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Abstract

Genome-wide studies of aging have identified subsets of genes that show age-related changes in 

expression. Although the types of genes that are age-regulated vary among different tissues and 

organisms, some patterns emerge from these large data sets. First, aging is associated with a broad 

induction of stress response pathways, although the specific genes and pathways involved differ 

depending on cell type and species. In contrast, a wide variety of functional classes of genes are 

downregulated with age, often including tissue-specific genes. Whereas the upregulation of age-

regulated genes is likely to be governed by stress-responsive transcription factors, questions 

remain as to why particular genes are susceptible to age-related transcriptional decline. Here, we 

discuss recent findings showing that splicing is misregulated with age. While defects in splicing 

could lead to changes in protein isoform levels, they could also impact gene expression through 

nonsense-mediated decay of intron-retained transcripts. The discovery that splicing is misregulated 

with age suggests that other aspects of gene expression, such as transcription elongation, 

termination and polyadenylation, must also be considered as potential mechanisms for age-related 

changes in transcript levels. Moreover, the considerable variation between genome-wide aging 

expression studies indicates that there is a critical need to analyze the transcriptional signatures of 

aging in single cell types rather than whole tissues. Since age-associated decreases in gene 

expression could contribute to a progressive decline in cellular function, understanding the 

mechanisms that determine the aging transcriptome provides a potential target to extend healthy 

cellular lifespan.

Introduction

Aging is associated with increased mortality, progressive physiological decline, and 

increased risk of human pathologies such as cancer, heart disease and neurodegenerative 

disease [1]. The progressive decline in physiological function of an organism is generally 

referred to as senescence [2], while the term cellular senescence specifically refers to the 

proliferative arrest observed in cells grown in culture after a finite number of divisions, also 

known as the Hayflick limit [3]. The rate and progression of senescence is influenced both 

by the chronological age of the organism and by genetic and environmental factors. 
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Dynamic changes in gene expression occur during aging, and are influenced by 

environmental stimuli and genetic factors. The transcriptome of a cell reflects both 

transcription and RNA processing events such as splicing and polyadenylation. Here, we 

broadly define transcriptional signatures of aging as the set of processed transcripts that are 

differentially expressed during chronological aging following completion of development.

The molecular changes that occur during senescence have been categorized into nine 

hallmarks of aging [1]. One such hallmark of aging is depletion of stem cell reserves, 

resulting in part from cellular senescence due to telomere attrition [1, 4]. Other hallmarks of 

aging include genomic instability, mitochondrial dysfunction, epigenetic alterations, altered 

intracellular communication, deregulated nutrient sensing and loss of proteostasis [1]. These 

molecular hallmarks of aging both impact, and are influenced by, transcriptional changes. 

The transcriptional signatures of aging have been identified for a number of species in 

different cell types and tissues, with remarkably little overlap [5–8]. While individually these 

studies have identified potential biomarkers for aging, they also raise the question as to the 

long-term effect of cumulative changes in expression of multiple genes within a cell: Are 

these transcriptional changes protective or detrimental? Identifying the mechanisms that lead 

to age-associated transcriptional changes could provide potential targets for therapies to 

delay the onset of age-associated diseases by enhancing protective responses and 

suppressing detrimental changes. However, the low correlation in transcriptional signatures 

of aging observed in different studies provides a challenge to identifying such mechanisms.

There are different models for aging that have implications for the potential mechanisms that 

could lead to age-associated transcriptional changes [9]. Evolutionary theories of aging for 

species that reproduce repeatedly throughout their lifespan seek to explain longevity in terms 

of natural selection on the level of the organism rather than the cell. These aging theories can 

be broadly categorized as programmed or passive [9]. The concept of aging as a genetically 

programmed trait, framed in evolutionary terms, is based on the idea that aging is beneficial 

for the species as a whole [10]. Removing older individuals could benefit the population by 

preventing overcrowding and increasing the rate of evolution [9]. While this model is widely 

disputed [9], it is clear that aging can be regulated since mutations in genes such as daf-2 or 

daf-16, encoding the IGF-1 receptor and FOXO respectively, can extend lifespan in worms 

