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ABSTRACT

By combining transcriptomic data with other data sources, inferences can be made about functional changes
during ageing. Thus, we conducted a meta-analysis on 127 publicly available microarray and RNA-Seq datasets
from mice, rats and humans, identifying a transcriptomic signature of ageing across species and tissues.
Analyses on subsets of these datasets produced transcriptomic signatures of ageing for brain, heart and muscle.
We then applied enrichment analysis and machine learning to functionally describe these signatures, revealing
overexpression of immune and stress response genes and underexpression of metabolic and developmental
genes. Further analyses revealed little overlap between genes differentially expressed with age in different
tissues, despite ageing differentially expressed genes typically being widely expressed across tissues.
Additionally we show that the ageing gene expression signatures (particularly the overexpressed signatures) of
the whole meta-analysis, brain and muscle tend to include genes that are central in protein-protein interaction
networks. We also show that genes underexpressed with age in the brain are highly central in a co-expression
network, suggesting that underexpression of these genes may have broad phenotypic consequences. In sum,
we show numerous functional similarities between the ageing transcriptomes of these important tissues, along
with unique network properties of genes differentially expressed with age in both a protein-protein interaction
and co-expression networks.

INTRODUCTION

Knowledge of expression patterns in ageing organisms
can be employed as biomarker panels that estimate a
‘transcriptomic age’ [1], in addition to giving insight
into the basic processes associated with ageing [2] and
serving as a starting point from which to identify drugs
and other interventions that may assist with healthy

ageing [3].

Comparative analysis of gene expression data across
species is a powerful method to determine an expression

signature of ageing. Previously meta-analysis of gene
expression with age in mammals has identified changes
in stress responses, metabolism and immune response
genes [4] while meta-analysis of the dietary restriction
expression signature has identified novel changes in
retinol metabolism and copper-ion detoxification in this
ageing modulating process [5].

Here, we have performed a meta-analysis of ageing using
the methods of de Magalhées, et al. [4] on 127 microarray
and RNA-Seq datasets from humans, mice and rats, and
applied machine learning alongside enrichment methods
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to analyse the results. This gave an ageing signature
consistent with previous analyses. In addition, we
performed analyses on tissue-specific subsections of these
datasets for brain, heart and muscle revealing some novel
tissue specific differences in network connectivity.

RESULTS
Most significant ageing gene expression signatures

The global meta-analysis across various tissues in mice,
rats and humans identified 449 genes overexpressed
with age and 162 underexpressed with age. This is
considerably more than the results of de Magalh&es, et al.
[4], where 56 overexpressed and 17 underexpressed
genes were identified. For the tissue-specific analyses, in
brain 147 genes were overexpressed and 16 genes were
underexpressed, in heart 35 genes were overexpressed
and 5 genes were underexpressed, and in muscle 49
genes were overexpressed with 73 genes underexpressed.
The top-5 overexpressed genes for each analysis are
presented in Table 1 and the top-5 underexpressed genes
for each analysis are presented in Table 2.

The most significantly overexpressed genes in this
meta-analysis were principally involved in immune
responses and inflammation, particularly for the global
and the brain-specific analyses. Several complement
proteins were overexpressed in these analyses, with
C1QA appearing at the top of both the global and brain-
specific analyses, C1QC likewise appears in both lists.
The top genes in the heart-specific results include the
structural protein gene MGP, genes involved in amine
metabolism and oxidation-reduction processes (MAOA
and VAT1) as well as the iron and copper metabolism
gene CP. In muscle the top overexpressed gene was
CDKNZ1A, a cell cycle regulator. Other interesting genes
overexpressed in muscle include EFEMP1, a gene
involved in eye morphogenesis that has demonstrated
involvement in premature-aging like phenotypes in
mice, possibly playing a role in fascial structural
integrity [6], and that has recently been shown to be
overexpressed in aged mouse aorta [7] and CHRNA1
that codes for a muscle acetylcholine receptor subunit.

A common theme across the top underexpressed genes
is mitochondrial metabolism. In the global results, the
top underexpressed gene is UQCRFS1, a subunit of
mitochondrial complex I, while in heart NDUFS7, a
component of mitochondrial complex |, is the second
most  significantly underexpressed gene. Another
mitochondrial complex | subunit, NDUFC1 was the
third most significantly underexpressed gene in muscle.
The brain is the only tissue studied that did not see an
underexpression of mitochondrial genes. Indeed, all the
top-5 genes underexpressed in the brain signature have

clear roles in neuronal signalling and/or development.
Complete lists of all significant genes for all the
analyses can be found in Supplementary Tables 3-10,
while intersections between the results from each
analysis can be found in Supplementary Table 27.

Interestingly, several genes with known involvement in
ageing-modulating pathways were differentially expressed,
for instance IGF1 was underexpressed, while IGF2R and
RICTOR were overexpressed in the global meta-analysis.

Comparison with GenAge signature

The results from the complete meta-analysis were first
compared to the results from the 2009 microarray meta-
analysis available on the GenAge database [4]. These two
meta-analyses used similar methods, and this new
analysis identified 66% and 56.3% of the genes identified
previously for over- and underexpressed categories
respectively. The overlap for each class of differential
expression (over- and underexpressed) between this and
the previous meta-analysis are shown in Figure 1.

There was significant overlap between these results and
the GenAge signature for both over- (Figure 1A) and
underexpressed (Figure 1B) genes (hypergeometric test,
p<le-10 for both comparisons), expected given the
large overlap of studies included in both analyses.

Further, the overlap between the global and tissue-
specific analyses was tested for overexpressed and
underexpressed genes separately using pairwise
hypergeometric tests (Bonferroni corrected). The
overlaps between the analyses are shown in Figure 2.

For overexpressed genes (Figure 2A) there was significant
overlap between the global analysis and all three tissues
(hypergeometric test, p<le-10 for all comparisons).
The brain analysis also overlapped significantly with the
heart (hypergeometric test, p=1.43e-2) and muscle
(hypergeometric test, p=3.17e-3).

For underexpressed genes (Figure 2B) the global
analysis only significantly overlapped with the brain
(hypergeometric test, p=1.44e-8) and the muscle
(hypergeometric test, p<le-10) analyses. No other
overlaps were significant.

For both over- and underexpressed genes, there were no
genes differentially expressed in all four analyses, nor
in both heart and muscle.

Overlap with other ageing databases

In addition to the GenAge ageing expression signature,
this meta-analysis was compared to other gene lists
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Table 1. Top-5 genes most consistently overexpressed with age across datasets for all tissues and for each tissue

studied.

All Tissues — 449 genes

Symbol Gene name p-value (1.01e-3)
C1QA Complement C1q A chain 3.54e-22
GPNMB Glycoprotein nmb 1.64e-21
B2M Beta-2-microglobulin 2.55e-20
EFEMP1 EGF containing fibulin extracellular matrix protein 1 8.06e-20
C1QC Complement C1q C chain 1.07e-18
Brain — 147 genes
Symbol Gene name p-value (2.95e-4)
ClQA Complement C1q A chain 1.21e-15
GFAP Glial fibrillary acidic protein 1.00e-13
C1QB Complement C1q B chain 7.06e-13
C1QcC Complement C1q C chain 2.06e-12
B2M Beta-2-microglobulin 1.19e-11
Heart — 35 genes
Symbol Gene name p-value (6.43e-4)
MGP Matrix Gla protein 5.57e-4
MAOA Monoamine oxidase 5.57e-4
CP Ceruloplasmin 5.57e-4
VAT1 Vesicle amine transport 1 8.63e-4
TMED3 Transmembrane p24 trafficking protein 3 8.63e-4
Muscle — 49 genes
Symbol Gene name p-value (4.8%¢-4)
CDKN1A Cyclin dependent kinase inhibitor 1A 1.84e-8
RNF115 Ring finger protein 115 7.22e-7
EFEMP1 EGF containing fibulin extracellular matrix protein 1 7.22e-7
CHRNA1 Cholinergic receptor nicotinic alpha 1 subunit 2.57e-6
| RPS27L Ribosomal protein S27 like 4.22e-6

The value given between brackets in the ‘p-value’ column header is the p-value threshold at which FDR <0.05.

hosted on the Human Ageing Genomic Resources
(HAGR). These were the GenAge database of genes
suspected to be involved in human ageing [8], the
GenDR database of genes differentially expressed with
dietary restriction in model organisms [5] and the
LongevityMap database of human genes with genetic
variants associated with longevity [9].

There was a significant overlap of the genes
differentially expressed with age in the complete meta-
analysis with both human GenAge genes and the genes
with  longevity associated variants found in
LongevityMap, however there was no overlap with the
dietary restriction signature from GenDR, or the human
homologues of mouse genes that can modulate
longevity in either direction (Table 3).

Functional classification analysis

The detected ageing expression signature was tested for
GO enrichment, in addition to the use of data mining

methods to identify the most important GO terms that
could be used in the assignment of each gene to a
differential expression class. The purpose of this dual
analysis was to provide functional descriptions from two
very different methods, hopefully providing a robust
description of functional changes with age.

