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Abstract

Down syndrome (DS) stands out as the most prevalent genetic contributor to intellectual disability, marked by the presence
of an extra copy of chromosome 21 (HSA21). Notably, individuals with DS exhibit significant neuropathological changes
for a diagnosis of Alzheimer’s disease (AD), typically by the age of 50 years. To search for and identify biomarkers cru-
cial for detecting and understanding the mechanisms involved in DS neuropathology, we conducted a protein expression
analysis of post-mortem brain samples. We evaluated the frontal cortex of post-mortem brain samples from patients with
DS both before and after the onset of AD pathology (DSAD), in comparison with age-matched healthy patients (CTRY and
CTRO). Employing a comprehensive label-free shotgun proteomics approach, we sought to gain a deeper understanding of
the intricate protein profiles associated with DS and its progression into DSAD. Collected results have been analyzed using
specific databases and bioinformatics analysis software to understand relevant pathways, networks, and functions related
to the experimental data. Our data support a genotype effect in DS at young and old ages that promotes specific proteome
signatures associated with AD development. Notably, the affected signalling pathways encompass energy-related processes,
synaptic transmission, and stress response. With aging, the dynamic shift in protein expression contributes to accelerating
the neurodegenerative process, culminating in the manifestation of the AD phenotype.
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CBR1 Carbonyl reductase 1

CTRY Controls young

CTRO Controls old

DEGs Differentially expressed genes

DEPs Differentially expressed proteins

DNMIL Dynamin-1-like protein

DSAD Down syndrome subject with Alzheimer’s
disease

DS Down syndrome

EEF Eukaryotic elongation factor

FDR False discovery rate

GAP43 Growth-associated protein 43

GFAP Glial fibrillary acidic protein

HD Huntington’s disease

HSA21 Human chromosome 21

IPA Ingenuity pathway analysis

iPSC Induced pluripotent stem cell

MAG Myelin-associated glycoprotein

MAPT Microtubule-associated protein tau

nLC-HDMSE Nanoscale liquid chromatography high-
definition expression configuration mode

NRF2 Nuclear factor erythroid 2-related factor 2

mTOR Mammalian target of rapamycin

OPA1 Dynamin-like GTPase

OXPHOS Oxidative phosphorylation

PD Parkinson’s disease

PMI Postmortem interval

ROS Reactive oxygen species

S100B S100 calcium-binding protein B

SLC1A3 Solute carrier family 1 member 3

SNAPI1 Synaptosome-associated protein 91

SOD 1and2  Superoxide dismutase 1 (cytoplasmic) and
2 (mitochondrial)

STRING Search Tool for the Retrieval of Interact-
ing Genes/Proteins

SYNIJ1 Synaptojanin 1

SYP Synaptophysin

TCA Tricarboxylic acid cycle

TXN Thioredoxin

UNIPROT The universal protein resource

UPR Unfolded protein response

VDACI1-3 Voltage-dependent anion selective chan-
nel 1-3

YWHAX 14-3-3C

Introduction

Down syndrome (DS), or trisomy 21, is the most common
genetic cause of intellectual disability with an incidence of
approximately 1/1000 births. People with DS present with
diverse phenotypes, although individual variability occurs
[1]. Common features of DS involve facial abnormalities and
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skeletal disorders, congenital heart defects and hematologi-
cal complications, gastrointestinal abnormalities, and neu-
rological disorders. The latter represents a crucial feature of
the DS phenotype that is associated with accelerated aging
and the risk of developing early-onset Alzheimer’s disease
(EOAD). Studies in post-mortem human brain from indi-
viduals with DS and mouse models of DS identify several
dysfunctional processes in neuronal cells, including growth,
differentiation, oxidative stress, myelination, and synaptic
function [2]. All these disturbances translate into a clinical
phenotype characterized by cognitive and language dysfunc-
tion coupled with sensory and neuromotor deficits and, later
in life, AD neuropathology.

A defining consequence of the trisomy underlying DS
is the altered expression of genes located on human chro-
mosome 21 (HSA21), driven by genome dosage imbalance.
Several studies have shown that the pathological features of
DS arise from complex, large-scale transcriptomic altera-
tions triggered by the genomic imbalance of HSA21, in
conjunction with changes in disomic gene expression. Tran-
scriptomic analyses have been employed to identify dosage-
sensitive HSA21 genes [3], and transcriptome profiles are
now available for various human DS tissues as well as for
mouse models of the disorder [4-8]. Collectively, these stud-
ies underscore the critical impact of gene dosage effects on
HSAZ21 genes while also revealing widespread secondary
transcriptional changes across the entire genome. How-
ever, the landscape is further complicated by inconsisten-
cies among studies regarding which trisomic genes exhibit
increased expression and the extent of their upregulation.
The expression of trisomic genes appears to be dynamic,
and mechanisms such as dosage compensation may account
for why not all HSA21 genes show elevated expression
despite the presence of an extra chromosome copy. More-
over, whether dosage compensation is substantial may
depend on the context (i.e., tissue or developmental stage)
[9]. Interestingly, studies from Lockstone et al. character-
ized, by whole genome microarrays, the transcriptome of
human adult brain tissue from DS vs. age-matched controls
[10]. Functional profiling of genes dysregulated in both fetal
and adult datasets identifies categories including develop-
ment, lipid transport, and cellular proliferation. In the adult
brain, these processes were concomitant with cytoskeletal
regulation and vesicle trafficking categories and increased
immune response and oxidative stress response, which are
likely linked to the development of AD pathology in indi-
viduals with DS.

However, trisomy of protein-coding genes and gene dos-
age-associated increases in RNA expression do not directly
correlate with corresponding elevation in protein expression
[11]. Moreover, given that proteins are the primary effectors
of cellular function, any contribution of a triplicated gene
to the DS phenotype ultimately depends on alterations in its
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corresponding protein levels, highlighting the importance of
proteomic measurements. While gene dosage is a key factor,
additional regulatory mechanisms, such as epigenetic modi-
fications, can influence both the transcription and translation
of HSA21 genes, thereby modulating their expression and
potentially mitigating overexpression [12]. In the present
study, we examined the complex proteome signature in DS,
before and after the development of AD neuropathology.
We analyzed the frontal cortex of individuals with DS and
those with DS affected by AD (DSAD), comparing them
with their respective age-matched controls. By comparing
data across all four groups, we identified protein catego-
ries that exhibited significant alterations in individuals with
DS relative to age-matched controls. Interestingly, young
individuals with DS exhibited a general trend of increased
protein upregulation, affecting products of both trisomic and
disomic genes. Conversely, an overall reduction in protein
expression levels was observed in the aged groups, both in
controls and DSAD individuals, with the latter exhibiting a
more pronounced decline.

In conclusion, the current study contributes to shedding
light on the intricate relationship among gene-protein-
phenotype by showing how extensive protein remodelling,
caused by aneuploidy, dynamically occurs through life in
DS subjects, resulting in significant modulation and severity
of phenotypes.