(Caenorhabditis elegans) [11]. Moreover, there are clear correlations between genetic loci, 

such as APOE, FOXO3, 5q33.3 and ACE, and longevity [11–20]. While these genes clearly 

modulate lifespan, their association with longevity does not necessarily imply that lifespan 

itself is under selection pressure. Arguing against this idea is the observation that the force 

of natural selection decreases with age [21]. Since animals are vulnerable to predation or 

disease, an animal’s potential to produce future offspring declines with age, resulting in 

decreasing natural selection pressure with chronological age [21]. This decreasing natural 

selection pressure during aging forms the basis of the three major passive theories of aging 

that each seek to explain aging at the organismal level.

The passive theories for aging center around the concept that aging could have evolved by 

sacrificing late survival for early reproduction [22]. In these models, diverting resources 

towards growth and reproduction enhances fitness at the cost of maintaining cellular 

function [2, 22, 23]. These theories suggest that tissues within an organism, and individual 
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cells within those tissues, age because they lack either the resources or mechanisms to fully 

maintain long-term cellular function. The first of these theories, the disposable soma theory, 

states that an organism balances growth and reproduction with preventing cellular damage 

by diverting resources towards growth and reproduction, thus enhancing fitness at the cost of 

maintaining cellular function [22, 23]. The second antagonistic pleiotropy theory proposes 

that some genes that are important at the early stages of the life of an organism reduce 

fitness later during life [2]. The third mutation accumulation theory proposes that age-

associated deleterious mutations would be weakly selected against, resulting in their 

accumulation in a species over evolutionary time [21]. All three of these theories describe 

how aging could have evolved by sacrificing late survival for early reproduction [22]. These 

concepts fit with the idea that aging is a balance between damage and repair [11, 24], with 

organisms distributing energy expenditure between maintaining function and producing 

offspring. Genetic or environmental factors that shift this balance can alter aging.

In this review, we compare aging transcriptome studies to obtain insight into the 

mechanisms that could be involved in age-associated changes in gene expression. We focus 

on those studies examining chronological aging, rather than longevity per se, in healthy 

wild-type animals. We identify common classes of genes that are misregulated with age 

across different species, tissues and cell types. We highlight new studies describing a 

pervasive role for splicing and RNA processing in aging. Additionally, we describe potential 

mechanisms, consistent with the passive theories of aging, to describe how specific aspects 

of transcription and RNA processing could be particularly vulnerable to aging.

Global versus local changes in gene expression

The failure to maintain proper cellular homeostasis with age might be expected to result in a 

global deregulation of gene expression. An early study implicating gene expression changes 

as a major component of aging found a decrease in the amount of processed mRNA in the 

cytoplasm of aged rat liver cells, consistent with a global decrease in gene expression [25]. 

However, later studies in a variety of cell types and organisms indicated that relatively few 

genes show age-related changes in transcript levels. In contrast to a global deregulation of 

gene expression with age, only 4% of genes show age-related changes in expression in either 

human brain or kidney tissue, or in monkey (Macaca mulatta) skeletal muscle [26–29]. 

Moreover, fewer than 2% of genes show altered expression profiles with age in human skin, 

achilles tendon, blood leucocytes and retina, or rodent brain, skeletal muscle, liver and heart 

tissue [6, 30–39]. Further, no more than 4% of mouse genes have age-associated changes in 

expression in either photoreceptor neurons or microglia [40, 41]. The small number of genes 

with age-associated changes in expression is not limited to mammals; only 3% of genes in 

fruit fly (Drosophila melanogaster) heart tissue show altered expression profiles during 

normal aging [42].