GO enrichment analysis was performed for each meta-
analysis (global, brain, heart, muscle) on the over- and
underexpressed expression signatures separately and the
significantly enriched GO terms were ranked by p-value
(Supplementary Tables 11-18).

The machine learning analysis was likewise conducted on
each tissue, and the GO terms determined to be predictive
of each expression class (overexpressed, underexpressed
or unchanged) were ranked in terms of descending
average probability (Supplementary Tables 19-26).

To provide a comprehensive picture of the functional
changes associated with the ageing expression
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Table 2. Top-5 genes most consistently underexpressed with age across datasets for all tissues and for each tissue

studied.

All Tissues — 162 genes

Symbol

Gene name

p-value (7.13e-4)

UQCRFS1
SUCLG1
MLF1
UROS
FKBP4

Ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1
Succinate-CoA ligase alpha subunit
Myeloid leukemia factor 1
Uroporphyrinogen 111 synthase
FKBP prolyl isomerase 4

1.96e-9
4.11e-9
1.37e-8
4.46e-8
4.58e-8

Brain — 16 genes

Symbol

Gene name

p-value (4.12e-5)

CX3CL1
OPCML
SOX11
DLG3
DCLK1

C-X3-C motif chemokine ligand 1
Opiod binding protin.cell adhesion molecule like
SRY-hox transcription factor 11
Discs large MAGUK scaffold protein 3
Doublecortin like kinase 1

1.23e-8
2.45e-7
6.97e-7
1.13e-6
3.69e-6

Heart — 5 genes

Symbol

Gene name

p-value (2.67e-3)

FKBP4
NDUFS7
APOOL
OSGEPL1
KLHL30

FKBP prolyl isomerase 4
NADH:ubiquinone oxidoreductase core subunit S7
Apolipoprotein O like
O-sialoglycoprotein endopeptidase like 1
Kelch like family member 30

3.38e-5
1.79e-3
2.67e-3
2.67e-3
2.67e-3

Muscle — 73 genes

Symbol

Gene name

p-value (4.88e-4)

TFRC
STRADB
NDUFC1
COL15A1
CKMT2

Transferrin receptor
STE20 related adaptor beta
NADH:ubiquinone oxidoreductase subunit C1
Collagen type XV alpha 1 chain
Creatine kinase, mitochondrial 2

1.78e-9
2.88e-8
4.05e-7
9.30e-7
9.30e-7

The value given between brackets in the ‘p-value’ column header is the p-value threshold at which FDR <0.05.

A

Overexpressed B Underexpressed

Palmer, et al. 2020 Palmer, et al. 2020

de Magalhdes, et al. 2009

p-value = 5.89e-44 p-value = 1.28e-14

de Magalhées, et al. 2009

Figure 1. Overlap of this current work’s meta-analysis (Palmer et al.) with the microarray signature of mammalian ageing
currently hosted on GenAge (de Magalhdes, et al.) [4]). (A) Gives the overlap for genes overexpressed with age, while (B) gives the
overlap for genes underexpressed with age. The p-values given are the result of a hypergeometric test, testing the significance of the given
overlap using all other protein-coding genes as a background (i.e. all genes not differentially expressed in the direction of the given analysis).
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signature, top-ranked terms that overlap between these
two analyses are presented below for GO terms
associated  with  overexpressed (Table 4) and
underexpressed genes (Table 5), for each tissue. The
criteria for inclusion in these tables is that the term was
significantly differentially expressed (p<0.05) and
present in the top-20 terms for the prediction of the
given expression class. The data mining precision was
prioritised over enrichment significance, and so they
have been ranked in the following tables according to
their precision value. Note that although many of the
precision values for the top-ranked terms are relatively
low, they are much higher than the class label’s relative
frequency (given in the column header), which is the
precision that a classifier would get by randomly
classifying the genes.

Terms describing the overexpressed genes were
predominantly related to immune responses; for instance,
“Regulation of dendritic cell differentiation” was the best
predictor of overexpression in both the global and brain
analyses, with an average precision of 0.613 and 0.298
respectively, while also being significantly enriched in
both cases. Likewise, “Complement activation, classical
pathway” another immune term was highlighted in both
these analyses, while in brain “Positive regulation of
podosome assembly” and “Negative regulation of
leukocyte differentiation” were both identified strongly
by both analysis methods.

Another theme amongst the overexpressed genes that
crosses tissues is cellular response functions,
particularly in relation to stress, for instance terms
raised by the global analysis include “Cellular response

A Overexpressed
Heart Muscle
Global 19 28 Brain
13 0 0
306 0 0 34
0
i) 0
4 3
106

to cadmium ion” and “Cellular response to zinc ion”,
while in heart “Cellular response to vitamin” and “Iron
ion homeostasis” were identified, and finally in muscle
“Positive regulation of reactive oxygen species
metabolic process” was determined to be of interest.

Terms describing the underexpressed genes were less
precise and in lower number than those describing
overexpressed genes due to the lower numbers of
underexpressed genes overall (excepting muscle). The
global meta-analysis is dominated by metabolic and
developmental terms, with the metabolic theme being
shared with muscle (e.g. “Oxaloacetate metabolic
process” was considered important in both) while the
developmental theme was shared with the brain.
Interestingly, the machine learning and enrichment
analyses shared little specific agreement regarding
genes underexpressed in the brain, with only two terms
being agreed on as interesting by both methods, this is
likely due to the low number of genes underexpressed
in the brain (16).

Tissue specificity of the ageing transcriptome

To determine if there was an association between tissue
specificity and the ageing expression signature, the 1
index of tissue specificity was calculated for all genes
studied in the meta-analysis, using the expression data
from the GTEXx project. This yielded a bimodal
distribution of gene specificity, typical of this measure
(Supplementary Figure 2).

There was a weak negative association detected
between differential expression with age and high

B Underexpressed
Heart Muscle
Global 4 40 Brain
I ¢ 0
122 0 0 10
0
33 0
0 0

6

Figure 2. Overlap of the global and tissue-specific results of this meta-analysis. (A) Gives the overlap for genes overexpressed with

age while (B) gives the overlap for genes underexpressed with age.
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Table 3. Overlap of this current work’s meta-analysis with other relevant gene lists, tested by the hypergeometric
test (Bonferroni corrected).

Database Description Size  Overlapping p-value
GenDR Expression signature of dietary restriction in mammals. 158 6 1
GenAge Curated database of human ageing-related genes. 307 25 1.20e-4
— Pro-longevity Human homologues of pro-longevity mouse genes. 80 6 0.290
— Anti-longevity Human homologues of anti-longevity mouse genes. 28 3 0.404
LongevityMap Database of human genetic variants associated with longevity. 358 26 5.74e-4

The overlap shown includes all differentially expressed genes from the expression datasets, regardless of the direction of
expression change (611 genes total). Comparisons made are with the GenDR dietary restriction expression signature, the
human entries of GenAge which includes genes for which evidence exists of their involvement in ageing, human homologues
of genes shown to be pro- or anti-longevity in mice, and genes with longevity associated variants from LongevityMap.

Table 4. Summary of results from the GO enrichment and feature importance analyses on the genes overexpressed

with age.
All tissues (Overexpressed)
Precision

GO.ID Term p-value (0.0251)
G0:2001198 Regulation of dendritic cell differentiation 2.00e-4 0.613
G0:0071276 Cellular response to cadmium ion 2.90e-5 0.571
G0:0071294 Cellular response to zinc ion 3.00e-6 0.452
G0:0006958 Complement activation, classical pathway 1.30e-6 0.276

0:0051043 Regulation of membrane protein ectodomain proteolysis 3.30e-4 0.267
Brain (Overexpressed)
Precision

GO.ID Term p-value (0.0083)
G0:2001198 Regulation of dendritic cell differentiation 1.40e-4 0.298
G0:0006958 Complement activation, classical pathway 3.30e-7 0.135
G0:0071803 Positive regulation of podosome assembly 7.90e-5 0.128
G0:1902106 Negative regulation of leukocyte differentiation 2.20e-4 0.118
G0:0032570 Response to progesterone 9.30e-4 0.109

Heart (Overexpressed)
Precision

GO.ID Term p-value (0.0025)
GO0:0071295 Cellular response to vitamin 2.56e-2 0.0761
G0:0042246 Tissue regeneration 5.90e-3 0.0462
G0:0055072 Iron ion homeostasis 4.49e-2 0.0323
GO-0007205 Protein kinase C-agtivati_ng G protein-coupled 1.90e-3 0.0289

receptor signalling pathway
G0:0018149 Peptide cross-linking 5.70e-3 0.0285
Muscle (Overexpressed)

GO.ID Term p-value P((r)e(t):(l)szlg?
G0:0031571 Mitotic G1 DNA damage checkpoint 2.70e-4 0.08
G0:0032925 Regulation of activin receptor signalling pathway 4.21e-2 0.0566
G0:0006195 Purine nucleotide catabolic process 6.99¢e-3 0.0279
GO-0042771 Intrinsic apoptotic signaling pathway in_ response to DNA 2 706-4 0.0251

| | damage by p53 class mediator
G0:2000379 Positive regulation of reactive oxygen species metabolic process 5.03e-3 0.025

