Chapter 11
Regulatory Roles of miRNAs in Aging

Xurde M. Caravia and Carlos Lopez-Otin

Abstract Aging is a biological process characterized by the progressive deteriora-
tion of physiological functions that occurs through the accumulation of macromo-
lecular and cellular damage. This phenomenon impairs tissue function and is a risk
factor for many disorders including cardiovascular disease, neurodegenerative dis-
orders, and cancer. A recent study has enumerated nine cellular and molecular hall-
marks that represent common denominators of aging and together determine the
aging phenotype, highlighting the concept of aging plasticity. Among the multiple
molecular mechanisms which may contribute to aging modulation, microRNAs
(miRNAs) are raising enormous interest due to their ability to affect all the
“Hallmarks of Aging.” In this chapter, we will focus on the description of the diverse
functional roles of geromiRs, the large and growing subgroup of miRNAs impli-
cated in aging. We will also address the molecular mechanisms underlying miRNA
function in aging and discuss potential strategies for managing aging and extending
longevity based on geromiR modulation.
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Introduction

Inevitably, all of us will experience a progressive deterioration of our body’s fit-
ness due to the biological process known as aging. This dramatic phenomenon has
long interested scientists, and with the extraordinary life-span increase of human
populations over the last century, there is a growing interest for understanding this
condition at the molecular level [1]. Aging is characterized by a progressive loss of
physiological integrity that occurs through the accumulation of macromolecular
and cellular damage, leading to impaired fitness and increased vulnerability to
death. This deterioration is the primary risk factor for major human pathologies,
including cancer, diabetes, cardiovascular disorders, and neurodegenerative dis-
eases. One of the main advances in aging research was the discovery of aging
plasticity, which implies that this process can be modulated by genetic, nutritional,
and pharmacological factors. The first evidence of aging plasticity came from the
discovery that caloric restriction—underfeeding without malnutrition—extended
life-span in many model organisms [2]. Likewise, other external perturbations,
such as temperature or oxygen levels, were found to influence life-span in several
organisms. A recent study [3] has enumerated nine cellular and molecular hall-
marks that represent common denominators of aging and together determine the
aging phenotype. These “hallmarks of aging” have been divided into three catego-
ries: primary hallmarks, antagonistic hallmarks, and integrative hallmarks. Primary
hallmarks include genomic instability, telomere attrition, epigenetic alterations,
and loss of proteostasis. These are the main culprits of the molecular damage asso-
ciated with aging and, therefore, they are all unequivocally negative hallmarks.
The second category involves the compensatory or antagonistic responses to this
damage, and includes three hallmarks: deregulated nutrient-sensing, mitochondrial
dysfunction, and cellular senescence. Antagonistic hallmarks can be positive or
negative depending on their intensity. At low levels they mediate beneficial effects,
but at high levels are deleterious. Finally, stem cell exhaustion and altered intercel-
lular communication fall into the category of integrative hallmarks that are the end
result of the previous two groups and are ultimately responsible for the functional
decline associated with aging [3].

The discovery of miRNAs in 1993 [4] has considerably changed the classical
view of gene expression regulation, revealing a new group of molecules that can
contribute to the complex process of aging. As addressed in other chapters of this
book, miRNAs participate in virtually all biological processes within the cell as
well as in numerous pathological conditions [5, 6]. Accordingly, it is tempting to
speculate that aging-related miRNAs that we have previously termed geromiRs [7]
are able to widely repress target genes driving the abovementioned hallmarks. In
this chapter, we will summarize the significant changes in miRNA expression dur-
ing aging in invertebrate and mammalian model organisms. In addition, we will
present the regulatory roles of miRNAs in relation to the cellular and molecular
hallmarks of aging and will discuss their experimental manipulation in order to
improve healthspan and life-span (Fig. 11.1).
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Fig. 11.1 Micro-managing the hallmarks of aging. Schematic representation of miRNAs that
regulate the nine hallmarks: genomic instability, telomere attrition, epigenetic regulation, loss of
proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence, stem
cell exhaustion, and altered intercellular communication