Studies that have identified larger numbers of age-regulated genes can be largely explained 

by the statistical power of the study, cell cycle changes, or by tissue heterogeneity. For 

example, studies with large statistical power such as a meta-analysis of approximately 1500 

human blood samples identified 12.5% of expressed genes as being differentially expressed 

with age [8]. In addition, changes in cell cycle profiles in old yeast cells and aged mouse 
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hematopoietic stem cells largely account for the transcriptional changes observed in these 

aging cells [43–46]. Tissue heterogeneity provides a particular challenge in interpreting 

transcriptome data from aging cells. This becomes apparent when comparing the large 

number of fruit fly genes (23 – 33%) identified as being age-regulated in whole flies or large 

body parts, with the much smaller number of genes (3%) that change in tissues such as the 

heart [42, 47–49]. Moreover, there are considerable differences in the number of genes that 

are age-regulated in different mouse tissues ranging from 0% in liver to 1.5% of the mouse 

genome in thymus and eye [7]. Further, the macular and peripheral neural retina, the cortex 

and medulla sections of the kidney and the hippocampus, entorhinal cortex, superior-frontal 

and post central gyrus of the brain all show different aging transcriptional signatures in 

humans [27, 28, 33]. The inherent heterogeneity in aging tissues, which will consist of a 

mixture of senescent cells, growth arrested but growth competent cells, and post-mitotic 

cells, is a major limitation for identifying transcriptional signatures of aging. However, it is 

clear that within a single cell type or tissue, only a small number of genes show 

transcriptional changes with age, arguing against the idea of global, widespread 

misregulation of gene expression during aging.

Heterogeneity in gene expression with age

Since aging is influenced both by chronological age and environmental factors, different 

organisms within a population will age at different rates. Likewise, different cell types 

within a tissue could age differently. Further, individual cells within a given cell type could 

also age differently. Very few studies have examined gene expression changes in single cells 

with age, but the limited available data on single gene targets by qPCR analysis support an 

increase in cellular variability in gene expression with age within a given tissue. For 

example, mice cardiomyocytes show a significant increase in gene expression heterogeneity 

relative to younger cells [50]. High levels of variability in gene expression were also 

observed in heart tissue from fruit flies, although this variability did not differ between 

young and old flies [42]. However, single cell RNA-seq data from old mouse hematopoietic 

stem cells showed that differing transcriptome profiles of cells reflected their cell cycle 

status, accounting for some of the heterogeneity in the population [51]. Recent advances in 

single cell RNA-sequencing techniques [52] provide an exciting opportunity to 

simultaneously compare age-related gene expression changes across multiple cell types and 

individual cells within a given tissue.

More data support the idea that there is variability in changes in gene expression across 

different organisms within a population with age. Middle aged individuals in a population 

show older or younger transcriptional signatures, depending on their genetic background and 

environmental exposure. For example, microarray studies of gene expression in the human 

frontal cortex from post-mortem samples from different individuals indicates that there is 

considerable variation in the gene expression profile from middle aged individuals [26]. 

Whereas the gene expression profiles of very old and young individuals highly correlate 

with other individuals in those groups, individuals within the middle aged group did not 

resemble each other, and instead correlated more strongly with either the young or old group 

[26]. Additionally, there are greater transcriptional changes between middle age and young 

or old samples in some human tissues, as compared with young versus old [32]. Importantly, 

Stegeman and Weake Page 4

J Mol Biol. Author manuscript; available in PMC 2018 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the transcriptional signature of aging within blood from individual human patients is 

significantly associated with aging-associated phenotypes such as blood pressure, waist-hip 

ratio and smoking [8]. These data suggest that gene expression is likely to be heavily 

influenced by environmental or genetic factors, in addition to time itself, both in single cells 

within a tissue and in different individuals within a population.

What types of genes show age-associated changes in expression?