Materials and Methods
Human Brain Samples

Frontal cortex human brain samples were obtained from
the University of California Alzheimer’s Disease Research
Center (UCI-ADRC) and the Institute for Memory Impair-
ments and Neurological Disorders, the Eunice Kennedy
Shriver NICHD Brain and Tissue Bank for Developmental
Disorders, and the University of Kentucky Alzheimer’s dis-
ease Center. Table 1 (and Sup. Table 1) shows the charac-
teristics and demographic data of the included cases in the
study. DS cases were divided into two groups, with (DSAD,
n=06) or without (DS, n=06) sufficient neuropathology for
diagnosis of AD. The autopsy cases included in this study
were analyzed by Cenini and colleagues for amyloid beta
(Ap) deposition, demonstrating an increase of the soluble
and insoluble forms, and of oligomers in the frontal cortex
from young and old DS individuals as a function of age and
of AD development [13]. Furthermore, post-mortem corti-
cal samples were previously analyzed for Tau pathology,
protein oxidation markers, autophagy pathway, and insulin
signalling, demonstrating, as well, significant alterations in
DS since young age [14-16].

Table 1 Patient’s demographic data

Subjects PMI Age Sex Ethnicity

CTRY 9.96+2.88 24.9+995 4M,2F 1AA,4Ca,1Un
DS 12.5+1.51 26.7+168 4M,2F 1AA,4Ca,1In
DSAD 54+28 593+344 2M,4F 6Un

CTRO 8.9+6.2 5924748 4M,2F 3Ca,3Un

PMI postmortem interval, CTRY young healthy individuals, DS
young Down syndrome individuals, DSAD Down syndrome individu-
als affected by Alzheimer’s disease, CTRO old healthy individuals,
AA African American, Ca Caucasian, In Indian, Un unknown

The ages of DS cases without AD were below 44 years,
while the cases with both DS and AD were over 55 years.
Likewise, neurotypical cases were split into two groups: con-
trols young (CTRY, n=6), to compare with the DS group,
because they are <45 years; controls old (CTRO, n=6), to
compare with DSAD, because they are older than 45 years
at death. Although the range of the age within young groups
appears wide, it is quite similar between them, thus limit-
ing the influence of age. This aspect agrees with previous
studies both from our group and others [13, 15, 17-20].
The ANOVA analysis of postmortem interval (PMI) did
not report significant differences among groups (F (3,
20)=1.82; p=0.1750). Similarly, no significant differences
were observed in age between comparison groups (DS vs.
CTR: p=0.9926; DSAD vs. CTRO: p>0.999). Sex was
approximately evenly split in all the groups (four males and
two females), except in the DSAD group (two males and
four females). Groups selected in this study were chosen
to maintain homogeneous age and gender. Proteomics data
were analyzed by including PMI, age (where applicable),
and sex as covariates in the statistical models.

Mouse Samples

Ts66Yah mice were generated as previously described
[21]. Animals were housed at up to four males and five
females per cage (cage type: Green Line-39 x20x 16 cm,
Techniplast, Italy) and had free access to purified water
and food (D04 chow diet, Safe, Augy, France). The tem-
perature in the animal house was maintained at 23 +1 °C,
and the light cycle was controlled as 12 h light and 12 h
dark (lights on at 7 AM). A total of 24 mice (n=6 each
group; three males and three females) were sacrificed
by cervical dislocation at the same age, 3 and 9 months.
Brain regions were immediately isolated after sacrifice
and stored in dry ice for immunochemical experiments.
The research project authorization was accredited by the
French Ministry of National Higher Education and Research
APAFIS#15187-201805221519333v3 granted to MRB and
YH.
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Protein Sample Preparation

Human and mouse frontal cortices samples were homoge-
nized in RIPA buffer (pH=7.4) containing 50 mM Tris—HCl
(pH=7.4), 150 mM NaCl, 1% NP-40, 0.25% sodium deoxy-
cholate,1 mM EDTA, 0.1% SDS, together with phosphatase
and protease inhibitor (539132, Millipore, Burlington, MA,
USA, 1:100; P0044; Sigma-Aldrich, St. Louis, MO, USA;
1:100). Samples were sonicated on ice and then centrifuged
at 16,000 X rpm at 4 °C for 30 min to remove cellular debris.
Supernatants were collected to determine total protein con-
centrations by the BCA method (Pierce, Rockford, IL, USA).

Protein Expression Analysis by nLC-HDMSE

Protein extracts derived from both datasets (human and
mouse samples) were handled for enzymatic digestion
according to the filter-aided sample preparation (FASP)
protocol with trypsin digestion (final trypsin concentration
of 0.01 pg/ul) [22].

Label-free proteomic analysis was performed, as previ-
ously described by Greco V et al. with some modifications
[23, 24]. First, 300 fmol/uL of digested enolase from Sac-
charomyces cerevisiae (P00924) was added to each sample
as an internal standard. Each digested sample (0.25 ug) was
loaded onto a Symmetry C18 5 um, 180 um 20 mm pre-
column (Waters Corp., Milford, MA, USA) and was subse-
quently separated by a 120-min reversed-phase gradient at
300 nL/min (linear gradient, 2-40% ACN over 90 min) using
aHSS T3 C18 1.8 um, 75 um 150 mm nanoscale LC column
(Waters Corp., Milford, MA, USA) maintained at 40 °C.
Tryptic peptides were separated on an ACQUITY MClass
System (Waters Corp., Milford, MA, USA) and then sepa-
rated peptides were analyzed using a high-definition Synapt
G2-Si mass spectrometer (Waters Corp., Milford, MA, USA)
directly coupled to the chromatographic system. Differen-
tial protein expression was evaluated by a high-definition
expression configuration mode (HDMSE), a data-independ-
ent acquisition (DIA) protocol where ion mobility separation
(IMS) is integrated into the LC-MSE workflow as described
by Marini et al. [25]. The mass spectrometer parameters are
set as follows: positive survey polarity of electrospray source
(ES +), acquisition mode mass range 50-2000 m/z, capil-
lary source voltage 3.2 kV, source T 80 °C, cone voltage
40 eV, TOF resolution power 20,000, precursor ion charge
state 0.2—4, trap collision energy 4 eV, transfer collision
energy 2 eV precursor MS scan time 0.5 s, and fragment
MS/MS scan time 1.0 s. All spectra have been acquired in
ion mobility separation mode (IMS) cycles with wave height
at 40 V, wave velocity of 650 m/s, transfer wave height 4 V,
and transfer wave velocity of 175 m/s. Data were post-
acquisition lock mass corrected using the doubly charged
monoisotopic ion of [Glul]-Fibrinopeptide B (Waters Corp.,
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Milford, MA, USA), sampled every 30 s. Each sample was
run in three technical replicates. The analysis of differen-
tially expressed proteins was performed according to Silva
et al. [26] and Visser et al. [27].

