl10a-201 gcactgtgatgaagccaagg (Exon 4) tcagagactcagaggccaaa (Exon 5) 134bp

(ENSMUSG00000037805)

Rpl15-202 cggcectgataaagetega (Exon 2) gcegtaagttgecacccttag (Exon 3) 117bp

(ENSMUSG00000012405)

Rpl26-201 tgacgaagttcaggttgttcg cttetetegetggactegtt (Exon 3) 112bp

(ENSMUSG00000060938) (exon junction 2-3)

Rpl7-201 tecttgattgeteggtetet (Exon 5) tgaagggccacaggaagtta (Exon 6) 118bp

(ENSMUSG00000043716)

Rps13-201 tgacgacgtgaaggaacaga (Exon 3) gtcacaaaacggacctggg (Exon 4) 111bp

(ENSMUSG00000090862)

Rps6-201 agaagatgatgtccgccagt (Exon 4) cgaggagtaacaagtcgetg (Exon 5) 102bp

(ENSMUST00000102814)

Eif2b3-203 tggcttgtcagecagagg (Exon 1) gggaatgctggaagtcaagt (Exon 2) 146bp

(ENSMUST00000106448)

Eif2b3-203 gggatctcggatgacagact (Exon 2) cttcaaatccaacacgctca (Exon 2) 113bp

(ENSMUST00000106448)

Birc2-204 gtcetgeatectttggtgat (Exon 4b) caccaggctcctactgaage (Exon 5) 145bp

(ENSMUST00000190341)

Birc2-204 atgagcacgcctgtggtta (Exon 5) cggtectgtagttctcaccag (Exon 5) 109bp

(ENSMUST00000190341)

Birc2-204 ttcagacaccccaggagaag (Exon 4) caccaggctcctactgaagce (Exon 5) Variable

(ENSMUST00000190341)

Bcas1-201 agacagcggcaaggagaag (Exon 8) ctctgcacctgtggaaagtg (Exon 9) 100bp

(ENSMUST00000013667)

Bcas1-201 aacttcacaccccaggagac (Exon 8) aaacaactttcccageggta (Exon 8) 147bp

(ENSMUST00000013667)

Bcas1-201 gctgggaaagttgttttgga (Exon 8) gtccttcgaggaggaggtct (Exon 12) Variable

(ENSMUST00000013667)

(Continues)
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Target gene Forward primer Reverse primer Amplicon size
Nfasc-202 agaccaagttctctgtgecag (Exon 23) tgcagttggagtagettca (Exon 24) 137bp
(ENSMUST00000094569)

Nfasc-202 tggtggaaaacttctctcceca (Exon 23) cttcatttggaggtgctgge (Exon 23) 147bp
(ENSMUST00000094569)

Nfasc-202 ccccagcacctccaaatgaa (Exon 23) tgatgggaactgttgtgget (Exon 25) Variable
(ENSMUST00000094569)

Nfasc-203 tecttaagaaaccaccctgaca (Exon 8) attccagcagcaggtccat (Exon 9) 127bp
(ENSMUST00000163770)

Nfasc-203 gaggagttgcagaaagaacgce (Exon 9) attccagcagcaggtccat (Exon 9) 93bp
(ENSMUST00000163770)

Nfasc-203 agaaccccttcaccctcaag (Exon 7) attccagcagcaggtccat (Exon 9) Variable
(ENSMUST00000163770)

Nfasc-201 cgagtccaggctgaaaatgac (Exon 19) gttccactgaaggetgatgg (Exon 20) 144bp
(ENSMUST00000043189)

Nfasc-201 ccccaacctacgetacattg (Exon 19) tcattttcagcctggactcg (Exon 19) 144bp
(ENSMUST00000043189)

Nfasc-201 cgagtccaggctgaaaatgac (Exon 19) ggtcecactccaggttgatg (Exon 22) Variable
(ENSMUST00000043189)