Despite the fact that only a small fraction of the genome changes with age, genes involved in 

a number of stress response pathways are reproducibly upregulated with age across multiple 

species, tissues and cell types. For example, increased expression of genes involved in stress 

response and oxidative damage is observed in aging human brain, retina, skin and fibroblasts 

(Table 1) [26, 27, 30, 32, 53]. Similarly, genes involved in stress response and inflammation 

show increased expression with age in rodent brain, kidney, liver, muscle, and pancreatic 

cells, and in fruit flies [34, 37, 39, 54]. In addition, genes that function in DNA repair are 

upregulated with age in both worms and fruit flies [55]. Moreover, upregulation of genes 

involved in MAPK signaling and the immune response is also observed in fruit flies and 

mice and humans [8, 36, 41, 56–58]. An increase in age-associated expression of stress 

response and immune response pathways is reproducibly observed in aging studies; meta-

analysis of 27 data sets from mice, rats and humans identifies 56 genes consistently 

overexpressed with age that are enriched for immune response pathways [5]. Further, genes 

encoding apolipoprotein D, which protects against oxidative stress, are consistently 

upregulated with age in humans, monkeys, mice and flies [59–61]. Together, these studies 

indicate that aging is associated with an induction of general cellular stress response 

pathways.

Intriguingly, one of the key regulators of longevity, FOXO, encodes a transcription factor 

that is required for induction of a variety of cellular pathways, including stress response [62, 

63]. Thus, the upregulation of stress response pathways might play a protective role in aging 

cells [24]. Consistent with the passive models of aging, an upregulation in expression of 

genes with age is likely to reflect a response to, rather than being a driver of, the cellular 

decline associated with aging. For example, an increase in oxidative stress in aging cells 

could induce the increased DNA binding shown by the transcription factor NF-κb in aging 

mouse cardiac muscle [64]. Notably, NF-kb is also implicated in the age-related 

transcriptional changes observed in human skin [32]. In addition, since environmental 

stresses could influence the timing and level of upregulation of stress response genes, 

inducible upregulation of these genes could explain much of the heterogeneity observed both 

between individual cells in a tissue, and between different individuals in a population.

In contrast to the age upregulated genes, there is considerably more variety in the types of 

genes that are downregulated with age. Several studies have identified age-associated 

downregulation of genes involved in metabolism, mitochondrial function, protein synthesis, 

processing, transport and turnover [8, 27, 30, 34, 38, 65, 66], consistent with the loss of 

proteostasis and mitochondrial dysfunction identified as hallmarks of aging [1]. Intriquingly, 

genes associated with mitochondrial function are also implicated in longevity [55, 67, 68]. 

There are similarities in the aging transcriptome of related tissues in mice, suggesting that 
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the age-related changes in gene expression are likely to be dependent on cell type [7]. 

Notably, in tissues such as the brain or heart, the genes that are downregulated with age tend 

to be associated with more tissue-specific functions [59, 65] (Table 1). For example, those 

genes that are downregulated with age in the human brain are enriched for neuron-specific 

functions such as synaptic transmission, axon guidance, and calcium signaling [26, 27, 56]. 

Moreover, genes associated with cardiac function, such as desmoglein-2 and dynein, which 

are necessary for epithelial and myocardial cell-cell junctions and muscle contractions 

respectively, are downregulated with age in mouse heart [65]. Additionally, there is a decline 

in expression of some genes in liver that are required for xenobiotic metabolism, the 

breakdown of toxic of foreign compounds in the body [39]. Although in general there is 

more variability in the types of genes downregulated with age, there is a consistent decrease 

in expression of genes involved in splicing and mRNA processing in rodents and humans [6, 

35, 69–73].

We note that the interpretation of these studies is complicated by the previously discussed 

fact that most tissues are composed of a variety of different cell types. Thus, transcriptional 

signatures of aging reflect both changes in the proportion of each cell type in the tissue and 

cell cycle status. For example, the brain comprises mitotic glial cells and post-mitotic 

neurons, each of which has its own aging transcriptome [71]. In addition, underlying 

differences in sample preparation and handling, RNA isolation (polyA versus total), 

statistical power, and analysis approaches can all impact the types of genes identified. In 

particular, transcriptome analysis from human tissue samples can be challenging due to 

sample collection limitations, especially for post-mortem tissues. Identifying transcriptional 

signatures of aging in single cell types, and in fact in single cells if possible, will be critical 

to separate out changes in individual cells from alterations in the composition of the tissue 

itself.