Continuum LC-MS data from the three analytical rep-
licates for each sample, derived from both human and
mouse datasets, were processed for qualitative and quanti-
tative analysis using the Protein Lynx Global Server v3.0.3
software (PLGS, Waters Corp., Milford, MA, USA). The
qualitative identification of proteins was obtained using the
embedded ion accounting algorithm of the software PLGS,
and by searching against the Homo sapiens database (Uni-
Prot KB/Swiss-Prot Protein Knowledgebase restricted to
homo sapiens taxonomy), and the Mus musculus database,
respectively, to which the sequence from Saccharomyces
cerevisiae Enolase (UniProtKB/Swiss-Prot AC: P00924)
was appended. PLGS software search parameters were
set as follows: automatic tolerance for precursor ions and
product ions, a minimum of 1 fragment ion matched per
peptide, a minimum of three fragment ions matched per
protein, a minimum of two peptides matched per protein,
two missed cleavages, carbamidomethylation of cysteines,
and oxidation of methionine as fixed and variable modifica-
tions, respectively. Protein identification was based on the
detection of more than two fragment ions per peptide and
more than two peptides measured per protein. The false dis-
covery rate (FDR) of the identification algorithm was set
under 1%, based on a target-decoy database. For quantitative
expression analysis, 300 fmol of Enolase has been set as the
calibration protein concentration. PLGS software uses the
most reproducible proteotypic peptides for retention time
and intensity of Enolase digestion (m/z 745.43, m/z 814.49,
m/z 1288.70, m/z 1416.72, m/z 1578.80, and m/z 1840.89)
to normalize the table of the exact mass on retention times
(EMRTs). The expression analysis was performed consid-
ering the experimental groups, including all the technical
replicates from each sample, following the hypothesis that
each group was an independent variable.

The differentially expressed proteins dataset was screened
and filtered according to the following MS-established crite-
ria by considering only those identifications from the alter-
nate scanning LC-HDMSE data exhibiting a good replica-
tion rate (at least two out of three runs of the same sample)
and with p <0.05 for the relative protein fold change (two-
tailed Student’s ¢ test). The Benjamini—Hochberg correction
was applied to the resulting p-values to control the false
discovery rate (FDR), ensuring statistically robust identifica-
tion of differentially expressed proteins in a high-throughput
context. Furthermore, proteomics data were analyzed by
including PMI, age (where applicable), and sex as covariates
in the statistical models. Each of the six comparison groups
was individually analyzed, and the significance of the regu-
lation level was specified with a fold change of regulation
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higher than +30%, which is typically 2—3 times higher than
the estimated error on the intensity measurement, used as a
threshold to identify significant up or downregulation.

Protein Ontologies and Network Analysis

To identify biologically relevant molecular pathways, the
proteomic datasets were analyzed using bioinformatic tools
based on the following databases and software analysis.
The UNIPROT (the universal protein resource) database
(https://www.uniprot.org) was employed to evaluate protein
characteristics, including gene/protein name, length, sub-
cellular localization, chromosomal distribution, and PTMs.
QIAGEN’s Ingenuity Pathway Analysis (IPA) (http://www.
giagen.com/ingenuity) was used. For IPA software, the
analysis parameters were set as follows: direct and indirect
relationships, endogenous chemical substances included, all
molecules and/or relationships considered the summary fil-
ter. The most significant pathways, categories, diseases, and
functions associated with the loaded datasets were identified
by calculating their significance (p-value, Fisher’s test). A
p-value threshold was set at 0.05, which showed the prob-
ability of association between genes/proteins present in the
datasets and each pathway/function (canonical pathway, bio-
logical function, Network interactions). STRING (Search
Tool for the Retrieval of Interacting Genes/Proteins) soft-
ware (https://string-db.org) was used to evaluate protein
interaction and clustering. For STRING network analysis,
the confidence level was set as medium (0.400), while the
MCL clustering method was set with the inflation param-
eter of 3. Our goal in using multiple enrichment tools was
to cross-validate key biological themes and increase the
robustness of the functional interpretation, given the com-
plementary strengths of each tool and database. This allowed
exploring functional associations relevant to the experimen-
tal results from UNIPROT. Venn diagrams were built using
EVenn software (http://www.ehbio.com/test/venn/) [28].
Additionally, data were analyzed and plotted by GraphPad
Prism 10.4 software.

Results

In this study, we used a label-free nLC-HDMSE proteom-
ics approach on a total of 24 human frontal cortex samples
divided into four groups (Table 1). To evaluate differen-
tially expressed proteins (DEPs) in each group, identified
proteins and their expression values have been matched in
four different comparison sets considering genotype and
aging as variables (DS vs. CTRY; DSAD vs. CTRO; DS vs.
DSAD; CTRY vs. CTRO) (Sup. Table 2). Each comparison
group was analyzed individually to assess specific variables
or paired with others to evaluate changes associated with

genotype or aging. In addition, we examined a novel mouse
model of DS, Ts66Yah, alongside its euploid counterparts
at 3 and 9 months of age, to investigate genotype-related
alterations across age groups. These findings were then com-
pared with those from young and aged human DS cohorts to
identify conserved molecular mechanisms between species.

Analysis of DEPs in Young DS and CTR Groups
to Assess Early Proteome Alteration Associated
with Genotype

The comparison between DS and CTRY enabled the iden-
tification of DEPs attributable to genotype. This analysis
facilitated the characterization of early molecular alterations
in the brain associated with the triplication of HSA21. Our
analysis brought the identification of 432 DEPs, as reported
in the Volcano plot (Fig. 1A). Of those, 301 (69.6%) showed
increased expression in the DS group, while 131 (30.4%)
demonstrated decreased expression (Sup. Table 3). By
interrogating the UNIPROT database, we evaluated the
chromosomal distribution of genes coding for the identified
DEPs (Fig. 1B and Sup. Table 4). We observed that~2%
of total DEPs were encoded on HSA21, while the majority
of DEPs were attributable to HSA17 (7%), HSA11 (6.6%),
and HSA12 (5.7%), supporting that HSA21 triplication had
a considerable impact on disomic genes. Intriguingly, DEPs
belonging to HSA21 included SOD1, S100B, APP, CBR1,
ATPS5PF, ATP5PO, and CCTS8, and their expression levels
were in line with previous DS brain studies [29]. The inves-
tigation of the DEPs’ subcellular localization established
that 38.6% of DEPs were cytoplasmic proteins, while 19.5%
were mitochondrial, 18% were membrane or cell-membrane
associated proteins, 4.8% were nuclear proteins, and 3.8%
of DEPs belonged to the endoplasmic reticulum (ER)
(Fig. 1C.1) These results suggested an enrichment of mito-
chondrial brain protein modulated by genotype at a young
age [30]. Of interest, 0.25% of DEPs were synaptic proteins.
Remarkably, by comparing results from the young DS group
with the database on DS frontal cortex from the Cancedda
laboratory [31], we observed considerable overlap of DEPs
(86.6% of our dataset) (Sup. Figure 4 and Sup. Table 15).
Subsequently, we used IPA software (Qiagen) to iden-
tify pathway categories, diseases and functions, and net-
works associated with DEPs in the young genotype group
(Fig. 1D). We observed a significant negative z-score effect
for mitochondrial dysfunction (—1.7), sirtuin signalling reg-
ulation (—2.1), and apoptosis signalling (—1.6), while a posi-
tive z-score effect was exerted by DEPs on energy-related
pathways (oxidative phosphorylation +2.6; respiratory
electron transport+2.8; glycolysis/gluconeogenesis + 1.13;
AMPK signalling + 1.15), neurotransmission (synaptogen-
esis +2.8; synaptic long-term potentiation/depression+ 1.9),
proteostasis (chaperone-mediated autophagy + 0.9; protein
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molecular event in individuals with DS (+ 1.7-log fold),
supporting its role in brain alteration and the transition to
AD pathology. Accordingly, recent evidence suggests that
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«Fig. 1 Genotype-associated protein expression analysis in young
DS vs. CTR frontal cortices. A Volcano plot of DEPs between DS
and CTRY samples. Red dots show significant (p <0.05) DEPs with
increased expression (positive log ratio), while blue dots show DEPs
with decreased expression (negative log ratio). B Violin plot showing
DEPs distribution among human chromosomes. C Analysis of DEPs
subcellular localization. D Representative bar graph of canonical
pathway analysis reporting significance (-log(p-value)) and activity
pattern (z-score); the full list is reported in Sup. Table 5. D.1 Canoni-
cal pathway describing DEPs associated with amyloid production and
microtubule instability. E Bubble plot of pathway category analysis
with category description, z-score, and significance (-log(p-value);
bubble size). F Bar graph of downstream effects associated with
DEPs and categorized as disease and functions (-log(p-value)); the
full list is reported in Sup. Table 7. G Interaction network involving
APP and tau overexpression. H Network interaction map by STRING
analysis with n# of nodes, n# of degrees, avg. nodes degree, avg. local
clustering coefficient, expected number of nodes, and PPI enrichment
p-value