Ankfy1-206 atcgttcggtctggggtt (Exon 23) ttcatagcagttggageeg (Exon 24) 150bp
(ENSMUST00000155998)

Ankfy1-206 gaatgccaacttgtgcegt (Exon 23) ctgcttagtggcaacctggtag (Exon 23) 103bp
(ENSMUST00000155998)

Ankfyl-206 ctaccaggttgccactaage (Exon 23) caggcttgttcaggtcaaact (Exon 25) Variable
(ENSMUST00000155998)

Snrnp70-204 gctceecttacaacacctca (Exon 6) ctccageccttcacagtec (Exon 7) 115bp
(ENSMUST00000209993)

Snrnp70-204 agatagatggcaggagggtc (Exon 7) tattcacatctgccccacct (Exon 8) 120bp
(ENSMUST00000209993)

Snrnp70-204 taaacgctctggaaaaccec (Exon 5) gaccctcctgecatctatct (Exon 7) Variable
(ENSMUST00000209993)

Rsrc2-210 ctgttgagtgcgggcaag (Exon 1) tggcacagaggtacagcaaa (Exon 2) 115bp
(ENSMUST00000182489)

Rsrc2-210 gcectagaaaagacatcaccg (Exon 3) cttgaccttgacctcgacct (Exon 3) 110bp
(ENSMUST00000182489)

Rsrc2-210 ctgttgagtgcgggcaag (Exon 1) cggtgatgtcttttctaggge (Exon 3) Variable
(ENSMUST00000182489)

4.3 | Immunofluorescence of
Isolated Synaptosomes

Isolated synaptosomes were plated on glass coverslips (10ug
per coverslip) by centrifugation at 4000rpm for 40min at
4°C. Fixation was performed with 4% PFA in PBS (137mM
NaCl, 2.7mM KCl, 10mM Na,HPO,, 2mM KH,PO,) at pH7.5
for 10min on ice followed by 35min at room temperature.
Coverslips were then washed briefly with PBS 2-3 times, and
PFA was quenched with 100mM NH,Cl for 25min. They were
then permeabilized and blocked in staining solution (PBS +4%

donkey serum, 2% BSA, and 0.1% Triton-X-100) for 30min.
Primary and secondary antibodies were applied in staining
solution for 2h and 1h, respectively; washing between pri-
mary and secondary antibody incubation was 3 X 5min, with
PBS. After the secondary antibody incubation, cells were se-
quentially washed 3 X 5min with PBS+ 3 X 5min high-salt PBS
(PBS +350mM NacCl), and 3 X 5min PBS to increase the strin-
gency of the antibody staining. Finally, synaptosomes were
embedded in ProLong glass antifade medium (Invitrogen, Cat.
No. P36982) for imaging. The primary antibodies used were the
following: Synaptophysin (Synaptic Systems, Cat. No. 101004),
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RPL7 (Bethyl, Cat. No. A300-741A), and rRNA (Y10b) (Novus
biologicals, Cat. No. NB100-662). Coverslips were imaged with
an AiryScan microscope (Zeiss). For unbiased, systematic pro-
cessing of the images, an ImageJ macro was written to perform
the analysis blind to age by keeping all parameters constant
throughout. The synaptophysin channel (presynaptic vesicle
pool marker) was used to identify the regions to analyze, and a
constant threshold was applied and maintained for all images
(to avoid bias across conditions). Individual synapses were se-
lected and measured using the ImageJ particle analysis tool.
Regions of interest (ROIs) were defined, added to the ROI man-
ager, and automatically measured for the other two acquired
channels ('RNA and RPL7). Fluorescence intensities and sizes
were automatically saved to CSV files and further processed in
R and GraphPad for statistical treatment.

