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a  b  s  t  r  a  c  t

Aging  is a  complex  process.  Transcriptomic  studies  of  the  last  decade  have  identified  genes  and  path-
ways  that  are  regulated  during  aging  in multiple  species  and  organs.  Yet,  since  a manifold  of  pathways
are  regulated  and  the  amplitude  of  regulation  is often  small,  reproducibility  across  studies  is  moderate
and  disentangling  cause-consequence  relationships  has proven  challenging.  Here,  we  review  a  number
of  consistent  findings  in the light  of  more  recent,  longitudinal  studies  and  of  studies  combining  transcrip-
tomics  and  proteomics  that identified  deregulation  of  protein  biosynthetic  pathways  as  an  early  event
and  likely  driver  of  aging.
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1. Introduction

Despite multiple attempts, very few genetic variants have been
associated with human longevity [1]. Indeed, twin studies have
shown that longevity has low heritability (20–30%) [2]. This sug-
gests that external factors influence the aging of an individual after
its conception, starting from very early in life [3]. These factors
include diet, environment, physical activity and the interaction
with commensal and pathogenic microbiomes, all of which have
been shown to influence healthspan in multiple model organisms
and humans [4–7]. The life history of an individual can thus influ-
ence the rate of the aging process, and has detectable consequences
at both physiological and molecular level.

Lifestyle factors can influence the physiological status of mul-
tiple organs, predominantly via epigenetic mechanisms. Indeed,
epigenetic DNA methylation patterns seem to be more correlated
with age than gene expression. This led to the development of
the so-called “epigenetic clock” [8–10], a set of CpG islands whose
methylation can predict the chronological age across human tissues
and survival in longitudinal studies [11]. Epigenetic mechanisms of
aging linked to modification of chromatin structure and their influ-
ence on gene expression and metabolism have been the subject of
recent reviews [12–14] and will not be treated here. In the first part
of this review, we will summarize the extensive information that
was gathered from studies of genome-scale transcript regulation
in aging tissues, while in the second part we will focus on post-
transcriptional mechanisms of aging that are emerging from the
combined application of genomic and proteomic approaches.

2. Aging as a complex process

Many reviews on the biology of aging contain at some point
–mostly in the introductory phrases- a sentence stating that aging
is a complex phenomenon. Under this definition, it is often under-
stood that many different biological processes are involved in aging
and it is not possible to pinpoint a single cause and molecular mech-
anism.

The development of so-called “omics” technologies brought
about the expectation that an exhaustive molecular description of
aging-regulated processes could have been possible, thereby shed-
ding light on its mechanisms.

Since the first genome-scale microarray study on muscle aging
in 1999 [15], a number of different papers described aging of
various tissues in different species, employing microarrays, next-
generation sequencing and mass spectrometry-based proteomics.

Although some level of consistency could be detected among
these studies (see below), a reader not educated in quantitative
biology would rather be surprised by the differences that at first
sight seem to emerge by a comparison. Differences in the techno-
logical platforms being used in different studies as well as statistical
and biological limitations contribute to these discrepancies.

Statistical limitations. All methods that were developed to ana-
lyze genome-scale data face the problem of data arrays, where the
number of genes whose expression is quantified is in the order
of 104 and the number of individual samples is in the order of a
few units to tenths. This leads to: i) a severe problem of type I
errors (false calling of differential-expression) due to the extent
of multiple statistical testing,  and ii) a significant problem of type II

errors (failure to detect a true differential expression), due to the
low statistical power of a typical genome-wide experiment.

The statistical tools employed for analysis of genome-scale
expression data are tailored to contain type I errors at the expense
of type II errors. This is a logical choice given the large number
of comparisons possible and the risk that looser thresholds would
result is a substantial proportion of false positives. However, a
high rate of type II errors poses a hurdle in comparisons between
datasets.

Biological limitations. A first biological issue is related to the
amplitude of the gene expression changes observed during aging.
Although aging is characterized by clear morphological and phys-
iological changes, the associated changes in gene expression tend
to be small. As an example, we show here RNA-seq data from brain
of three different species: the short-lived fish N. furzeri [16], mouse
[17] and human [18] (Fig. 1A). In the case of N. furzeri,  5 young
samples were contrasted with 11 old samples [16]. In this compar-
ison only ∼ 20% of the 7863 differentially-expressed genes show an
absolute change larger than 100% and half of the significant fold
changes are smaller than 50% (Fig. 1A). A similar analysis of mouse
and human data shows a similar pattern (Fig. 1A).

A second biological issue is related to inter-individual variabil-
ity in expression, particularly in old individuals. It is well known
that the variance of many physiological variables increases with
age [19]. At least two  causes can underlie the variability of the
aging phenotypes: i) individual aging trajectories differ, and dis-
tinct aging-related pathways can be modulated to different extents
across individuals. This can lead to discrepancy between the bio-
logical age of an individual and its chronological age, which is most
often used to define sample groups in omics experiments. ii) The
cellular composition of organs may  change (e.g., due to inflamma-
tion and fibrosis, or changes of proportion between cell types, as
known for the blood [20]), and these changes may  affect different
individuals to a varying extent. This clearly creates a problem for
genome-scale studies that normally suffer from a limited amount
of samples. Firstly, it decreases the power to detect changes. Sec-
ondly, the “old” samples from two different studies are randomly
extracted sets from highly heterogeneous populations and may  be
considerably different. We  illustrate here an increase in the coef-
ficient of variation for gene expression in three datasets: whole
brain of killifish and mouse, and human prefrontal cortex (Fig. 1B).
It is also interesting that increased variability might be reduced in
very old individuals [21]. Systematic studies with large number of
samples are needed to better describe the general change of gene
expression variance across tissues and the sources of increased
variation.

All these difficulties notwithstanding, a number of conserved
pathways and genes were identified by meta-analysis and will be
presented below.

3. When is old enough? A link between development and
aging

A further problem linked to genome-scale studies of aging
is that, in many cases, and especially in animal studies, a sim-
ple pairwise comparison between “young” and “old” samples is
performed. The choice of these two ages is to some extent arbi-
trary, and it is not without consequences: the young samples,
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