APOE overexpression may influence the development of
pathological hallmarks in the brains of individuals with DS,
thereby modulating disease mechanisms with potential clini-
cal implications [31, 32]. Pathway categories analysis con-
firmed that the positive fold change of DEPs in the DS vs.
CTRY comparison resulted in an increased positive z-score
effect across most pathways (Fig. 1F). The main pathway
categories affected by genotype included neurotransmit-
ter and nervous system signalling, generation of precursor
metabolites and energy, as well as disease-specific pathways.
Disease and function analysis by IPA supported a role for
DEPs in the development of neurological diseases associated
with degenerative dementia, AD, psychological disorders,
and developmental disorders (Fig. 1G and Sup. Table 7).
Intriguingly, network analysis highlighted mechanisms pro-
moting APP and MAPT (tau) intersection in the young DS
group that might promote pathological hallmarks formation
(Fig. 1G and Sup. Table 6). By evaluating DEPs from young
DS with the NeuroPro database from AD and early stages
studies (https://neuropro.biomedical.hosting), as described
by Askenazi et al. [33], we observed a robust overlap with
DEPs detected in the frontal cortex of AD patients, par-
ticularly those showing consistent plaque formation (Sup.
Fig. 5 and Sup. Table 16). We then performed STRING soft-
ware analysis to evaluate the DEPs interaction and network
association (Fig. 1H). STRING data reported 396 nodes and
6919 edges, with an average node degree of 34.9, an aver-
age local clustering coefficient of 0.468, and a PPI enrich-
ment p-value < 1.0 e—16 (Sup. Table 9). The cluster analysis
reported 51 different clusters that include carboxylic acid
metabolic process (159 DEPs), oxidative phosphorylation
(36 DEPs), proteasome (15 DEPs), and serotonin neurotrans-
mitter release cycle (12 DEPs), among others (Sup. Fig. 2
and Sup. Table 8), thus supporting the alteration of bioen-
ergetic pathways, proteostasis mechanisms, and neurotrans-
mission in young DS individuals.

Analysis of Cortical Differences in Aged DS (Affected
by AD) and CTR Groups to Assess Late Proteome
Alteration Associated with Genotype and AD
Development

The analysis of DEPs in individuals with DS and AD
(DSAD) compared to aged controls (CTRO) enabled us to
investigate and validate the impact of genotype in older age
while accounting for the influence of Alzheimer’s pathol-
ogy. The proteome evaluation of the DSAD vs. CTRO
comparison group identified 281 DEPs (Sup. Table 2), of
which 190 (67.6%) were increased, while 91 (32.4%) were
decreased following a trend similar to what was observed in
younger individuals (Fig. 2A and Sup. Table 3). The chro-
mosomal distribution of DEPs coding gene confirmed the
relatively minor involvement of HSA21 (1% of total DEPs),
while HSA1 (6%), HSA11 (5%), and HSA17 (4.2%) showed
major alterations (Fig. 2B). Once more, our data supported
a role for HSA21 triplication in driving the alteration of
disomic genes. Focusing on DEPs’ subcellular localiza-
tion, we observed that 27.4% were in the cytoplasm, 25.1%
in the membrane, while 12% were mitochondrial proteins
(Fig. 2C.1). In the comparison of old controls and DSAD
groups, we observed a lower implication of mitochondrial-
resident DEPs but a higher involvement of membrane pro-
teins. Furthermore, synaptic proteins represented 0.4% of
total DEPs. The analysis of canonical pathways by IPA
confirmed the negative z-score effect on mitochondrial dys-
function (—1.6), but also for NRF2 response (—0.38) and
insulin receptor signalling (—0.8), among others. Instead, a
positive z-score effect was identified for energy-related path-
ways (TCA cycle+2; glycolysis+2; AMPK signalling + 1),
neurotransmission (synaptogenesis +0.5; synaptic long-term
potentiation/depression + 1.1), and proteostasis (chaperone-
mediated autophagy + 1.06; autophagy + 1.13) (Fig. 2D
and Sup. Table 5). Intriguingly, the observed induction of
autophagy pathways aligns with previous findings in DS,
which reported activation of the early phases of autophagy
but also inhibition of later stages [15, 34]. The analysis of
pathway categories also supported a dominance of positive
z-score pathways associated with increased DEPs, but it was
less pronounced in comparison to the DS group (Fig. 2F).
The analysis of downstream effects identifies DEPs with
roles in promoting neurological disorders, among which
are listed AD, psychological, and developmental disorders
(Fig. 2G and Sup. Table 7). By comparing DEPs from DSAD
vs. CTRO comparison with the NeuroPro databases of AD
studies [33], a strong overlap (about 62%) was noticed with
proteome changes of AD, as well as with A plaques (Sup.
Figure 5 and Sup. Table 17). In addition, functional altera-
tions exerted by DEPs involved cellular growth and develop-
ment, cell morphology, and cell death and survival (Fig. 2G
and Sup. Table 7). The STRING network analysis reported
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Fig.2 Genotype-associated protein expression analysis in DSAD
vs. CTRO frontal cortices. A Volcano plot of DEPs between DSAD
and CTRO samples. Red dots show significant (p <0.05) DEPs with
increased expression (positive log ratio), while blue dots show DEPs
with decreased expression (negative log ratio). B Violin plot showing
DEPs distribution among human chromosomes. C Analysis of DEPs
sub-cellular localization. D Representative bar graph of canonical
pathway analysis reporting significance (-log(p-value)) and activity
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number of nodes: 209
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expected number of edges: 647
Pl enrichment pvalue: <1.0e-16

132
avg.local clustering coeffcient: 0.441

pattern (z-score); the full list is reported in Sup. Table 5. E Bubble
plot of pathway category analysis with category description, z-score,
and significance (-log(p-value); bubble size). F Bar graph of down-
stream effects associated with DEPs and categorized as disease and
functions (-log(p-value)); the full list is reported in Sup. Table 7. G
Network interaction map by STRING analysis with n# of nodes, n#
of degrees, and avg. nodes degree, avg. local clustering coefficient,
expected number of nodes, and PPI enrichment p-value
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209 nodes with 1381 edges (with respect to 647 expected),
an average node degree of 13.2, an average local clustering
coefficient of 0.44, and PPI enrichment p-value < 1.0e—16
(Fig. 2E.1 and Sup. Table 9). Primary clusters identified by
the software included protein folding chaperone (19 DEPs)
and oxidative phosphorylation (18 DEPs), among others
(Fig. 2E.2 and Sup. Table 8).