4.4 | Isolation of Ribosome-Associated RNAs From
TH and SYN

Ribosome-associated RNAs were purified using a sucrose cush-
ion as previously described (Fusco et al. 2021). Briefly, pelleted
synaptosomes or 50 uL of TH were lysed with 1 mL ribosome lysis
buffer 20mM Tris pH 7.4, 150mM NaCl, 5mM MgCl,, 24U/mL
TurboDNase, 100pg/mL cycloheximide, 1% Triton-X-100, 1 mM
DTT, RNasin(R) Plus RNase inhibitor 200U/mL and 1x cOm-
plete EDTA-free protease inhibitor). TH samples were then ho-
mogenized with a syringe and a 0.4X20mm needle on ice and
centrifuged for 10min at 10,000g at 4°C. TH and SYN were then
loaded on 3mL sucrose solution (34% sucrose, 20mM Tris pH 7.4,
150mM NaCl, 5mM MgCl,, 1mM DTT, 100ug/mL cyclohexim-
ide) in a thickwall ultraclear tube (Beckman, 344062) and centri-
fuged for 40min at 4°C at 55,000rpm (367,600 g) with a SW60
rotor. Ribosome-containing pellet was directly collected in Qiazol
(Qiagen Cat. No. 79306) and processed for RNA extraction.

4.5 | RNA Sequencing

RNA Sequencing was performed on the TH and SYN samples.
Prior to that, RNA integrity (RIN Score) and RNA concentra-
tion were estimated using the Bioanalyzer 2100 (Agilent) and
the RNA 6000 Pico Kit and RNA 6000 Nano Kit for SYN and
TH samples, respectively. Sequencing of RNA samples was per-
formed using Illumina’s next-generation sequencing (Bentley
et al. 2008). In detail, total RNA was quantified and quality
checked using the Agilent 2100 Bioanalyzer in combination with
an RNA 6000 Pico assay (both Agilent Technologies). Libraries
were prepared from 10 ng of input material (total RNA) using the
SMARTer Stranded Total RNA-Seq Kit—Pico Input Mammalian
(Takara, Cat. No. 635006), following the manufacturer's instruc-
tions. Quantification and quality checking of libraries were done
using an Agilent 2100 Bioanalyzer instrument and a DNA 7500
kit (Agilent Technologies). Libraries were pooled and sequenced
using a HiSeq 2500 system run in Rapid v2/51 cycle/single-end
mode. Sequence information was converted to FASTQ format
using bcl2FastQ v2.19.0.316. Per sample, the reads were mapped
to the Mus musculus genome GRCm38 and respective annota-
tion Release 85 [PMID: 29155950] using tophat2 v2.1 [PMID:
23618408] (parameters: --no-coverage-search --no-convert-bam
--no-novel-juncs --no-novel-indels -T). Reads per gene were

counted using featureCounts v1.5 [PMID: 24227677] (param-
eters: -s 0). Read counts were introduced into the statistical
environment R in order to calculate RPMs (reads per million
mappable reads) and RPKMs (reads per kilobase and million
mappable reads). For the calculation of RPKMs, lengths of tran-
scripts were taken from featureCounts output.

For the RNAs obtained by sucrose cushion, total RNA was quan-
tified and quality checked using Tapestation 4200 instrument in
combination with RNA ScreenTape (both Agilent Technologies).
Libraries were prepared from 30 to 150ng of input material
(total RNA) using NEBNext Ultra II Directional RNA Library
Preparation Kit in combination with NEBNext rRNA Depletion
Kit v2 (Human/Mouse/Rat) and NEBNext Multiplex Oligos
for Illumina (Unique Dual Index UMI Adaptors RNA) follow-
ing the manufacturer's instructions (New England Biolabs).
Quantification and quality checked of libraries was done using
an Agilent 4200 Tapestation instrument and a D1000 ScreenTape
(Agilent Technologies). Libraries were pooled and sequenced in
two NovaSeq6000 S1 100 cycle runs. System run in 101cycle/
single-end/standard loading workflow mode. Sequence informa-
tion was converted to FASTQ format using bcl2fastq v2.20.0.422.
Sequencing finished with an average of 39.6 million reads per
sample. Mapping was done as described above.