What causes the age-related transcriptional decline of some genes?

The increased expression of stress response genes, including those that respond to DNA 

damage, indicates that aging cells experience higher levels of genomic damage. Indeed, 

accumulation of genomic DNA damage is a consistent feature of the aging cell [74]. Early 

studies recognized that accumulation of genomic damage could result in transcriptional 

defects over the life span of the organism [75]. However, whereas UV-induced DNA damage 

results in transcriptional silencing of a large proportion of the genome [76, 77], aging is 

associated with the decreased expression of only a small fraction of genes. Although the 

level of DNA damage in aging tissues is much lower than UV-irradiated cultured cells, the 

question remains as to why specific genes would be particularly vulnerable to DNA 

damage? One possible explanation is provided by the observation that the promoters of a 

subset of genes, that show age-related decreases in expression in the human brain, are more 

vulnerable to oxidative DNA damage in cultured neurons [26]. Thus, differences in the 

susceptibility of particular regions of the genome to DNA damage could account for the 

specificity of changes in gene expression. Another possibility is that some transcription 

factors might be more susceptible to oxidative damage, thereby resulting in downregulation 

of their target genes [78, 79]. If these transcription factors include terminal selectors, whose 

continual expression is required to maintain cellular identity [80], then decreased levels of 
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these transcription factors would result in decreased expression of their tissue-specific target 

genes. Additionally, the expression or activity of specific transcriptional repressors could 

increase with age, leading to downregulation of their target genes [79]. For example, the 

neuron-restrictive silencer factor (REST/NRSF) is upregulated in the aging brain, where it 

plays a neuroprotective role [81]. Although transcription factor binding to promoter or 

enhancer elements in DNA is necessary for the initial stages of the transcription cycle, it is 

not sufficient for proper gene expression. Following recruitment of RNA polymerase II to 

promoters, subsequent events occur that include transcription elongation, termination, and 

co-transcriptional splicing and polyadenylation. All of these events contribute to proper gene 

expression. RNA processing events occur co-transcriptionally and are intimately associated 

with the process of transcription itself [82].

Notably, recent studies suggest that RNA processing, in particular splicing, plays an 

important role in the aging transcriptome [6]. Decreased expression of splicing factors has 

been observed in both mouse muscle, and human blood and brain [6, 69–71]. In fact, as 

many as a third of splicing factors exhibit altered expression with age in human blood cells 

[70], in which 6 out of 7 age-regulated gene ontology pathways are related to mRNA 

processing [6]. Further, spliceosomal genes show age-associated changes in expression in 

brain tissue from the African turquoise killifish (Nothobranchius furzeri) [83]. Moreover, 

levels of splicing factor expression correlate with lifespan in both humans and mice, 

suggesting that proper splicing might be critical for maintaining proper cellular function [6, 

69, 71].

Are there age-associated defects in splicing?

The observed decreased expression of splicing factors with age does in fact correlate 

strongly with significant changes in alternative splicing in rodent brain, skin, muscle, bone, 

thymus, adipose tissue, spleen and muscle, and in human blood and brain [6, 35, 69–73] 

(Table 2). In human brain, 1174 exons are significantly differentially expressed with age 

[71]. Further in mouse skin, skeletal muscle, bone, thymus and white adipose tissue, 

between 0.3% – 3.2% of transcripts show changes in alternative splicing with age [73]. The 

types of age-related changes in alternative splicing, such as exon skipping or inclusion, vary 

from gene to gene. Although most changes in alternative splicing are observed during 

development, 30% of all alternative splicing changes that occur in an organism happen 

during aging [72, 84]. These data suggest that there are substantial age-associated changes in 

splicing, and that these changes in splicing could be caused by the age-associated decrease 

in expression of splicing factors (Table 2). Notably, the genes that show differences in 

splicing with age in the human brain include those with neuronal-specific functions such as 

synaptic transmission [71]. Similarly, genes involved in collagen production and post 

translational modification show age-associated changes in splice isoform abundance in 

human achilles tendon [31]. This suggests that at least some of the same types of tissue-

specific genes that show transcriptional decline with age are also more vulnerable to changes 

in splicing with age.