Genotype-Related Protein Changes Common
to Young (DS vs. CTRY) and Old (DSAD vs. CTRO)
Comparison Groups

To further investigate the effect of genotype in young and

old DS individuals and the involvement of AD develop-
ment, we performed a genotype-specific analysis between

Genotype Comparison (DS vs CTR frontal cortices)
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Fig.3 Comparison between genotype-associated analyses in young
and old DS vs. CTR groups. A Heat map of canonical pathway com-
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the two comparison groups described above (DS vs. CTRY
and DSAD vs. CTRO). The Venn diagram shows 161 DEPs
shared by both groups, 271 DEPs unique to the DS vs. CTRY
group and 120 DEPs unique to the DSAD vs. CTRO group
(Fig. 3C). The canonical pathway analysis allowed us to
recognize the z-score trend and DEPs components common
between the comparison groups (Fig. 3A). Intriguingly, sev-
eral pathways followed the same z-score trend of induction/
repression and reported the overlap of several DEPs com-
ponents, including glycolysis (ENO2, PKM, TPI1), mito-
chondrial dysfunction (ATP5F1B, DNM1L, PRKAR2B,
COX6A1, VDACI1, PDHAI1, PARK7, CYCI), chaperone-
mediated autophagy (HSP90AB1, GFAP, UCHLI1, TPD52,
EEF1A1), TCA cycle Il (CNP, MAG, PLP1, RAC1, YESI),
and oxidative phosphorylation (COX5A, COX7A2, COX4I1,
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CYC1) (Fig. 3D.1,3,5,7,8). This trend supported the occur-
rence of pathological mechanisms associated with genotype
but independent of aging or AD development. However,
an opposite z-score trend was observed for NRF2 redox
response (Fig. 3D.4), which declined in DSAD vs. CTRO
groups with respect to DS vs. CTRY, supporting a func-
tional switch in old DS individuals associated with age and
AD progression (Sup. Table 11). NRF2-associated proteins
with differential expression between young and old groups
included RALA, AKR1A1, and MAP2K1 (Fig. 3D.4). The
analysis of DEPs downstream effects on disease and func-
tions further suggested their common involvement in pro-
moting degenerative dementia and AD (Fig. 3B). The evalu-
ation of proteins associated with AD development in young
DS individuals and in DSAD comparison with age-matched
controls supported the shared alteration of GFAP, SLC1A3,
DNMIL, VDACI1-3, GAP43, MAG, SYP, ATP6V1G2, and
TXN, among others (Fig. 3E.1,2). Intriguingly, the effect on
AD-related proteins appeared more pronounced in young
individuals with DS compared to those with DSAD, where
the pathology is already established, suggesting that molecu-
lar changes associated with HSA21 triplications could pre-
cede the overt manifestation of AD pathology [18].

Analysis of Aging and AD Signatures in Young
and Old DS Individuals (DSAD vs. DS)

Secondary to genotype, we aimed to assess the effect of aging
and AD development in promoting the increased/decreased
DEPs in the experimental groups sharing DS pathology
(DSAD vs. DS). The comparison of DSAD vs. DS groups
identified 902 DEPs, of which 336 (37%) were increased and
566 (63%) were decreased in aged DS individuals with AD
(Fig. 5A and Sup. Table 3). Intriguingly, proteomics analysis
supported a generalized decline of protein expression in the
DS cerebral cortex as a result of increased age and AD pro-
gression. The TPA canonical pathways analysis demonstrated
a positive z-score for mitochondrial dysfunction (+0.8), JAK/
STAT signalling (4 1.1), EIF2 signalling (+0.9), and apop-
totic execution phase (+0.38), while a negative z-score was
evidenced for energy-related pathways (oxidative phospho-
rylation —1.85; respiratory electron transport (—3.65), TCA
cycle —1.15; AMPK signalling —0.27), NRF2 redox response
(—0.77), ERK/MAPK pathway (—2.35), chaperone-mediated
autophagy (—1.89), CREB signalling (—1.6), mTOR signal-
ling (—0.3), and mitophagy (—1), among others (Fig. 5B and
Sup. Table 5). Remarkably, we observed a negative z-score
for the amyloid fiber formation pathway (—1.63) with expres-
sion for APP, H2AX, MFGES, APOE, SNCA, and GSN in
DSAD cortex compared to young DS. These findings sug-
gest that individuals with DS experience early activation of
mechanisms contributing to the development and deposition
of pathological signatures. In DSAD, these mechanisms are
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further modulated by aging and AD progression, rather than
by genotype alone (Fig. 4B and Sup. Table 5). The pathway
category analysis reported in the DSAD vs. DS comparison
showed a predominant negative z-score effect on pathways
involving neurotransmitters and nervous system signalling, cell
stress and injury, and organismal/cell growth and development
(Fig. 4C). As previously observed for genotype, age-related
changes of DEPs might contribute to neurological diseases,
including AD, psychological, metabolic, and developmen-
tal disorders (Fig. 4D and Sup. Table 7), by interfering with
crucial cellular functions including cell death and survival,
cell growth, DNA replication, recombination, and repair. The
network analysis showed the interaction of DEPs strongly
involved in carbon metabolism (108 DEPs) and proton motive
force-driven mitochondrial ATP synthesis (57 DEPs) (Fig. 4E
and Sup. Table 8).

Analysis of Aging Signatures in CTR Groups

We further compared young and old neurotypical control
groups (CTRO vs. CTRY) to evaluate the effect of aging in
the absence of DS and AD. The analysis of the CTRO vs.
CTRY comparison group identified 760 DEPs; 261 (34.3%)
were increased, and 499 (65.7%) were decreased (Sup. Fig-
ure 1 and Sup. Table 3). A similar trend in protein expres-
sion was observed in the age group comparisons relative to
DSAD vs. DS. Canonical pathways confirmed the effect of
aging in inducing mitochondrial dysfunction (+ 0.8 z-score),
JAK/STAT signalling (4 1.1 z-score), EIF2 signalling (+0.3
z-score) (Fig. 5F), while a negative z-score effect was observed
for neurotransmission (neurotransmitter release cycle —1.9
z-score) and energy-related pathways (oxidative phosphoryla-
tion —1.5 z-score), as also confirmed by pathways category
analysis (Sup. Figure 1B, C and Sup. Table 5). As well, the
effect of aging in CTR groups confirmed a role for DEPs in
promoting the development of pathological outcomes, such as
the alteration of cell death and survival, and of DNA replica-
tion, recombination, and repair that are not only attributable
to the DS phenotype (Fig. SH and Sup. Table 7). Notably,
the analysis of age-related DEP changes in CTR cortices sup-
ported the initiation of processes promoting the formation
and the quantity of amyloid fibrils (Sup. Figure 1F) due to the
expression changes for APOE, APP, SYNPO, SYNJ1, SOD2,
and CYP46A1. This effect is comparable to the one observed
in young individuals with DS, further supporting the view of
DS as a condition characterized by premature aging [32, 35].