Presented here are a selection of terms for each tissue which were both significantly enriched in the given gene list and
present in the top-20 terms, ranked by precision, for the prediction of a gene as being overexpressed by the Random Forest
model. The value given between brackets in the Precision column header is the class label’s relative class frequency, i.e. the
precision that a classifier would get by randomly classifying the genes.
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Table 5. Summary of results from the GO enrichment and feature importance analyses on the genes underexpressed

with age.
All tissues (Underexpressed)
GO.ID Term p-value  Precision (0.0090)
G0:0010510 Regulation of acetyl-CoA biosynthetic process from pyruvate  3.20e-6 0.374
G0:0006122 Mitochondrial electron transport, ubiquinol to cytochrome c 1.60e-9 0.356
G0:0006099 Tricarboxylic acid cycle 1.50e-10 0.281
G0:0006107 Oxaloacetate metabolic process 1.20e-4 0.217
G0:0007528 Neuromuscular junction development 3.06e-2 0.204
Brain (Underexpressed)
GO.ID Term p-value  Precision (0.0008)
G0:0021782 Glial cell development 3.69e-2 0.0489
G0:0021510 Spinal cord development 4.20e-2 0.0425
Muscle (Underexpressed)
GO.ID Term p-value  Precision (0.0041)
G0:0043455 Regulation of secondary metabolic process 1.16e-3 0.203
G0:0006094 Gluconeogenesis 1.50e-9 0.170
G0:0061621 Canonical glycolysis 4.30e-6 0.146
GO0:0042776 Mitochondrial ATP synthesis coupled proton transport 4.90e-5 0.119
G0:0006107 Oxaloacetate metabolic process 9.70e-4 0.103

Presented here are a selection of terms for each tissue which were both significantly enriched in the given gene list and
present in the top-20 terms, ranked by precision, for the prediction of a gene as being underexpressed by the Random Forest
model. The value given between brackets in the Precision column header is the class label’s relative class frequency, i.e. the
precision that a classifier would get by randomly classifying the genes. It should be noted that the list of genes
underexpressed in the heart was too small for a meaningful analysis and so has been left out.

(t>0.8) tissue specificity for overexpressed genes in the
global (p<le-10, chi-squared; phi=-0.87) and brain
(p=2.59e-7;  phi=-0.042) analyses, and for
underexpressed genes in the global (p=6.43e-7, phi=-
0.041) and muscle (p=1.84e-4, phi=-0.033) analyses.
Complete analysis and median tau values are presented
in Supplementary Table 2.

Network analysis of ageing signatures

For the protein-protein interactions (PPI) network
(Supplementary  Figure  3A), degree centrality
(Supplementary Figures 4A-7A, 8) was higher for
genes over- (median=1.06e-3) and underexpressed
(median=1.43e-3) in the global analysis when compared
to unchanged (median=6.23e-4) genes (p<le-10 and
p=4.3e-10, respectively). The muscle signature showed
the same result for overexpressed genes (median=1.37e-
3) although degree was lower (median=9.97e-4) in genes
underexpressed with age in the muscle compared to
unchanged (median=6.23e-4) genes (p=0.026 and
p=0.013, respectively). Interestingly, degree centrality
was borderline significantly higher in overexpressed
genes (median=9.35e-4) compared to unchanged genes
(median=6.23e-4) in the brain (p=0.048), but there was
no such difference for genes underexpressed in the brain.
The heart signature showed no difference in degree
centrality, or indeed any other centrality measure.

Betweenness  centrality in  the PPl  network
(Supplementary Figures 4B-7B, 9) saw a very similar
pattern. As with degree, betweenness was higher in
genes both over- (median=2.8e-5) and underexpressed
(median=4.57e-5) in the global analysis when compared
to unchanged (median=8.59¢e-6) genes (p<le-10 and
p=1.9e-10, respectively), as well as being higher
in both over- (median=3.5e-5) and underexpressed
(median=2.29e-5) genes, compared to unchanged
(median=9e-6) in the muscle (p=0.0138 and p=5.7e-3,
respectively). Again, betweenness was also higher in
genes overexpressed (median=2.5e-5) compared to
unchanged (median=9.02e-6) in the brain (p=3.3e-4),
but there was no change in genes underexpressed in the
brain.

Closeness centrality in the PPI network (Supplementary
Figures 4C-7C, 10) was higher in both over-
(median=0.331) and underexpressed (median=0.334)
genes in the global analysis compared to unchanged
(median=0.321) genes (p=2.7e-10 and p=4.3e-6,
respectively), however this was not observed in any other
signature, and the increase in the global signature was
very small.

For the co-expression network (Supplementary Figure
3B), degree centrality (Supplementary Figures 11A-14A,
15) was lower in genes underexpressed in the global
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(p=1.7e-3, median=9.47e-4) and muscle (p=0.025,
median=9.92e-4) analyses compared to unchanged
genes (median=2.08e-3), yet in the brain analysis degree
was higher in the underexpressed genes (median=1.59-
2) compared to either overexpressed (p=8.8e-4,
median=2.08e-3) or unchanged genes (p=5.81le-3,
median=2.08e-3).

Betweenness centrality in the co-expression network
(Supplementary Figures 11B-14B, 16) was only
changed in the brain signature, where, as with degree,
the underexpressed genes (median=3.98e-4) had a
higher betweenness than unchanged genes (p=0.034,
median=7.88e-4), although in this case there was no
significant difference between over- and underexpressed
genes.

Finally, closeness centrality in the co-expression network
(Supplementary Figures 11C-14C, 17) was lower in both
over- (p<le-10, median=0.154) and underexpressed
(p=2.1e-4, median=0.152) genes relative to unchanged
genes (median=0.163) in the global analysis as well as in
overexpressed genes in the heart analysis (median=0.145)
when compared to wunchanged genes (p=4.2e-4,
median=0.163) and underexpressed genes in the muscle
analysis (median=0.151) when compared to unchanged
genes (p=1.3e-3, median=0.163). In the brain analysis,
closeness was lower in the overexpressed genes
(median=0.154) compared to both unchanged (p=1.1e-5,
median=0.163) and  underexpressed  (p=2.8e-5,
median=0.187) genes, while the underexpressed genes
also had higher closeness compared to the unchanged
genes (p=0.021).

Evolutionary conservation of ageing signature genes

There were no significant differences between dN/dS
ratios (the ratio of nonsynonymous to synonymous
substitutions between the species) of genes over- or
underexpressed with age when compared to either
unchanged genes or to the opposite expression category,
for either human-mouse or human-rat ratios
(Supplementary Figures 18, 19). The median values
tended towards a lower dN/dS in those genes
underexpressed with age relative to those overexpressed
with age, with the median dN/dS being 0.096 and 0.093
in underexpressed genes and 0.12 and 0.11 in
overexpressed genes for human-mouse and human-rat
comparisons, respectively.

DISCUSSION

There was a significant overlap between this meta-
analysis and the results of de Magalhdes, et al. [4]
(Figure 1) for both over- and underexpressed genes.
This overlap, although significant, is not as extensive as

might have been expected, potentially due to the
differing biases in microarray and RNA-Seq results
[10], or the heterogeneity demonstrated in expression
patterns of the mammalian immune response [11].
Despite this, the functional themes of the detected genes
were much the same with overexpressed genes being
broadly immune and underexpressed genes being
broadly metabolic.

Enrichment analysis was coupled with data mining to
identify GO terms that robustly describe the processes
associated with the altered genes. Examining the top-
ranked GO terms that these methods agreed on (Tables
4 and 5) reveals some interesting differences and
similarities between the studied tissues. The global
analysis of 127 datasets is typical of previous large-
scale expression studies and meta-analyses [4, 12, 13],
showing overexpression of immune genes, stress
responses and proteolysis (Table 4A), as well as
underexpression of metabolic and energy metabolism.
The preponderance of inflammatory and stress
response genes in particular is reminiscent of
the inflammageing hypothesis [14], which argues
that ageing is caused by steadily failing responses to
stress, in particular responses to the increased
antigenic load that comes with age. Coupled with the
overexpression of immune and inflammatory genes,
the underexpression of metabolic genes is implicated
not just in ageing, but in several ageing-related
diseases for instance Alzheimer’s [15] and Duchenne
muscular dystrophy [16].

A similar profile was seen in the brain with immune
categories dominating the top-ranked terms, including
“Regulation of dendritic cell differentiation”, which was
also the most predictive GO term of overexpression
with age in the global analysis. There is some evidence
suggesting a causative role of immune processes in
brain ageing, for example astrocytosis, abnormal
proliferation of the cells responsible for (among many
other functions) regulation of inflammation in the
central nervous system [17] is associated with loss of
myelin in Alzheimer’s disease, Parkinson disease and
ageing [18]. It is possible that changes between
different brain regions exist that could not be detected
due to the study design. Indeed, different regions of the
brain do appear to suffer age-related decline at different
rates [19].