For the alternative splicing analysis, a paired-end 2X150bp
sequencing was performed using the Illumina HiSeq2500
System and the HiSeq Rapid SBS Kit v2. Sequence information
was extracted in FASTQ format using Illumina's bcl2FastQ
2.20.0.422, and processed raw reads were finally mapped to
the Genome Reference Consortium Mouse Build 38 patch re-
lease 6 (GRCm38.p6) using Segemehl 0.3.4 in split-read mode
(Hoffmann et al. 2009), obtaining SAM files. Using SAMtools
1.7 (Li et al. 2009) sorted BAM files and BAI files were gen-
erated. Raw counts were obtained using the featureCounts
function 1.6.0 of the Subread package (Liao et al. 2014) (-p and
--minOverlap 10 -s 1 -t exon -g gene_id).

4.6 | Sample Preparation for Mass
Spectrometry (MS)

Samples were brought to the same sample volume (125uL) with
MilliQ water, then a 2X lysis buffer was added in equal vol-
ume, to yield the samples in 250 uL volume containing 1% SDS,
100mM HEPES pHS8.5, and 50mM DTT. 4x acetone volume
was added for protein precipitation. A maximum g of 3220 could
be used during all steps to obtain protein pellets.

Samples were sonicated with 10 cycles (60s ON, 30s OFF) using the
high energy mode in a Bioruptor (Diagenode) at 20°C. The samples
were then boiled (95°C, 10min) before being subjected to another
10cycles in the Bioruptor. Iodoacetamide (IAA) was added to a
final concentration of 15mM, and the samples incubated in the
dark for 30min at room temperature. Proteins were precipitated
with 4 volumes equivalent of ice-cold acetone overnight at —20°C.
The following day, samples were centrifuged at 4°C, 14,000rpm
for 30min (Eppendorf 5804R benchtop centrifuge), then the ac-
etone supernatant was carefully removed. Protein pellets were
washed twice with ice cold 80% acetone/20% water (500 uL each
time) and centrifuged at 4°C, 14,000rpm for 10min each wash.
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After the last wash, the acetone/water was removed, and the pel-
lets were allowed to air dry at room temperature.

Protein pellets were then resuspended in digestion buffer (3M
Urea in 100mM HEPES, pH8) at a concentration of 1pg/uL
and sonicated using a Bioruptor for three cycles (60s ON/30s
OFF). Proteins were digested with Lys-C protease (Wako, Cat.
No. 125-05061) at a 1:100 enzyme: protein ratio (4h, 37°C, with
shaking 1000rpm), then diluted with milliQ water (for a final
concentration of 1.5M Urea) and further digested with Trypsin
(Promega, Cat. No. V5280) at a 1:100 enzyme: protein ratio
(overnight, 37°C, 650 rpm). Samples were acidified the following
day by the addition of 10% Trifluoracetic Acid (TFA) and then
desalted with Waters Oasis HLB pElution Plate 30 wm (Cat. No.
186001828BA) in the presence of a slow vacuum. In this process,
the columns were conditioned with 3x 100 uL solvent B (80%
acetonitrile; 0.05% formic acid) and equilibrated with 3100 L
solvent A (0.05% formic acid in milliQ water). The samples were
loaded, washed three times with 100uL solvent A, and then
eluted into PCR tubes with 50uL solvent B. The eluates were
dried down with the speed vacuum centrifuge and dissolved at
a concentration of 1 ug/uL in 5% acetonitrile, 95% milliQ water,
with 0.1% formic acid prior to analysis by LC-MS/MS.