Age-Related Protein Changes Common to DS (DSAD
vs. DS) and CTRs (CTRO vs. CTRY) Comparison
Groups

The evaluation of the DS and CTRs comparison group ena-
bled us to delineate molecular processes associated with aging,



Molecular Neurobiology (2026) 63:126

Page110f20 126

DSAD vs. DS A

Frontal cortex s

5 sopt
QoAc2
°

Expr p-value [og10)

4 GNAO1
oo

B Canonical Pathways

ZScore: Positive Negative Zero Neutral or No Prediction

Activation z-score
4 2

Mitochondrial Dysfunction |33.84
2622 Oxidative Phosphorylation
2205 Neutrophil degranulation
19.98 Mitochondrial protein degradation

18.79 Respiratory electron transport

1849 | Sinuin Signaling Pathway

15.41 Neutrophil Extracellular Trap Signaling Pathway

13.42 Estrogen Receptor Signaling

Huntington's Disease Signaling 1254

1217 Citric acid cycle (TCA cycle)
1178 TCA Cycle Il (Eukaryotic)
Chaperone Mediated Autophagy Signaling Pathway 1116
11.02 a-Adrenergic Signaling

Number next to the bar: -log[P-value]

D Disease and functions

ZScore: | Positive Negafive Zero Neutral or No Prediction

-log[P-value] Number next to the bar: -log[P-value]
0 2 4 6 8 10 12

Severe psychological disorder | 10.22
Degenerative dementia | 9.68
Schizophrenia | 9.59
Aizheimer disease I )l 9.15
Degenerative brain disorder | 462
Familial neurological disorder [ 3.38 D.1
Survival of cephalic neurons 3.19
Cellviability of cerebral cortex cells 319
Congenital neurological disorder | 3.08

s0s &

Cell viabilty of cortical neurons 281

Bipolar disorder |

Cerebral degeneration | 281

Familial encephalopathy | 263

Fig.4 Aging-associated protein expression analysis in young and old
DS human cortices (DSAD vs. DS). A Volcano plot of DEPs in the
DSAD vs. DS comparison group. Red dots show significant (p <0.05)
DEPs with increased expression (positive log ratio), while blue dots
show DEPs with decreased expression (negative log ratio). B Rep-
resentative bar graph of canonical pathway analysis reporting sig-
nificance (-log(p-value)) and activity pattern (z-score); the full list is
reported in Sup. Table 5. C Bubble plot of pathway category analysis

independent of DS or AD pathology. We observed overall
that in the old vs. young groups, about 80% of DEPs over-
lapped (Fig. 5C). Perhaps unsurprisingly, this overlap in DEPs
revealed several altered pathways which were also observed
in the canonical pathway analyses (Fig. SA). These similari-
ties include the negative regulatory trend on aging and com-
ponents of metabolic pathways (oxidative phosphorylation
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with pathway description, z-score, and significance (-log(p-value);
bubble size. D Representative bar graph of downstream effects asso-
ciated with DEPs and categorized as disease and functions (-log(p-
value)); the full list is reported in Sup. Table 7. D.1 DEPs associated
with DS pathology from disease and function analysis. E Network
interaction map by STRING analysis with n# of nodes, n# of degrees,
and avg. node degree, avg. local clustering coefficient, expected num-
ber of nodes, and PPI enrichment p-value

D.1; mitochondrial dysfunction D.2), proteostasis network
(mTOR signalling D.6; UPR D.9), NRF2-mediated redox
response (D.3), and synaptogenesis signalling pathway (D.5),
among others (Sup. Tables 11 and 12). However, as expected,
the aging effect appeared more severe in the DS comparison
group than that observed in the CTR groups. Remarkably,
DEPs overlapping between DS and CTRs that were associated
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with aging and AD development included MAPT, ATP5PB,
SNAP91, SOD2, YWHAX, GAP43, EEF, SYNJ1, and OPA1,
among others (Fig. 5SE.1,2).

Analysis of Cortical Differences in Old and Young DS
and CTR Groups to Assess Common and Divergent
Effects on the Proteome Associated with Genotype
and Aging

The evaluation of overlapping DEPs between the four com-
parison groups (genotype + aging) demonstrated that 115
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receptor signalling (D.2), NRF2-mediated stress response (D.3), syn-
aptogenesis signalling pathway (D.4), mTOR pathway (D.5), Rho
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(12.3%) DEPs were identified across analyses and were
modified by both genotype and aging. The world cloud
analysis allowed for highlighting the DEPs commonly iden-
tified by proteomics. Intriguingly, the four groups of com-
parison reported the common modulation (either increase or
decrease) for CAMK2A, MAP1B, PGAM1, ENO2, MAPK1,
GAP43, NDUFSS, EIF2AK?2, DPP10, SLC25A11, AQP4,
VCP, GNAZ, among others. These proteins and their iso-
forms resulted in a high susceptibility to expression changes
associated with HSA21 triplication and/or aging. However,
the analysis of canonical pathways revealed that the impact
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of DEPs on brain molecular mechanisms was predomi-
nantly driven by either genotype or aging, with these factors
exhibiting opposing effects. Specifically, genotype tended to
enhance pathway activation, whereas aging primarily exerted
a suppressive influence (Fig. 6B). The interplay of these fac-
tors resulted in modulation of energy-related pathways, the
proteostasis network, and neurotransmission-related signal-
ing in both DS and control groups (Sup. Table 14). Notably,
the analysis of downstream effects across the four comparison
groups indicated that alterations in DEPs contributed jointly
to the development of AD (Fig. 6C). These findings suggest
a parallel and reciprocal interaction between genotype and
aging in the initiation of DS neuropathology.