Differential ageing between tissues was seen in the
other analyses as well, and it is unclear to what extent
tissues age at the same rate. Epigenetic measures
have shown some minor differences in the rate of
ageing between breast and other tissues [20], and
environmental effects accelerate age-related changes in
exposed tissues, for instance skin ageing is influenced
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by smoking [21] and air pollution [22]. The extent to
which such changes can be considered increases in the
rate of ageing are suspect however [23], it could simply
be that extrinsic stressors cause damage similar to that
of ageing. The data presented here suggest some
differences in transcriptomic ageing between tissues,
particularly between the overexpressed signatures of the
brain and the heart/muscle, with the brain showing
changes in immune categories while the heart and
muscle show changes in local homeostasis and protein
catabolism (Table 4).

These categories are consistent with previous analyses
of ageing transcription signatures. de Magalhaes, et al.
[4] likewise identified several overexpressed immune
and xenobiotic terms, with metabolic terms being
enriched in the underexpressed genes; while the more
recent GTEx consortium analysis of human ageing has
also reported that genes underexpressed with age in
multiple tissues are consistently enriched for metabolic,
in particular mitochondrial, GO terms [12].

An  interesting result was the significant
underexpression of some immune genes (MLF1,
FKBP4) in the meta-analysis (Table 2A). Dysregulation
of the immune system may in part explain why the
immune response becomes less effective with age,
indeed old mice have been shown to have increased
heterogeneity of transcriptional response to immune
stimulus in their CD4* T cells, with results suggesting
that they are less able to upregulate adaptive response
programs when necessary [24].

Of the other HAGR databases tested, GenDR and the
longevity modulating mouse genes from GenAge did not
show a significant overlap (Table 3). This is possibly due
to the inclusion of human data in this meta-analysis,
whereas the dietary restriction signature hosted on
GenDR is based on mouse, rat and pig [5], and the
longevity modulating mouse genes may not always be
transferable to other species, or necessarily be
differentially expressed. Alternatively, although dietary
restriction slows ageing, it may do so by affecting
pathways that are not commonly altered with age and that
perhaps modulate ageing at a deeper level. While there is
evidence that dietary restriction is able to reverse many
ageing transcriptional changes [25, 26], it appears that the
lifespan extension may be caused by an upregulation of
stress responses and repair mechanisms [27] and thus
dietary restriction may combat ageing by improving
defenses to ageing-related damage, rather than altering
the ageing processes themselves. Additionally, dietary
restriction may weaken the adaptive immune system in
aged organisms [28], whereas the opposite might be
expected if it were simply reversing or slowing ageing
processes.

The significant overlap between the ageing expression
signature and both GenAge and Longevity Map is
interesting because the genes recorded in those
databases are genes with either evidence of involvement
in ageing or genes with genetic association to longevity,
neither of which would necessarily be expected to be
altered with age. One caveat is that a large number of
immune genes were identified in these expression
signatures, and several of the largest contributing
studies in LongevityMap were explicitly studying
variation in immune genes and how it affects ageing, as
such LongevityMap would be expected to skew towards
immune and inflammation genes.

These data suggest the most detectable ageing expression
changes are those that occur in genes expressed across
tissues, with a weak negative association observed
between genes being tissue specific (t>0.8) and being
differentially expressed with age for overexpressed genes
in the global and brain analyses, and underexpressed
genes in the global and muscle analyses (Supplementary
Table 2). This result is corroborated by other studies, for
instance in mice genes differentially expressed with age
tend to be differentially expressed across multiple tissues,
although gene expression changes in some tissues, for
example the liver, do tend to be more tissue-specific [29].
Further, the AGEMAP project was able to cluster tissues
into three modes of ageing: neural, vascular and steroid
responsiveness [30]. This suggests that while there may
be distinct ageing transcriptional profiles between tissues,
there are sets of tissues which age by similar
mechanisms, with similar expression changes. It should
be noted that the nature of this meta-analysis means that
only the most consistently differentially expressed genes
were detected. As such there is potentially a bias towards
genes that are both highly expressed and expressed across
tissues, since these will have been detected in more
studies.

Interestingly, while the underexpressed signatures
focused on metabolic and developmental genes, both
heart and muscle showed distinct overexpressed
signatures relative to the similar profiles observed in the
global and brain analyses. The heart, for instance,
shows a focus on cellular responses including to vitamin
and iron homeostasis (Table 4C). Iron homeostasis
deregulation with age has been shown to occur in
several tissues and is a possible driver of oxidative
stress in aged tissues, with the activation of iron
detoxification proteins being a possible adaptive
measure to such changes [31]. The muscle shows
overexpression of cell-cycle mediators (Table 4D),
which while typically associated with cellular
senescence and the prevention of cancer, are also
involved in the repair of DNA damage, apoptosis,
autophagy, immune responses and metabolism [32].
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Indeed, apoptosis in skeletal muscle may be one of the
causes of fiber loss that results in sarcopenia [33].

Considering the PPl network, the higher degree
centrality of genes differentially expressed with age in
most tissues is not especially surprising. Several of the
identified genes are well studied and PPI data favours
proteins of high abundance [34] and with high
publication coverage [35]. Despite this, coupling the
higher degree centrality with the higher betweenness
centrality seen in the same tissues (Supplementary
Figures 8, 9), and the higher closeness centrality seen in
differentially expressed genes from the global analysis
(Supplementary Figure 10) there is evidence that genes
differentially expressed with age tend to be highly
connected within PPl networks, suggesting possible
regulatory roles and are thus potential bottlenecks to the
flow of information through the network, making them
interesting targets for intervention to study the
regulation of these networks.

In the co-expression network, degree centrality
(Supplementary ~ Figure  15) was lower in
underexpressed genes in the global and muscle
analyses, yet it was higher in underexpressed genes in
the brain analysis. This trend was mirrored by
betweenness centrality (Supplementary Figure 16),
which was higher in genes underexpressed in the brain
despite not being changed in any other signature.
Likewise, while closeness centrality tended to be lower
in both over- and underexpressed genes across the
analyses (Supplementary Figure 17) it was higher in
genes underexpressed in the brain. The high centrality
of both over- and underexpressed genes in the PPI
network, but particularly the high centrality of the
underexpressed brain genes in the co-expression
network, is interesting since high centrality in biological
networks can indicate importance in disease with highly
central genes potentially having dramatic or even lethal
effects when targeted [36]. Further, co-expression in the
brain is disrupted by diseases such as Alzheimer’s
disease [37], making these genes potentially important
in the pathogenesis of aging brain disease.

To summarise: 1) the ageing expression signature in
humans, mice and rats can be predominantly described
as an overexpression of genes associated with immune,
stress and proteolytic processes coupled with an
underexpression of genes associated with metabolic,
particularly mitochondrial, and development processes;
2) genes differentially expressed with age tend to be
more highly connected in the protein-protein network,
particularly in the global and brain signatures; 3) genes
underexpressed with age in the brain are highly central
in the co-expression network, suggesting these
underexpressed genes may have significant effects and,

we hypothesize, play a role in cognitive ageing and; 4)
the most detectable genes differentially expressed with
age tend to be expressed across a broad range of tissues.
We provide the differential expression results used in
the meta-analysis (Supplementary Datasets), along with
the tau scores (Supplementary Table 2) of tissue
specificity calculated from the GTEx database as a
resource for the community. These data will be most
useful as a validation dataset, reflecting as they do the
most commonly observed genes differentially expressed
with age, however they may also prove useful for
further discovery, for instance as features for further
data mining studies, combining these annotations with
other databases or fresh experimental data.

MATERIALS AND METHODS
Preparation of the dataset

In total, 127 datasets were downloaded from AGEMAP
[30] and the Gene Expression Omnibus (GEO) [38]
(Supplementary Table 1), covering a total of 37 tissues
and cell types. AGEMAP contains the results of
microarray experiments on mice at various ages, while
the GEO datasets downloaded were identified using the
search string:

“((“age”[Subset Variable Type]) or “development
stage”[Subset Variable Type]) and “mammals”
[organism]”,

returning 335 microarray and RNA-Seq datasets. These
were manually filtered to remove non-single channel
arrays, single-pathway arrays as well as species that
were not of interest. Mutant or diseased samples were
likewise removed. Next, RNA-Seq datasets containing
raw reads were normalised as reads per kilobase million
(RPKM), and all datasets were log2 transformed, if they
were not supplied so already.

Linear regression was carried out on each dataset to
determine differential expression with age (Equation 1)
where Yj is the expression level of gene j in sample i,
Agei is the age at which sample i was taken and ej; is the
error term. Coefficients o and B were estimated by least
squares, and significance was calculated using an F-test.

Yij = /301 +ﬂ1jAgei + € (1)

A cumulative binomial test was then used to identify
genes that were significantly differentially expressed
across the datasets, taking the probability of success as
the probability that any gene was not over-/
underexpressed in any dataset, the number of trials as
the number of datasets in which the given gene was
detected, and the number of successes as the number of

WWWw.aging-us.com 3322

AGING



datasets in which the given gene was not detected as
significant. Thus the test asks, “for a gene; given the
number of times a gene was tested across all the data
sets, the number of times a gene was significantly
differentially expressed across all the data sets, and the
probability of seeing any gene differentially expressed,
what is the probability that this gene is differentially
expressed more than we expect to see by chance?”.
False discovery rate (Q) was controlled by randomising
the datasets 10,000 times, repeating the analyses with
these randomised data, and then carrying out a linear
regression on the simulated results to estimate the p-
value cut-off at which Q<0.05.