4.7 | LC-MS/MS for Data Independent
Analysis (DIA)

Peptides were separated using the nanoAcquity UPLC M-Class
system (Waters) fitted with a trapping (nanoAcquity Symmetry
C18, 5pm, 180umXx20mm) and an analytical column (na-
noAcquity BEH C18, 1.7um, 75umXx250mm). The outlet of
the analytical column was coupled directly to Q-Exactive
HFX (Thermo Fisher Scientific) using the Proxeon nanospray
source. Solvent A was water, 0.1% formic acid, and solvent B
was acetonitrile, 0.1% formic acid. The samples (approx. 1ug)
were loaded with a constant flow of solvent A at 5uL/min
onto the trapping column. Trapping time was 6 min. Peptides
were eluted via the analytical column with a constant flow of
0.3uL/min. During the elution step, the percentage of solvent
B increased in a nonlinear fashion from 0% to 40% in 60 min.
Total runtime was 75min, including clean-up and column re-
equilibration. The peptides were introduced into the mass spec-
trometer via a Pico-Tip Emitter 360 um OD X20um ID; 10 um
tip (New Objective), and a spray voltage of 2.2kV was applied.
The capillary temperature was set at 300°C. The RF ion funnel
was set to 40%. Data from the TH samples were first acquired
in DDA mode to contribute to a sample-specific spectral li-
brary. The conditions were as follows: full scan MS spectra with
mass range 350-1650m/z were acquired in profile mode in the
Orbitrap with a resolution of 60,000. The filling time was set at
a maximum of 20 ms with a limitation of 1 x 10 ions. The “Top
N” method was employed to take the 15 most intense precursor
ions (with an intensity threshold of 4 x 10) from the full scan
MS for fragmentation (using HCD normalized collision en-
ergy, 31%) and quadrupole isolation (1.6 Da window) and mea-
surement in the Orbitrap (resolution 15,000, fixed first mass
120 m/z). The peptide match “preferred” option was selected,
and the fragmentation was performed after accumulation of
2% 10° ions or after a filling time of 25ms for each precursor
ion (whichever occurred first). MS/MS data were acquired in

profile mode. Only multiply charged (2+ to 5+) precursor ions
were selected for MS/MS. Dynamic exclusion was employed
with a maximum retention period of 30s and a relative mass
window of 10ppm. Isotopes were excluded. In order to im-
prove the mass accuracy, internal lock mass correction using
a background ion (m/z 445.12003) was applied. For data acqui-
sition and processing of the raw data, Xcalibur 4.0 (Thermo
Scientific) and Tune version 2.9 were employed. For the DIA
data acquisition, the same gradient conditions were applied to
the LC as for the DDA, and the MS conditions were varied as
described: full scan MS spectra with mass range 350-1650 m/z
were acquired in profile mode in the Orbitrap with a resolution
of 120,000. The default charge state was set to 3+. The filling
time was set at a maximum of 60 ms with a limitation of 3 x 10°
ions. DIA scans were acquired with 34 mass window segments
of differing widths across the MS1 mass range. HCD fragmen-
tation (stepped normalized collision energy; 25.5, 27, 30%) was
applied, and MS/MS spectra were acquired with a resolution of
30,000 with a fixed first mass of 200 m/z after accumulation of
3x 10 ions or after a filling time of 47 ms (whichever occurred
first). Data were acquired in profile mode. All samples (both
TH and SYN) had data acquired in DIA mode.

4.8 | Parallel Reaction Monitoring (PRM)
for Ribosomal Peptides

Six peptides for quantification of ribosomal proteins (table
below) were selected from previous publications and their iso-
topically labeled version (heavy arginine (U-13C6; U-15N4)
or lysine (U-13C6; U-15N2) at the C-term was added) synthe-
sized by JPT Peptide Technologies GmbH (Berlin, Germany) as
SpikeTides TQL quality grade. Lyophilized peptides were deliv-
ered as 10 dried 1 nmol aliquots on a 96-well plate and reconsti-
tuted in 20% (v/v) acetonitrile, 0.1% (v/v) formic acid with a final
concentration of 0.05nmol/uL and further pooled together in a
ratio 1:1. Peptides were resuspended at a final concentration of
2.5 fmol/uL and 1uL was analyzed by both DDA and DIA LC-
MS/MS and used for assay generation using Spectrodive v.12.0.4
(Biognosys AG, Schlieren, Switzerland).