Genotype Differences in 3- and 9-Month-Old
Ts66Yah Mice Compared to Euploids and Human DS
to Evaluate Conserved Pathological Mechanisms

We subsequently evaluated the novel murine model of
DS, the Ts66Yah, at 3 and 9 months of age compared with
euploid (Eu) mice (n=6 per group; three males and three
females) to further decipher the effects of trisomy on pro-
tein expression remodelling. As shown by us and others [21,
36], the Ts66Yah closely mimics behavioral, anatomical, and

molecular changes observed in trisomy 21, thus represent-
ing a valuable murine model for DS research. No significant
differences were observed for sex in Ts66Yah mice [36].
Our label-free nLC-HDMSE analysis of frontal cortices
in young (3 months of age) animals identified 724 DEPs
between Ts66Yah and Eu mice (Fig. 7A); 687 DEPs (95%)
were increased, while 37 (5%) were downregulated (Sup.
Table 3). The analysis of canonical pathways and of pathway
categories reported the increased z-score for energy-related
pathways (oxidative phosphorylation + 5.3; glycolysis+ 3.1
and glucose metabolism), stress responses (NRF2-medi-
ated Oxidative Stress Response + 3; autophagy +2.4), and
neurotransmission (neurotransmitter release cycle + 3.4)
(Fig. 7B, C, and Sup. Table 5). A decreased z-score was
evidenced for mitochondrial dysfunction (—2.8) and sirtuin
signalling pathways (—1.9) (Fig. 7B, C, and Sup. Table 5).
By comparing young Ts66Yah mice with young DS cases,
we observed an overlap of 149 (21.9%) DEPs (Fig. 7B).
Similarities between mice and humans on the alteration of
pathological mechanisms were corroborated by the compari-
son analysis between humans and mice data (Fig. 7E). This
reported a superimposable effect of genotype on canonical
pathways that coincided for z-score, pathway composition,
and component expression trend (Sup. Table 13). Notably,
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Fig.7 Genotype analysis of 3-month-old Ts66Yah and Euploids
mice. A Volcano plot of DEPs between 3-month-old Ts66Yah vs.
euploids (Eu) mice. Red dots show significant (p <0.05) DEPs with
increased expression (positive log ratio), while blue dots show DEPs
with decreased expression (negative log ratio). B Representative bar
graph of canonical pathway analysis reporting significance (-log(p-
value)) and activity pattern (z-score), full list of canonical pathways

our findings revealed a strong conservation of DS genotype-
associated pathological mechanisms across humans and
mice at a young age.

The analysis of Ts66Yah at 9 months of age compared with
Eu confirmed similarities in the effect of genotype between
humans and mice, but also revealed discrepancies most likely
associated with aging and/or AD development in humans. We
identified in older mice 670 DEPs, with 637 (95%) increased
and 33 (5%) decreased, thus maintaining the same distribution
observed in young animals (Fig. 8 A and Sup. Table 3). Pro-
tein overlaps between humans and mice at old age were less
pronounced than in the young DS humans and mouse com-
parison, with only 78 (9.3%) orthologous proteins (Fig. 8D
and Sup. Table 13). Reduced similarities between DSAD and
9-month Ts66Yah mice were confirmed by the comparison
of canonical pathway and pathway categories, which show
a similar z-score trend for mitochondrial dysfunction and
neurotransmission-related pathways, but also discrepancies
for NRF2 redox response (+3.4) and insulin receptor signal-
ling (+2.2), among others (Fig. 8B, C, J and Sup. Table 5).

Collectively, the murine proteome showed a robust over-
lap with human data that addresses the genotype-dependent
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in Sup. Table 13. C Bubble plot of pathway category analysis with
category description, z-score, and significance (-log(p-value); bubble
size). D Venn diagram of overlapping DEPs between DS vs. CTRY
and 3-month Ts66Yah vs. Eu groups. E Heat map of canonical path-
way comparison between DS vs. CTRY and 3-month Ts66Yah vs. Eu
groups reporting z-score activation

modulation of protein expression levels; however, the age-
related phenotype of Tg mice partially diverges from the
human proteome signature, most likely due to the lack of a
severe AD phenotype [36].

Discussion

The substantial variability and complexity of phenotypes
associated with DS pose significant challenges to under-
standing the underlying biology. Comprehensive profil-
ing of DS brains, including gene, transcript, and protein
expression, enables the identification of dysfunctional path-
ways and co-expression networks. These approaches help
uncover key drivers of age-related disease mechanisms and
may advance the discovery of therapeutic targets. Molecu-
lar phenotypes in DS are shaped both by genomic instabil-
ity and the presence of a third copy of HSA21. However,
studies often report weak correlations between transcrip-
tomic and proteomic data [11], highlighting the complex-
ity of post-transcriptional regulation. Our findings, con-
sistent with previous studies, indicate that approximately
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Fig.8 Genotype analysis of 9-month-old Ts66Yah and euploid mice.
A Volcano plot of DEPs between 9-month-old Ts66Yah vs. Eu mice.
Red dots show significant (p <0.05) DEPs with increased expres-
sion (positive log ratio), while blue dots show DEPs with decreased
expression (negative log ratio). B Representative bar graph of canoni-
cal pathway analysis reporting significance (-log(p-value)) and activ-
ity pattern (z-score), with a full list of canonical pathways in Sup.

90% of differentially expressed genes (DEGs) and DEPs
in DS are located on disomic chromosomes. This suggests
genome-wide dysregulation of gene expression, not lim-
ited to the triplicated region. The Espinosa laboratory [12]
reported both overexpression of trisomic genes and marked
inter-individual variability in expression patterns. While
genomic studies elucidate the primary effects of HSA21
triplication, downstream impacts on transcription and
translation across the genome remain poorly understood.
Our study presents the first proteome-wide signature of the
human DS brain, aiming to characterize variation in pro-
tein expression not only as a function of genotype but also
with aging and AD pathology to provide a temporal pattern
of biological alterations. Aebersold and colleagues (2017)
demonstrated a weak correlation between DEGs and DEPs,
further complicated by altered protein turnover in trisomic
fibroblasts [37]. More recently, Rastogi et al. (2024) per-
formed multi-omics profiling of the DS hippocampus and
cortex, identifying significant dysregulation of genes,
transcripts, proteins, and miRNAs [31]. Notably, non-
triplicated genes were broadly affected, suggesting wide-
spread genome-level consequences. Our proteomic analysis
of postmortem frontal cortices revealed elevated protein
levels in approximately 68% of DEPs across DS groups
compared to neurotypical controls. However, while the

a C Pathway categories
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e
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mTOR Signaing

Table 13. C Bubble plot of pathway category analysis with category
description, z-score, and significance (-log(p-value); bubble size). D
Venn diagram of overlapping DEPs between DSAD vs. CTRO and
9-month Ts66Yah vs. Eu groups. E Heat map of canonical pathway
comparison between DSAD vs. CTRO and 9-month Ts66Yah vs. Eu
groups reporting z-score activation