The meta-analysis was repeated three times, using only
the datasets from specific tissues. Thus, four analyses
were carried out, a global analysis of all tissues (127
datasets) and tissue-specific analyses of brain (29
datasets), heart (9 datasets) and muscle (26 datasets).

A summary of the method is given in Supplementary
Figure 1.

Determination of tissue specificity

The expression data from version 7 of the GTEX project
[39] was downloaded and used to calculate a t index for
each gene. The 1 index is an indicator of how
specifically or broadly expressed a gene is, with a T of 1
indicating expression specific to only one tissue, and a ©
of 0 indicating equal expression across all tissues [40].
The 7 index for a given gene can be calculated as shown
in Equation 2, where N is the number of tissues being
studied and x; is the expression profile component for a
given tissue, normalised by the maximal component
value for that gene (i.e. the expression of that gene in
the tissue it is most highly expressed in).

DG @

N-1
Analysis of differentially expressed genes

Comparison with relevant ageing gene lists

The overlap between the global signature and relevant
ageing gene lists was tested using the hypergeometric
test [41] with all the genes included in the meta-
analysis as the background set. When comparing to
the GenAge expression signature, over- and under-
expressed genes were considered  separately.
Comparison to the other Human Ageing Genomic
Resource (HAGR) databases (human genes from
GenAge [8], GenDR [5] and LongevityMap [9]) was
performed ignoring the direction of expression change
(Bonferroni corrected).

Tissue specificity of ageing genes

The association between differential expression with
ageing according to the meta-analysis and tissue
specificity (defined as a having 1 index of >0.8 based on
the GTEX data) was tested using a chi-squared test and
the phi coefficient was calculated to indicate the
strength of the correlation. Association was tested for
both over- and underexpressed genes, for all four meta-
analyses (Bonferroni corrected).

Enrichment analysis

The topGO package (v2.28.0) [42] was used in the R
programming environment using the weightOl
algorithm [43] and Fisher’s exact test to calculate
enrichment of GO terms. Genes were mapped to the
GO0-2017-03-29 release since this is the release utilised
by the GO.db package version in Bioconductor 3.5 [44].

Rule-based precision analysis

To complement the enrichment analysis, Random
Forest (RF) machine learning models were used to
identify the most important GO terms for the
classification of genes as over- or underexpressed with
age. The RF algorithm builds many Random Trees (RT)
during its training (model construction) phase. Each
node in a RT contains a condition that splits the
instances (the genes) into two subsets according to the
values of the selected feature (in our case, the presence
or absence of a GO term in a gene), creating two child
nodes. The RF algorithm aims to select features that
best split genes (based on their change in expression
label) into the two groups, so that genes of different
class labels (over vs. under-expressed) are assigned as
much as possible to different groups. Next, the
algorithm re-runs the previously described split
procedure in the two newly generated groups until some
user-defined condition is met.

To predict the class label of an unseen gene, for every
RT, the conditions in the tree (starting in the root node)
are matched against the gene’s features (GO terms from
GO0-2017-03-14) until a leaf node is reached. When the
instance (gene) reaches a leaf node, the most frequent
class in the node is selected to be the prediction of the
tree. The final prediction of the whole RF model is
defined by the simple voting of all RTs.

We used Rule-Based Precision (RBP) [45] to measure
the importance of features used by the model. Briefly
speaking, to measure the RBP we build several RFs,
where each of them in turn comprises many RTs. For
each tree and feature (a GO term), we identify all paths
in the decision trees from root to leaf that use the
positive value of the GO term feature, that is, paths in
the tree that “capture” a gene only if the GO term
annotates that gene. Then, the method calculates the
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overall precision of these paths, and uses this precision
to rank the GO terms regarding predictive power. The
main motivation for using the RBP measure is that it
was designed specifically to reward “positive” feature
values (GO term annotations), rather than “negative”
feature values (lack of GO term annotations), since the
former are more reliable. Actually, a negative feature
value denotes lack of evidence, rather than evidence for
the absence of a given gene function.

Network analysis

The human PPl network was downloaded from
BioGRID version 3.3.123 [46] and non-physical
interactions  were  removed, leaving 219,240
interactions. Additionally, an unweighted co-expression
network of highly correlated genes from the
GeneFriends RNA-seq co-expression map (V3.1) was
also used [47]. The betweenness, closeness and degree
(normalised by dividing by the maximum degree of a
graph n-1, where n is the number of nodes in graph G)
of each gene in these networks were calculated using
the ‘networkx’ Python library [48], and the average
betweenness, closeness and degree of the genes in each
expression signature was determined. The centrality
measures of over- and underexpressed genes were then
compared to their opposite category, as well as the non-
differentially expressed genes by pairwise Mann-
Whitney U tests (Bonferroni corrected).

dN/dS analysis

To identify any differences in the evolutionary
conservation of genes differentially expressed with age,
the dN/dS ratios for comparison between humans and
mice, and humans and rats were obtained from Ensembl
Biomart release 96, keeping only those genes with 1 to
1 ortholog homology type between the relevant species
and high orthology confidence. These dN/dS ratios
compare the rates of synonymous and nonsynonymous
substitutions between species for a given gene, giving
an idea of the type of selection that gene may be under,
if any [49]. The distribution of dN/dS scores was
compared by pairwise Mann-Whitney U tests
(Bonferroni corrected) across all comparisons between
genes overexpressed with age, underexpressed with age
and unchanged with age.

Data availability

The data that supports the findings of this study are
available in the supplementary material of this article,
which are available on the Integrative Genomics of
Ageing Group AgeingSignatures2020_supplementary
GitHub repository (https://github.com/maglab/Ageing
Signatures2020 supplementary). These data were
derived from the resources listed in Supplementary
Table 1.

AUTHOR CONTRIBUTIONS

DP contributed to the meta-analysis, conducted
bioinformatics analyses and wrote the manuscript. FF
conducted data mining analyses. AD conducted the
meta-analysis. JPM and AAF conceived the project. All
authors read, critically revised and approved the final
manuscript.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.
FUNDING

This work was supported by a Leverhulme Trust (UK)
research Grant (Ref. No. RPG-2016-015) to JPM and
AF. HAGR is funded by a Biotechnology and
Biological Sciences Research Council (BB/R014949/1)
grant to JPM.

REFERENCES

1. Peters MJ, Joehanes R, Pilling LC, Schurmann C,
Conneely KN, Powell J, Reinmaa E, Sutphin GL,
Zhernakova A, Schramm K, Wilson YA, Kobes S,
Tukiainen T, et al, and NABEC/UKBEC Consortium. The
transcriptional landscape of age in human peripheral
blood. Nat Commun. 2015; 6:8570.
https://doi.org/10.1038/ncomms9570
PMID:26490707

2. Stegeman R, Weake VM. Transcriptional signatures of
aging. ] Mol Biol. 2017; 429:2427-37.
https://doi.org/10.1016/j.jmb.2017.06.019
PMID:28684248

3. de Magalhdes JP, Wuttke D, Wood SH, Plank M, Vora
C. Genome-environment interactions that modulate
aging: powerful targets for drug discovery. Pharmacol
Rev. 2012; 64:88-101.
https://doi.org/10.1124/pr.110.004499
PMID:22090473

4. de Magalhdes JP, Curado J, Church GM. Meta-analysis
of age-related gene expression profiles identifies
common signatures of aging. Bioinformatics. 2009;
25:875-81.
https://doi.org/10.1093/biocinformatics/btp073
PMID:19189975

5. Plank M, Wuttke D, van Dam S, Clarke SA, de
Magalhdes JP. A meta-analysis of caloric restriction
gene expression profiles to infer common signatures
and regulatory mechanisms. Mol Biosyst. 2012;
8:1339-49.
https://doi.org/10.1039/c2mb05255e
PMID:22327899

WWWw.aging-us.com 3324

AGING


https://github.com/maglab/AgeingSignatures2020_supplementary
https://github.com/maglab/AgeingSignatures2020_supplementary
https://doi.org/10.1038/ncomms9570
https://pubmed.ncbi.nlm.nih.gov/26490707
https://doi.org/10.1016/j.jmb.2017.06.019
https://pubmed.ncbi.nlm.nih.gov/28684248
https://doi.org/10.1124/pr.110.004499
https://pubmed.ncbi.nlm.nih.gov/22090473
https://doi.org/10.1093/bioinformatics/btp073
https://pubmed.ncbi.nlm.nih.gov/19189975
https://doi.org/10.1039/c2mb05255e
https://pubmed.ncbi.nlm.nih.gov/22327899

10.

11.

12.

13.

14.