Peptides were separated using a nanoAcquity UPLC M-Class
system (Waters, Milfors, MA, USA) with trapping (nanoAcquity
Symmetry C18, 5um, 180umx20mm) and an analytical col-
umn (nanoE MZ HSS C18 T3 1.8 u, 75 um X 250 mm). The outlet
of the analytical column was coupled directly to an Orbitrap
Fusion Lumos (Thermo Fisher Scientific, Waltham, MA, USA)
using the Proxeon nanospray source. Solvent A was water, 0.1%
(v/v) formic acid and solvent B was acetonitrile, 0.1% (v/v) for-
mic acid. Peptides were eluted via the analytical column with
a constant flow of 0.3 uL/min. During the elution step, the per-
centage of solvent B increased nonlinearly from 0% to 25% in
15min, then 25%-50% in 1 min. During the elution step, the per-
centage of solvent B increased in a nonlinear fashion from 0%
to 40% in 40 min. Total runtime was 60 min, including clean-up
and column re-equilibration. PRM acquisition was performed
in an unscheduled fashion for the duration of the entire gradient
using the “tMSn” mode with the following settings: resolution
120,000 FWHM, AGC target 3x 10, maximum injection time
(IT) 750 ms, isolation window 0.5m/z. For each cycle, a “full
MS” scan was acquired with the following settings: resolution
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120,000 FWHM, AGC target 3x10°, maximum injection time
(IT) 10ms, scan range 350-1650m/z. Quantification was per-
formed using spike-in approach. Thereby, the summed height
of all the identified transitions was used to estimate the quan-
tity of each peptide. Afterward, the ratio between endogenous
(light) and reference (heavy) peptides was calculated and nor-
malized to the extracted base peak chromatogram area coming
from MS1 measurement.

Target gene Peptide sequence
RPL15 _SLQSVAEER _
RPL15 _QGYVIYR_
RPL10a _ILGPGLNK _
RPL7 _VATVPGTLK _
RPS6 _LIEVDDER_
RPS6 _KLFNLSKEDDVR _

4.9 | Data Analysis for DIA Data

For library creation, the DDA data were searched using Pulsar
(v. 1.0.15764.0.27599) (Biognosys AG, Switzerland). The data
were searched against a species-specific (Mus musculus)
Swissprot database with a list of common contaminants ap-
pended, as well as the HRM peptide sequences. The data were
searched with the following modifications: Carbamidomethyl
(C) (Fixed) and Oxidation (M)/Acetyl (Protein N-term)
(Variable). A maximum of 1 missed cleavage was allowed, and
the identifications were filtered to satisfy an FDR of 1% on the
peptide and protein level.

Also for library creation, the DIA data were searched using Pulsar
(v.1.0.15764.0.27599). The data were searched against a species-
specific (M. musculus) Uniprot database with a list of common
contaminants appended, as well as the HRM peptide sequences.
The data were searched with the following modifications:
Carbamidomethyl (C) (Fixed) and Oxidation (M)/Acetyl (Protein
N-term) (Variable). DpD (DDA plus DIA) libraries were then cre-
ated by combining the spectral library created from the output
of the DDA runs with the searched libraries using Spectronaut
(v. 11; Biognosys AG, Switzerland) (Bruderer et al. 2015). This
library contained 78.629 precursors, corresponding to 4.216 pro-
tein groups using Spectronaut protein inference. DIA data were
then uploaded and searched against this spectral library. Relative
quantification was performed in Spectronaut for each pairwise
comparison using the replicate samples from each condition.
The data (candidate table) and data reports were then exported
to Excel, and further data analyses and visualization were per-
formed with R-studio (version 0.99.902) using in-house pipelines
and scripts.