ratio of upregulated to downregulated DEPs was consist-
ent across DS groups, the total number of DEPs decreased
with age and AD onset, suggesting an overall attenuation
of protein expression. A similar age-dependent effect was
observed in controls. Although HSA21 encodes only 247
protein-coding genes (~ 1.2% of the genome), just~2% of
DEPs in our dataset mapped to HSA21, highlighting the
broader genomic impact. Canonical pathway analysis com-
paring DS and control groups revealed positive z-scores
for pathways involved in energy metabolism, proteostasis,
and redox responses. These changes likely reflect both
direct effects from overexpression of HSA21 genes such
as ATP5PO, S100B, CBRI, and SODI, and secondary
genome-wide regulatory effects involving disomic genes.
Remarkably, we observed strong concordance between our
DS frontal cortex proteome data and findings from Ras-
togi et al. [31], confirming consistency in protein altera-
tions associated with trisomy 21. In addition, the finding of
elevated levels of APOE, a well-recognized AD-associated
protein, suggests that proteome changes outside HSA21
contribute throughout life to modulate the neuropathologi-
cal phenotype most likely impinging on dementia onset.
A similar observation was reported by Wiseman’s group,
which proposed a role for APOE overexpression in the
clinical manifestation of AD pathology in DS [32].
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Loss of proteostasis is one of the most striking cellular con-
sequences of trisomy 21 [38]. Aebersold et al. reported a mild
but widespread increase in protein turnover in trisomic cells,
with proteins from heteromeric complexes on HSA21 buff-
ered by accelerated degradation [39]. This buffering limits the
protein-level effects of gene dosage increases. In contrast, pro-
teins encoded outside HSA21 show more variable responses,
being increased, decreased, or unchanged, reflecting a more
complex regulatory landscape. Our findings indicate that DS-
related genotype changes disrupt cellular pathways essential
for brain development and maturation, likely contributing to
premature aging and increased co-morbidities. APP overex-
pression and altered amyloid processing were prominent, con-
sistent with earlier analyses of A deposition in DS brains by
Cenini et al. [13]. Our IPA network analysis revealed APP—tau
interactions in DS brains, suggesting that their toxic synergy
occurs well before clinical dementia onset. These mechanisms
likely operate across the lifespan, with cumulative effects
eventually resulting in AD phenotypes.

Extensive proteome remodeling has been documented
during AD progression [40], and additional protein
aggregates, beyond A and Tau, may form in DS brains.
Although TDP-43 pathology was rare and mostly observed
in younger DS individuals [41], we and others have shown
that SOD1 triplication [14] can result in pathological
aggregation, similar to ALS[42]. SODI1 in DS is also oxida-
tively modified, increasing its aggregation propensity [43].
This supports the idea that loss of proteostasis, marked by
protein misfolding, aggregation, and impaired clearance,
is a defining molecular feature of early-onset AD in DS.
Multiple mechanisms likely drive this proteostatic fail-
ure, including abnormal endosomal phenotypes [44, 45],
impaired autophagy due to hyperactive mTOR signaling
[15, 46], and dysregulated unfolded protein response (UPR)
[47]. These abnormalities may accelerate or even initiate
AD in DS through a complex interplay of genetic predispo-
sition and downstream molecular disruptions [48].

Beyond proteostasis, DS cells also exhibit increased
energy demand and mitochondrial dysfunction [49]. Mito-
chondrial defects in DS encompass altered dynamics, ultras-
tructural abnormalities, inefficient OXPHOS, elevated ROS
production, and reduced ATP synthesis [16, 50-53]. Our
data highlight widespread dysregulation of mitochondrial
proteins, identifying this module as one of the most affected
by trisomy 21. These findings align with studies in DS fibro-
blasts, iPSC models, and transgenic mice [54-57]. Similar
mitochondrial abnormalities are also seen in other neurode-
velopmental disorders with intellectual disability, such as
Rett and Fragile X syndromes [58, 59], as well as in neu-
rodegenerative diseases, including AD, Parkinson’s disease
(PD), and Huntington’s disease (HD). In DS, mitochondrial
dysfunction likely contributes both to early neurodevelop-
mental deficits and to age-related neurodegeneration.
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Our parallel analysis of the Ts66Yah mouse model [21,
36], revealed substantial overlap in protein modules upregu-
lated in human DS. Shared changes included disruptions
in neurotransmission, insulin signaling, and mitochondrial
function. However, unlike human DSAD samples, Ts66Yah
mice did not show a global age-related reduction in DEPs at
9 months, likely reflecting the absence of a pronounced AD
phenotype due to species-specific differences, including the
non-amyloidogenic processing of murine APP.

Comparative analysis of DEPs in aged DS and control
groups allowed us to examine age-related proteome remod-
eling relevant to AD. Both groups exhibited a decline in total
DEPs with age, but this reduction was more pronounced
in DSAD, indicating a heightened aging effect in trisomic
individuals. These trends are consistent with recent single-
nucleus transcriptomic studies in DSAD and sporadic AD
brains, which revealed region-specific, transient disease
processes [5]. Comparison of DEPs from our DSAD cohort
with those from sporadic AD frontal cortex datasets [33]
showed substantial overlap, supporting the view that DS rep-
resents a genetic form of AD. Pathway analysis in DSAD
highlighted broadly negative z-scores across neurotransmis-
sion, stress responses, and developmental signaling.

Interestingly, aging effects in DS and controls showed
convergence, with both groups displaying pathway inhibi-
tion in mitochondrial function, mMTOR/UPR signaling, redox
homeostasis, and synaptogenesis. These findings are con-
sistent with studies showing that protein synthesis declines
with age in various species and tissues [60, 61]. DS has also
been proposed as a segmental progeroid syndrome [62, 63]
with individuals experiencing multimorbidity and pathologi-
cal aging. In aging groups, we observed reduced activity
in NRF2-mediated oxidative stress responses, chaperone-
mediated autophagy, and synaptogenesis pathways. How-
ever, unexpectedly, mitochondrial dysfunction and sirtuin
signaling showed positive z-scores. This may reflect partial
compensatory mechanisms, potentially reversing early-life
trends. The reduced NRF2 activity with age may indicate a
vanishing protective response, leading to the accumulation
of oxidative damage [64].

Conclusions and Limitations of the Study

Our proteomic analysis demonstrates that trisomy 21 signifi-
cantly alters brain protein expression, with DS individuals
exhibiting a general increase in DEPs compared to neurotyp-
ical controls. Pathway analysis revealed dysregulation across
multiple systems, including metabolism, stress response,
neurotransmission, synaptogenesis, and sirtuin signaling,
defining a unique proteomic profile for DS. Importantly,
individuals with DS and those with DSAD exhibit distinct
proteomic signatures associated with AD pathology. Loss
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of proteostasis appears to play a central role, contributing to
decreased protein expression, impaired mitochondrial func-
tion, and reduced NRF2-mediated stress responses. These
changes likely exacerbate A and tau pathology, promoting
early accumulation of plaques and tangles in DS brains.

Despite these insights, some limitations must be acknowl-
edged. First, the study was constrained by the small num-
ber of postmortem brain samples available, which may
limit statistical power. Nevertheless, the observed protein
expression patterns show substantial overlap with findings
from previous studies, enhancing the robustness of our con-
clusions. Second, the analysis was restricted to the frontal
cortex; other brain regions, such as the hippocampus, were
not examined. Third, post-translational modifications and
protein—protein interactions, which are critical for protein
function, were not captured in this bottom-up proteomic
approach. Additionally, low-abundance proteins, isoforms,
and membrane proteins remain underrepresented due to
methodological limitations. Finally, while our study captures
proteomic changes before and after the onset of AD neuropa-
thology in DS, Braak staging data were unavailable, preclud-
ing direct correlation with disease severity. Despite these
limitations, this is the first study to characterize proteome-
wide alterations in DS across aging and AD development,
providing valuable insights into the molecular mechanisms
driving neurodegeneration in this population.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12035-025-05432-0.
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