McLaughlin PJ, Bakall B, Choi J, Liu Z, Sasaki T, Davis
EC, Marmorstein AD, Marmorstein LY. Lack of fibulin-
3 causes early aging and herniation, but not macular
degeneration in mice. Hum Mol Genet. 2007;
16:3059-70.

https://doi.org/10.1093/hmg/ddm264 PMID:17872905

Gao P, Gao P, Choi M, Chegireddy K, Slivano OJ, Zhao J,
Zhang W, Long X. Transcriptome analysis of mouse
aortae reveals multiple novel pathways regulated by
aging. Aging (Albany NY). 2020; 12:15603-23.
https://doi.org/10.18632/aging.103652
PMID:32805724

Tacutu R, Thornton D, Johnson E, Budovsky A, Barardo
D, Craig T, Diana E, Lehmann G, Toren D, Wang J,
Fraifeld VE, de Magalhdes JP. Human ageing genomic
resources: new and updated databases. Nucleic Acids
Res. 2018; 46:01083-90.
https://doi.org/10.1093/nar/gkx1042 PMID:29121237

Budovsky A, Craig T, Wang J, Tacutu R, Csordas A,
Lourenco J, Fraifeld VE, de Magalhdes JP.
LongevityMap: a database of human genetic variants
associated with longevity. Trends Genet. 2013;
29:559-60.

https://doi.org/10.1016/].tig.2013.08.003
PMID:23998809

Mantione KJ, Kream RM, Kuzelova H, Ptacek R, Raboch
J, Samuel JM, Stefano GB. Comparing bioinformatic
gene expression profiling methods: microarray and
RNA-seq. Med Sci Monit Basic Res. 2014; 20:138-42.
https://doi.org/10.12659/MSMBR.892101
PMID:25149683

Satija R, Shalek AK. Heterogeneity in immune
responses: from populations to single cells. Trends
Immunol. 2014; 35:219-29.
https://doi.org/10.1016/].it.2014.03.004
PMID:24746883

Yang J, Huang T, Petralia F, Long Q, Zhang B, Argmann
C, Zhao Y, Mobbs CV, Schadt EE, Zhu J, Tu Z, and GTEx
Consortium. Synchronized age-related gene expression
changes across multiple tissues in human and the link
to complex diseases. Sci Rep. 2015; 5:15145.
https://doi.org/10.1038/srep15145

PMID:26477495

Donertas HM, Fuentealba Valenzuela M, Partridge L,
Thornton JM. Gene expression-based drug repurposing
to target aging. Aging Cell. 2018; 17:€12819.
https://doi.org/10.1111/acel.12819

PMID:29959820

Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca
M, Ottaviani E, De Benedictis G. Inflamm-aging. An
evolutionary perspective on immunosenescence. Ann
N Y Acad Sci. 2000; 908:244-54.

15.

16.

17.

18.

19.

20.

21.

22.

https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
PMID:10911963

Liang WS, Reiman EM, Valla J, Dunckley T, Beach TG,
Grover A, Niedzielko TL, Schneider LE, Mastroeni D,
Caselli R, Kukull W, Morris JC, Hulette CM, et al.
Alzheimer’s disease is associated with reduced
expression of energy metabolism genes in posterior
cingulate neurons. Proc Natl Acad Sci USA. 2008;
105:4441-46.
https://doi.org/10.1073/pnas.0709259105
PMID:18332434

Baron D, Magot A, Ramstein G, Steenman M, Fayet G,
Chevalier C, Jourdon P, Houlgatte R, Savagner F,
Pereon Y. Immune response and mitochondrial
metabolism are commonly deregulated in DMD and
aging skeletal muscle. PLoS One. 2011; 6:e26952.
https://doi.org/10.1371/journal.pone.0026952
PMID:22096509

Colombo E, Farina C. Astrocytes: key regulators of
neuroinflammation. Trends Immunol. 2016; 37:608-20.
https://doi.org/10.1016/].it.2016.06.006
PMID:27443914

Han F, Perrin RJ, Wang Q, Wang Y, Perlmutter JS,
Morris JC, Benzinger TL, Xu J. Neuroinflammation and
myelin status in Alzheimer’s disease, Parkinson’s
disease, and normal aging brains: a small sample study.
Parkinsons Dis. 2019; 2019:7975407.

https://doi.org/10.1155/2019/7975407 PMID:31354934

Walhovd KB, Fjell AM, Reinvang |, Lundervold A, Dale
AM, Eilertsen DE, Quinn BT, Salat D, Makris N, Fischl B.
Effects of age on volumes of cortex, white matter and
subcortical  structures. Neurobiol Aging. 2005;
26:1261-70.
https://doi.org/10.1016/j.neurobiolaging.2005.05.020
PMID:16005549

Horvath S. DNA methylation age of human tissues and
cell types. Genome Biol. 2013; 14:R115.
https://doi.org/10.1186/gb-2013-14-10-r115
PMID:24138928

Kennedy C, Bastiaens MT, Bajdik CD, Willemze R,
Westendorp RG, Bouwes Bavinck JN, and Leiden Skin
Cancer Study. Effect of smoking and sun on the aging
skin. J Invest Dermatol. 2003; 120:548-54.
https://doi.org/10.1046/].1523-1747.2003.12092.x
PMID:12648216

Ding A, Yang Y, Zhao Z, Hiils A, Vierkotter A, Yuan Z, Cai
J, Zhang J, Gao W, Li J, Zhang M, Matsui M, Krutmann J,
et al. Indoor PMas exposure affects skin aging
manifestation in a Chinese population. Sci Rep. 2017;
7:15329.

https://doi.org/10.1038/s41598-017-15295-8
PMID:29127390

WWWw.aging-us.com

3325

AGING


https://doi.org/10.1093/hmg/ddm264
https://pubmed.ncbi.nlm.nih.gov/17872905
https://doi.org/10.18632/aging.103652
https://pubmed.ncbi.nlm.nih.gov/32805724
https://doi.org/10.1093/nar/gkx1042
https://pubmed.ncbi.nlm.nih.gov/29121237
https://doi.org/10.1016/j.tig.2013.08.003
https://pubmed.ncbi.nlm.nih.gov/23998809
https://doi.org/10.12659/MSMBR.892101
https://pubmed.ncbi.nlm.nih.gov/25149683
https://doi.org/10.1016/j.it.2014.03.004
https://pubmed.ncbi.nlm.nih.gov/24746883
https://doi.org/10.1038/srep15145
https://pubmed.ncbi.nlm.nih.gov/26477495
https://doi.org/10.1111/acel.12819
https://pubmed.ncbi.nlm.nih.gov/29959820
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://pubmed.ncbi.nlm.nih.gov/10911963
https://doi.org/10.1073/pnas.0709259105
https://pubmed.ncbi.nlm.nih.gov/18332434
https://doi.org/10.1371/journal.pone.0026952
https://pubmed.ncbi.nlm.nih.gov/22096509
https://doi.org/10.1016/j.it.2016.06.006
https://pubmed.ncbi.nlm.nih.gov/27443914
https://doi.org/10.1155/2019/7975407
https://pubmed.ncbi.nlm.nih.gov/31354934
https://doi.org/10.1016/j.neurobiolaging.2005.05.020
https://pubmed.ncbi.nlm.nih.gov/16005549
https://doi.org/10.1186/gb-2013-14-10-r115
https://pubmed.ncbi.nlm.nih.gov/24138928
https://doi.org/10.1046/j.1523-1747.2003.12092.x
https://pubmed.ncbi.nlm.nih.gov/12648216
https://doi.org/10.1038/s41598-017-15295-8
https://pubmed.ncbi.nlm.nih.gov/29127390

23. Trojahn C, Dobos G, Lichterfeld A, Blume-Peytavi U,

24,

25.

26.

27.

28.

29.

30.

31.

Kottner J. Characterizing facial skin ageing in humans:
disentangling extrinsic from intrinsic biological
phenomena. Biomed Res Int. 2015; 2015:318586.
https://doi.org/10.1155/2015/318586
PMID:25767806

Martinez-Jimenez CP, Eling N, Chen HC, Vallejos CA,
Kolodziejczyk AA, Connor F, Stojic L, Rayner TF,
Stubbington MJ, Teichmann SA, de la Roche M,
Marioni JC, Odom DT. Aging increases cell-to-cell
transcriptional variability upon immune stimulation.
Science. 2017; 355:1433-36.
https://doi.org/10.1126/science.aah4115
PMID:28360329

Lustig A, Weeraratna AT, Wood WW 3rd, Teichberg D,
Bertak D, Carter A, Poosala S, Firman J, Becker KG,
Zonderman AB, Longo DL, Taub DD. Transcriptome
analysis of age-, gender- and diet-associated changes
in murine thymus. Cell Immunol. 2007; 245:42—-61.
https://doi.org/10.1016/j.cellimm.2007.03.008
PMID:17499630

Weindruch R, Kayo T, Lee CK, Prolla TA. Microarray
profiling of gene expression in aging and its
alteration by caloric restriction in mice. J Nutr. 2001;
131:918S-23S.

https://doi.org/10.1093/jn/131.3.918S
PMID:11238786

Lopez-Lluch G, Navas P. Calorie restriction as an
intervention in ageing. J Physiol. 2016; 594:2043-60.
https://doi.org/10.1113/JP270543 PMID:26607973

Goldberg EL, Romero-Aleshire MJ, Renkema KR,
Ventevogel MS, Chew WM, Uhrlaub JL, Smithey MJ,
Limesand KH, Sempowski GD, Brooks HL, Nikolich-
Zugich J. Lifespan-extending caloric restriction or mTOR
inhibition impair adaptive immunity of old mice by
distinct mechanisms. Aging Cell. 2015; 14:130-38.
https://doi.org/10.1111/acel.12280 PMID:25424641

Fu C, Hickey M, Morrison M, McCarter R, Han ES.
Tissue specific and non-specific changes in gene
expression by aging and by early stage CR. Mech
Ageing Dev. 2006; 127:905-16.
https://doi.org/10.1016/j.mad.2006.09.006
PMID:17092546

Zahn JM, Poosala S, Owen AB, Ingram DK, Lustig A,
Carter A, Weeraratna AT, Taub DD, Gorospe M, Mazan-
Mamczarz K, Lakatta EG, Boheler KR, Xu X, et al.
AGEMAP: a gene expression database for aging in
mice. PLoS Genet. 2007; 3:e201.
https://doi.org/10.1371/journal.pgen.0030201
PMID:18081424

Bulvik BE, Berenshtein E, Konijn AM, Grinberg L,
Vinokur V, Eliashar R, Chevion MM. Aging is an

32.