Could an age-associated defect in splicing provide an explanation as to why specific genes 

show decreased transcript levels with age in particular tissues? Although defects in splicing 
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can change alternative splice isoform usage, they can also result in intron retention or 

frameshifts leading to nonsense-mediated decay of the improperly spliced transcript [85, 

86]. Data suggests that intron retention increases with age, and that there is a corresponding 

increase in the expression of genes required for nonsense-mediated decay during aging [6, 

72, 87]. Is it possible that some genes are more likely to become improperly spliced with 

age? Indeed, higher frequencies of intron retention correlate with short intron length, high 

gene expression level, weak splice sites, and density of regulatory elements [88]. This 

suggests that some genes could be relatively more susceptible to intron retention, and that 

this could be influenced by splicing regulatory proteins whose expression differs between 

cell types. Additionally, some of the classes of tissue-specific genes that show both age-

associated decreases in transcript levels and changes in alternative splicing, such as genes 

involved in synaptic transmission in neurons, have a large number of exons and possible 

alternative transcripts. It is plausible that defects in splicing could disproportionately affect 

the expression of these heavily spliced transcripts as compared to transcripts that contain 

fewer exons. Splicing occurs co-transcriptionally, and splice site selection is influenced by 

transcription rate [82, 89]. Thus, the splice isoform changes observed in old cells could also 

reflect changes in transcription rate at those genes. In addition, the interplay between these 

aspects of gene expression is complicated by the fact that defects in splicing could indirectly 

affect transcription. For example, age-associated changes in splicing of the transcription 

factor STAT1 could influence transcription of its target genes [6].

Intriguingly, the changes in splicing observed during normal aging might also provide 

insight into disease states since many human pathologies are associated with misregulation 

of splicing [90]. For example, about 20% of the genes that change with respect to alternative 

splicing in normal aging, also show similar changes in splicing in a premature aging disease 

model [73]. Further, the changes in splicing observed during normal aging in the human 

brain closely mimic the changes observed in Alzheimer’s disease [71]. In addition, 

mutations in splicing factor genes, which result in extensive changes in splicing patterns, 

occur frequently in adult myeloid malignancies [90]. Changes in alternative splice isoform 

usage can also directly cause human disease. For instance, mutations in Lamina A that 

activate a cryptic splice site within exon 11 have been implicated in Hutchinson-Gilford 

progeria syndrome [91]. Thus, understanding the interplay between splicing and 

transcription in the aging transcriptome that occurs with normal aging, might also provide 

insight into the similar transcriptome changes associated with human disease.

Could other aspects of gene expression be vulnerable to aging?

Gene expression at the level of mRNA production involves a coordinated series of events 

beginning with recruitment of RNA polymerase II and ending with export of the processed 

mRNA to the cytoplasm for translation [82]. In this review, we have focused on new studies 

that suggest that RNA processing, and in particular splicing, might be deregulated with age. 

Indeed, as discussed previously, genes involved in splicing and post-transcriptional 

processing are downregulated with age [6]. However other aspects of transcription could 

also be vulnerable to aging (Figure 1). Following its recruitment to promoters, RNA 

polymerase II often transcribes a short distance into the gene and then pauses, in a process 

termed promoter proximal pausing [92]. The release of RNA polymerase II from this 
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promoter proximal pause site is highly regulated for many developmentally important genes, 

including those that are tissue-specifically expressed [93]. In addition, productive 

transcription requires the successful passage of the elongating RNA polymerase II 

throughout the gene body [94]. RNA splicing and processing are tightly coupled with 

transcription, and are modulated by transcription rate and chromatin structure [82]. Little 