4.10 | Data Analysis

All the analyses were performed using R-Studio 1.1.456 (Leemans
et al. 2009). Starting from the raw counts, normalized counts

and log, fold changes were estimated using DESeq2 1.22.2 (Love
et al. 2014). To combine transcriptomic and proteomic data, p val-
ues for differential expression at the protein and transcript level
are combined in a meta-analysis (Fisher's method) (Lury 1972).
Fisher's method combines extreme value probabilities from each
test, commonly known as “p values,” into one test statistic (y2)
using the formula:

k
X~ =2 Z In(p;)

i=1
where p, is the p value for the ith hypothesis test.

The visualization of the sample's similarity through Gene
Enrichment has been evaluated by performing overrepresen-
tation analysis (ORA) using the WebGestalt website (http://
webgestalt.org/) (Liao et al. 2019). This website uses affinity
propagation to cluster similar gene sets; it identifies the most
enriched GO categories in a given dataset and provides the
FDR-corrected p value of the enrichment. The categories of
the GO database (Ashburner et al. 2000; The Gene Ontology
consortium 2017) that contain at least five genes were consid-
ered, and the p values have been corrected for multiple com-
parisons through the FDR method described in (Benjamini
and Hochberg 1995). Visualization of Gene Enrichment was
achieved using ReviGO software (http://revigo.irb.hr/).
ReviGO allows obtaining a flexible reduction in size for large
user-supplied lists of overlapping GO categories and visualizes
the remaining GO terms in a two-dimensional space that re-
flects the terms’ semantic interrelations.

Classification of genes as coding or noncoding was done using
Ensembl BioMart (https://www.ensembl.org/biomart/) annota-
tion version GRCm38.p6.

Principal component analysis and heatmap representa-
tion of their hierarchical clustering has been performed
using DESeq2's internal functions and the packages
ComplexHeatmap 2.0.0, pcaMethods 1.76.0 and ggpubr 0.2.
Density plots have been drawn using the packages ggplot2
3.1.1 and ggpubr 0.2.

Generally applicable gene set enrichment for pathway analysis
(GAGE) was performed using gage 2.34.0 and GO.db 3.8 packages
(Luo et al. 2009). GAGE is a published method for gene set (enrich-
ment or GSEA) or pathway analysis. To test whether a gene set is
significantly correlated with a phenotype or an experimental con-
dition, the fold changes of gene expression levels in the experimen-
tal condition (or phenotype) are compared to a control condition.
Then, a two-sample t-test is applied to verify whether the mean
fold changes of a target gene set are significantly different from
that of the background set (the whole gene set of the microarray).

In ribosome profiling experiments, Translational Efficiency
(TE) is generally defined as the ratio between the Ribosome
Protected Fragments (RPFs) and mRNA counts. Since we were
dealing with whole transcripts associated with ribosomes, we
calculated SYN TE as the ratio between ribosome-associated
transcripts (SC) in SYN and TH. When examining a single
compartment (either SYN or TH), we calculated TE as the ratio
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between ribosome-associated transcripts (SC) and all tran-
scripts in that compartment (input).

4.11 | Identification of Differentially Expressed
Junctions (DEJs)

DEJs were identified using the software DIEGO (Doose
et al. 2018) and LeafCutter (Li et al. 2018). Gene models and the
coverage at genomic intervals of interest were visualized using
the software IGV 2.5.2 (Robinson et al. 2011; Thorvaldsdéttir
et al. 2013) and the R packages rtracklayer 1.44.0 (Lawrence
et al. 2009), GenomicRanges 1.36.0, and GenomicFeatures
1.36.1 (Lawrence et al. 2013) and ggbio 1.32.0 (Yin et al. 2012).
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