33.

34.

35.

36.

37.

38.

39.

40.

organ-specific process: changes in homeostasis of
iron and redox proteins in the rat. Age (Dordr).
2012; 34:693-704.
https://doi.org/10.1007/s11357-011-9268-7
PMID:21643761

Hydbring P, Malumbres M, Sicinski P. Non-canonical
functions of cell cycle cyclins and cyclin-dependent
kinases. Nat Rev Mol Cell Biol. 2016; 17:280-92.

https://doi.org/10.1038/nrm.2016.27 PMID:27033256

Dirks A, Leeuwenburgh C. Apoptosis in skeletal muscle
with aging. Am J Physiol Regul Integr Comp Physiol.
2002; 282:R519-27.
https://doi.org/10.1152/ajpregu.00458.2001
PMID:11792662

von Mering C, Krause R, Snel B, Cornell M, Oliver SG,
Fields S, Bork P. Comparative assessment of large-scale
data sets of protein-protein interactions. Nature. 2002;
417:399-403.

https://doi.org/10.1038/nature750 PMID:12000970

Stoeger T, Gerlach M, Morimoto RI, Nunes Amaral LA.
Large-scale investigation of the reasons why
potentially important genes are ignored. PLoS Biol.
2018; 16:e2006643.
https://doi.org/10.1371/journal.pbio.2006643
PMID:30226837

Jeong H, Mason SP, Barabasi AL, Oltvai ZN. Lethality
and centrality in protein networks. Nature. 2001;
411:41-42.

https://doi.org/10.1038/35075138 PMID:11333967

Seyfried NT, Dammer EB, Swarup V, Nandakumar D,
Duong DM, Yin L, Deng Q, Nguyen T, Hales CM, Wingo
T, Glass J, Gearing M, Thambisetty M, et al. A multi-
network approach identifies protein-specific co-
expression in asymptomatic and symptomatic
Alzheimer’s disease. Cell Syst. 2017; 4:60-72.e4.
https://doi.org/10.1016/j.cels.2016.11.006
PMID:27989508

Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF,
Tomashevsky M, Marshall KA, Phillippy KH, Sherman
PM, Holko M, Yefanov A, Lee H, Zhang N, et al. NCBI
GEO: archive for functional genomics data sets--
update. Nucleic Acids Res. 2013; 41:D991-5.
https://doi.org/10.1093/nar/gks1193 PMID:23193258

GTEx Consortium. The genotype-tissue expression
(GTEx) project. Nat Genet. 2013; 45:580-85.
https://doi.org/10.1038/ng.2653 PMID:23715323

Yanai |, Benjamin H, Shmoish M, Chalifa-Caspi V, Shklar
M, Ophir R, Bar-Even A, Horn-Saban S, Safran M,
Domany E, Lancet D, Shmueli O. Genome-wide
midrange transcription profiles reveal expression level
relationships in human  tissue specification.
Bioinformatics. 2005; 21:650-9.

WWWw.aging-us.com

3326

AGING


https://doi.org/10.1155/2015/318586
https://pubmed.ncbi.nlm.nih.gov/25767806
https://doi.org/10.1126/science.aah4115
https://pubmed.ncbi.nlm.nih.gov/28360329
https://doi.org/10.1016/j.cellimm.2007.03.008
https://pubmed.ncbi.nlm.nih.gov/17499630
https://doi.org/10.1093/jn/131.3.918S
https://pubmed.ncbi.nlm.nih.gov/11238786
https://doi.org/10.1113/JP270543
https://pubmed.ncbi.nlm.nih.gov/26607973
https://doi.org/10.1111/acel.12280
https://pubmed.ncbi.nlm.nih.gov/25424641
https://doi.org/10.1016/j.mad.2006.09.006
https://pubmed.ncbi.nlm.nih.gov/17092546
https://doi.org/10.1371/journal.pgen.0030201
https://pubmed.ncbi.nlm.nih.gov/18081424
https://doi.org/10.1007/s11357-011-9268-7
https://pubmed.ncbi.nlm.nih.gov/21643761
https://doi.org/10.1038/nrm.2016.27
https://pubmed.ncbi.nlm.nih.gov/27033256
https://doi.org/10.1152/ajpregu.00458.2001
https://pubmed.ncbi.nlm.nih.gov/11792662
https://doi.org/10.1038/nature750
https://pubmed.ncbi.nlm.nih.gov/12000970
https://doi.org/10.1371/journal.pbio.2006643
https://pubmed.ncbi.nlm.nih.gov/30226837
https://doi.org/10.1038/35075138
https://pubmed.ncbi.nlm.nih.gov/11333967
https://doi.org/10.1016/j.cels.2016.11.006
https://pubmed.ncbi.nlm.nih.gov/27989508
https://doi.org/10.1093/nar/gks1193
https://pubmed.ncbi.nlm.nih.gov/23193258
https://doi.org/10.1038/ng.2653
https://pubmed.ncbi.nlm.nih.gov/23715323

41.

42.

43.

44.

45,

https://doi.org/10.1093/bioinformatics/bti042
PMID:15388519

Fury W, Batliwalla F, Gregersen PK, Li W. Overlapping
probabilities of top ranking gene lists, hypergeometric
distribution, and stringency of gene selection criterion.
Conf Proc IEEE Eng Med Biol Soc. 2006; 2006:5531-34.
https://doi.org/10.1109/IEMBS.2006.260828
PMID:17947148

Alexa A, Rahnenfiihrer J. Gene set enrichment analysis
with topGO. R package version 2.28.0. 2016.

Alexa A, Rahnenfihrer J, Lengauer T. Improved scoring
of functional groups from gene expression data by
decorrelating GO graph structure. Bioinformatics.
2006; 22:1600-07.
https://doi.org/10.1093/bioinformatics/btl140
PMID:16606683

Carlson M. GO.db: A set of annotation maps describing
the entire Gene Ontology. R package version 3.8.2.
2017

Fabris F, Doherty A, Palmer D, de Magalhdes JP, Freitas
AA. A new approach for interpreting random forest
models and its application to the biology of ageing.
Bioinformatics. 2018; 34:2449-56.
https://doi.org/10.1093/bioinformatics/bty087
PMID:29462247

46.

47.

48.

49.

Oughtred R, Stark C, Breitkreutz BJ, Rust J, Boucher L,
Chang C, Kolas N, O’Donnell L, Leung G, McAdam R,
Zhang F, Dolma S, Willems A, et al. The BioGRID
interaction database: 2019 update. Nucleic Acids Res.
2019; 47:D529-41.
https://doi.org/10.1093/nar/gky1079

PMID:30476227

Avelar RA, Ortega JG, Tacutu R, Tyler EJ, Bennett D,
Binetti P, Budovsky A, Chatsirisupachai K, Johnson E,
Murray A, Shields S, Tejada-Martinez D, Thornton D, et
al. A multidimensional systems biology analysis of
cellular senescence in aging and disease. Genome Biol.
2020; 21:91.
https://doi.org/10.1186/s13059-020-01990-9
PMID:32264951

Hagberg A, Swart P, Chult D. Exploring network
structure, dynamics, and function using NetworkX.
Proceedings of the 7th Python in Science Conference.
2008. http://aric.hagberg.org/papers/hagberg-2008-
exploring.pdf

Yang Z, Bielawski JP. Statistical methods for
detecting molecular adaptation. Trends Ecol Evol.
2000; 15:496-503.
https://doi.org/10.1016/s0169-5347(00)01994-7
PMID:11114436

WWWw.aging-us.com

3327

AGING


https://doi.org/10.1093/bioinformatics/bti042
https://pubmed.ncbi.nlm.nih.gov/15388519
https://doi.org/10.1109/IEMBS.2006.260828
https://pubmed.ncbi.nlm.nih.gov/17947148
https://doi.org/10.1093/bioinformatics/btl140
https://pubmed.ncbi.nlm.nih.gov/16606683
https://doi.org/10.1093/bioinformatics/bty087
https://pubmed.ncbi.nlm.nih.gov/29462247
https://doi.org/10.1093/nar/gky1079
https://pubmed.ncbi.nlm.nih.gov/30476227
https://doi.org/10.1186/s13059-020-01990-9
https://pubmed.ncbi.nlm.nih.gov/32264951
http://aric.hagberg.org/papers/hagberg-2008-exploring.pdf
http://aric.hagberg.org/papers/hagberg-2008-exploring.pdf
https://doi.org/10.1016/s0169-5347(00)01994-7
https://pubmed.ncbi.nlm.nih.gov/11114436

SUPPLEMENTARY MATERIALS

Supplementary Figures

Data Collection

* 127 healthy ageing RNA-Seq and microarray datasets
(mouse, rat and human) were downloaded from GEO
and AgeMap

Expression Analysis

* Alinear regression was carried out on each dataset and
tested with an F-test to identify genes differentially
expressed with age.