attention has focused on transcription elongation in aging studies, but techniques such as 

global nuclear run on-sequencing (GRO-seq), precision nuclear run on-sequencing (PRO-

seq) and native elongating transcript sequencing (NET-seq) that measure distribution of the 

actively transcribing RNA polymerase II could provide insight into if and how the 

mechanism of transcription itself alters with age [95–97]. In addition, there are hints that 

alternative polyadenylation is important for stem cell function, and that polyadenylation 

activity decreases in aging neurons [98, 99]. Moreover, all aspects of gene expression 

including transcription elongation and RNA processing occur in the context of chromatin, 

and multiple studies have identified changes both in histone modifications and chromatin 

organization with age [100–102].

In this review, we have focused on how transcription and splicing become defective with 

age, however these are just the beginning steps in the process of gene expression. Protein 

synthesis and post-translational modifications have also been shown to be disrupted with age 

[103]. Understanding the aging transcriptional and proteomic signatures within cell types 

will be a challenging, but necessary next step, to determining if and how the cellular decline 

associated with age can be delayed.

Perspectives and Conclusions

During aging, only a small proportion of transcripts change with age in terms of either 

transcript levels or splice isoform usage (Figure 2). This suggests that certain genes are 

susceptible to age-related changes in gene expression. Multiple studies suggest that aging is 

associated with an induction in the expression of a broad range of stress response genes, and 

a decline in the expression of specific subsets of genes, which differ between tissues. The 

transcriptional decline of specific genes that is observed with age is of interest, since 

decreased levels of the encoded proteins could contribute to the age-associated decline in 

cellular function. Thus, changes in gene expression could be both a consequence, and cause, 

of the progressive decline in function that defines aging. Unrepaired cellular damage, such 

as oxidative damage to proteins or DNA, triggers the induction of stress response genes. 

Increases in levels of transcriptional repressors could directly contribute to the decline in 

expression of other genes. However, the same unrepaired cellular damage that increases 

gene expression could also directly reduce expression of other genes if specific transcription 

factors or promoters are damaged. Decreased expression of genes that encode spliceosomal 

or transcriptional regulators could further decrease gene expression. For example, genes that 

are highly expressed and heavily spliced might be particularly vulnerable to defects in 

splicing, leading to intron retention and/or changes in splice isoform usage. Intron retention 

and/or frameshifts could result in nonsense-mediated decay, further reducing transcript 

levels. Together, changes in the transcriptome that occur with age could initiate a downward 

spiral towards progressive cellular decline. However, the heterogeneity in transcriptional 

signatures of aging between individuals [8, 24] suggests that this downward spiral can be 
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slowed by environmental and genetic factors. Thus, understanding the mechanisms involved 

in determining the aging transcriptome could provide therapeutic targets to slow aging and 

delay the onset of age-related disease.
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Highlights

• A relatively small percentage of an organism’s transcriptome changes with 

age

• A broad group of stress-responsive genes increase with age

• A variety of genes decrease with age depending on tissue and cell type

• Splice isoform usage and intron retention change with age
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Figure 1. 
Co-transcriptional RNA processing could be misregulated with age. Processes that have 

been shown to be up or downregulated with age are indicated by the red and blue arrows 

respectively. Processes that could be misregulated with age, but have not yet been examined 

in sufficient detail are indicated by grey question marks. CTD, carboxy-terminal domain of 

RNA polymerase II, PIC, pre-initiation complex; CTD; RNA pol II, RNA polymerase II.
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Figure 2. 
An overview of age-associated transcriptome changes. Only 2 – 3 % of the whole genome 

(upper panel) shows age-associated changes in transcript levels. These changes between 

young and old cells are depicted in the two lower panels. Transcripts are shown with exons 

depicted as boxes, and introns and untranslated regions as lines. Transcripts that increase or 

decrease with age are shown in red and blue respectively, versus unchanged transcripts in 

black. Potential splice variants are shown in purple that include intron retention (third 

transcript from top) and exon skipping (bottom right).
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