* The probability of any given gene being over- or
underexpressed was then calculated for each dataset,
and an average taken across all datasets, for use in the
next step

Value Counting

* Protein coding one-2-one human homologues were
identified, and for each gene the number of times it
was differentially expressed across all datasets was
counted.

* This value was then used with a binomial test, to test if
each gene tended to be significantly over- or
underexpressed across all the datasets it appeared in,
using the probability of over- or underexpression
calculated previously.

FDR Correction

* To correct for FDR, the whole analysis was repeated
10,000 times on random permutations of the datasets
(i.e. gene names were shuffled in each dataset and the
binomial tests were repeated).

* The results of these simulations were then collated, and
a regression was carried out to estimate the p-value at
which FDR<0.05 for each tissue and direction of
expression individually.

Supplementary Figure 1. Summary of the meta-analysis method.
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Supplementary Figure 2. Distribution of t tissue specificity scores in the whole GTEx expression dataset. A t specificity index of
0 indicates complete nonspecific expression while an index of 1 indicates completely specific expression.
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Supplementary Figure 3. Interaction networks showing the locations of the overexpressed (red) and underexpressed (blue) genes in the
(A) BioGRID PPI network and the (B) GeneFriends coexpression network.
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Supplementary Figure 4. Distributions of degree (normalised by dividing by the maximum degree of a graph n-1, where n is the number of
nodes in graph G) (A), betweenness (B) and closeness (C) centrality measures in a genome-wide PPl network for overexpressed,
underexpressed and unchanged genes from the global analysis
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Supplementary Figure 5. Distributions of degree (normalised by dividing by the maximum degree of a graph n-1, where n is the number of
nodes in graph G) (A), betweenness (B) and closeness (C) centrality measures in a genome-wide PPl network for overexpressed,
underexpressed and unchanged genes from the brain analysis.
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Supplementary Figure 6. Distributions of degree (normalised by dividing by the maximum degree of a graph n-1, where n is the number of
nodes in graph G) (A), betweenness (B) and closeness (C) centrality measures in a genome-wide PPl network for overexpressed,
underexpressed and unchanged genes from the heart analysis.
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Supplementary Figure 7. Distributions of degree (normalised by dividing by the maximum degree of a graph n-1, where n is the number of
nodes in graph G) (A), betweenness (B) and closeness (C) centrality measures in a genome-wide PPl network for overexpressed,
underexpressed and unchanged genes from the muscle analysis.
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Supplementary Figure 8. Median degree (normalised by dividing by the maximum degree of a graph n-1, where n is the
number of nodes in graph G) values in a genome-wide PPl network for overexpressed, underexpressed and unchanged
genes from each analysis. * indicates significance tested by a Mann-Whitney U test (Bonferroni corrected).
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Supplementary Figure 9. Median betweenness values in a genome-wide PPl network for overexpressed, underexpressed
and unchanged genes from each analysis. * indicates significance tested by a Mann-Whitney U test (Bonferroni corrected).
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Supplementary Figure 10. Median closeness values in a genome-wide PPl network for overexpressed, underexpressed and
unchanged genes from each analysis. * indicates significance tested by a Mann-Whitney U test (Bonferroni corrected).
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Supplementary Figure 11. Distributions of degree (normalised by dividing by the maximum degree of a graph n-1, where n is the number
of nodes in graph G) (A), betweenness (B) and closeness (C) centrality measures in an unweighted co-expression network extracted from
GeneFriends for overexpressed, underexpressed and unchanged genes from the global analysis.
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Supplementary Figure 12. Distributions of degree (normalised by dividing by the maximum degree of a graph n-1, where n is the number
of nodes in graph G) (A), betweenness (B) and closeness (C) centrality measures in an unweighted co-expression network extracted from
GeneFriends for overexpressed, underexpressed and unchanged genes from the brain analysis.
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Supplementary Figure 13. Distributions of degree (normalised by dividing by the maximum degree of a graph n-1, where n is the number
of nodes in graph G) (A), betweenness (B) and closeness (C) centrality measures in an unweighted co-expression network extracted from
GeneFriends for overexpressed, underexpressed and unchanged genes from the heart analysis.
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Supplementary Figure 14. Distributions of degree (normalised by dividing by the maximum degree of a graph n-1, where n is the number
of nodes in graph G) (A), betweenness (B) and closeness (C) centrality measures in an unweighted co-expression network extracted from
GeneFriends for overexpressed, underexpressed and unchanged genes from the muscle analysis.
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Supplementary Figure 15. Median degree (normalised by dividing by the maximum degree of a graph n-1, where n is the
number of nodes in graph G) values in an unweighted co-expression network extracted from GeneFriends for
overexpressed, underexpressed and unchanged genes from each analysis. * indicates significance tested by a Mann-Whitney U test
(Bonferroni corrected).
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Supplementary Figure 16. Median betweenness values in an unweighted co-expression network extracted from GeneFriends
for overexpressed, underexpressed and unchanged genes from each analysis. * indicates significance tested by a Mann-Whitney U
test (Bonferroni corrected).
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Supplementary Figure 17. Median closeness values in an unweighted co-expression network extracted from GeneFriends for
overexpressed, underexpressed and unchanged genes from each analysis. * indicates significance tested by a Mann-Whitney U test
(Bonferroni corrected).
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Supplementary Figure 18. Distribution of human-mouse dNdS scores for the different gene classifications (not differentially
expressed, overexpressed and underexpressed).
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Supplementary Figure 19. Distribution of human-rat dNdS scores for the different gene classifications (not differentially
expressed, overexpressed and underexpressed).
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Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 1 to 27.

Supplementary Table 1. List of all datasets used in the meta-analysis.

Supplementary Table 2. Tau scores for the GTEx dataset and their association results with this meta-analysis.
Supplementary Table 3. Genes significantly overexpressed with age across all tissues.

Supplementary Table 4. Genes significantly overexpressed with age in the brain.

Supplementary Table 5. Genes significantly overexpressed with age in the heart.

Supplementary Table 6. Genes significantly overexpressed with age in muscle.

Supplementary Table 7. Genes significantly underexpressed with age across all tissues.

Supplementary Table 8. Genes significantly underexpressed with age in the brain.

Supplementary Table 9. Genes significantly underexpressed with age in the heart.

Supplementary Table 10. Genes significantly underexpressed with age in muscle.

Supplementary Table 11. Enrichment analysis results for the overexpressed genes from the global analysis.
Supplementary Table 12. Enrichment analysis results for the underexpressed genes from the global analysis.
Supplementary Table 13. Enrichment analysis results for the overexpressed genes from the brain analysis.
Supplementary Table 14. Enrichment analysis results for the underexpressed genes from the brain analysis.
Supplementary Table 15. Enrichment analysis results for the overexpressed genes from the heart analysis.
Supplementary Table 16. Enrichment analysis results for the underexpressed genes from the heart analysis.
Supplementary Table 17. Enrichment analysis results for the overexpressed genes from the muscle analysis.
Supplementary Table 18. Enrichment analysis results for the underexpressed genes from the muscle analysis.

Supplementary Table 19. Random Forest results ranking GO terms by their ability to predict a gene being classified
as overexpressed in the global analysis.

Supplementary Table 20. Random Forest results ranking GO terms by their ability to predict a gene being classified
as underexpressed in the global analysis.

Supplementary Table 21. Random Forest results ranking GO terms by their ability to predict a gene being classified
as overexpressed in the brain analysis.

Supplementary Table 22. Random Forest results ranking GO terms by their ability to predict a gene being classified
as underexpressed in the brain analysis.

Supplementary Table 23. Random Forest results ranking GO terms by their ability to predict a gene being classified
as overexpressed in the heart analysis.

Supplementary Table 24. Random Forest results ranking GO terms by their ability to predict a gene being classified
as underexpressed in the heart analysis.
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Supplementary Table 25. Random Forest results ranking GO terms by their ability to predict a gene being classified
as overexpressed in the muscle analysis.

Supplementary Table 26. Random Forest results ranking GO terms by their ability to predict a gene being classified
as underexpressed in the muscle analysis.

Supplementary Table 27. Gene lists at the intersections of the tissue specific analyses.
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Supplementary Datasets

Please browse Full Text version to see the data of Supplementary Datasets 1, 2 in
(https://github.com/maglab/AgeingSignatures2020 supplementary).

Supplementary Dataset 1. The processed expression matrices ready for differential expression analysis.

Supplementary Dataset 2. The differential expression analysis results of the matrices in Dataset 1.
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