MicroRNA Expression Profiles in Aging

Several miRNAs appear to play a key role in aging. First, numerous works have
reported significant age-related changes in miRNA expression during animal life-
span. Additionally, a growing number of miRNAs have been demonstrated to influ-
ence most of the well-known longevity and senescence pathways. In this section, we
will address the effect of aging on miRNA profiles in humans and animal models.
The first landmark study that identified a geromiR was carried out by Boehm and
Slack, who found that lin-4 miRNA loss-of-function Caenorhabditis elegans
mutants had a shortened longevity compared to wild-type animals, while
overexpression of this miRNA extended organism life-span [8]. To date, we know
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that a large number of C. elegans miRNAs display changes in their expression dur-
ing adulthood. Thus, the adult-specific disruption of argonaute-like gene-1 (alg-1),
which is necessary for miRNA maturation and function, results in abnormal longev-
ity, suggesting that miRNAs are essential for normal aging [9]. Further studies char-
acterized the abundance of miRNAs expressed in individual worms at different ages
and noticed that expression variability increased with age. One of these miRNAs,
miR-71, is required for normal longevity. Accordingly, transgenic worms over-
expressing mir-71 were found to be long-lived [10].

Similar to works on C. elegans, studies on Drosophila melanogaster have also
provided evidence for the contribution of miRNAs to the aging process. For exam-
ple, flies harboring a hypomorphic mutation in loquacious (logs), a key component
of the miRNA machinery, develop normally but show late-onset brain degeneration
and a reduced life-span, thus implicating miRNA functions in age-associated
pathologies [11]. A detailed analysis of brain miRNAs in this organism has also
revealed that the /ogs mutation causes an accelerated aging phenotype that is char-
acterized by progressive neurodegeneration, increased stress sensitivity, and loco-
motion alterations. A global analysis of miRNA expression levels singled out
miR-34 as the most likely mediator of this phenotype [11]. Notably, this work went
on to identify translational repression of E74A as the key event responsible for miR-
34 effects on aging. E74A is a component of steroid hormone signaling pathways, a
molecular network that had been previously associated with aging modulation [12].
In an elegant example of antagonistic pleiotropy [11], the authors have proposed
that although E74A is required during juvenile development, silencing of E74A by
miR-34 in adulthood is critical to avoid the harmful effects of this protein, which
exhibits sharply opposing functions on animal fitness at different life stages. In
addition, a different study identified a novel miRNA, named miR-282, and provided
evidence of its involvement on viability, longevity, and egg production. A prelimi-
nary expression analysis of computationally predicted targets of miR-282 suggested
that its effects on aging may be mediated by the modulation of a nervous system-
specific adenylate cyclase (rutabaga) during metamorphosis [13].

In contrast to invertebrates, current knowledge about the role of miRNAs in mam-
malian aging is still very limited due to the increased complexity and longer life-span
of these organisms. To date, no study has been able to demonstrate the ability of a
single miRNA to modulate the rate of aging in rodents by loss- or gain-of-function
modifications. However, cumulative observations during the last decade of miRNA
research strongly indicate that these molecules contribute to mammalian aging.
Profiling studies evaluated the miRNA expression levels of young, adult, and old rat
brains, and reported 547 known and 171 candidate novel miRNAs that were differ-
entially expressed among these groups [14]. Aged brains exhibit a predominant
upregulation of approximately 70 miRNAs and a downregulation of their respective
target genes [15]. Apart from the brain, muscle also degenerates with aging resulting
in loss of muscle mass (sarcopenia) over time. miRNA expression profiling from
mouse muscle at two different ages shows 34 miRNAs differentially expressed with
age, including miR-206 and miR-434 [16]. Perhaps the strongest evidence support-
ing the putative role of miRNAs in mammalian aging is the activity of specific miR-
NAs in both short- and long-life animal models. Thus, a study in Ames dwarf mice,
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which live 70% longer than wild-type mice due to deficiencies in pituitary hormones,
has suggested a critical role for miR-27a in their characteristic life-span extension
[17]. This miRNA is significantly increased in the liver of Ames mice, whereas its
target genes, ornithine decarboxylase and spermidine synthase, are downregulated.
Interestingly, both are important enzymes of the aging-associated polyamine biosyn-
thetic pathway. Conversely, the upregulation of miR-1 and the miR-29 family have
also been linked to the progeroid phenotype of a mouse model of Hutchinson-Gilford
progeria syndrome by controlling multiple overlapping aging pathways [18, 19].
Several transcriptional studies in humans and other primates have also supported
this notion of miRNA modulation of the aging process. Thus, the analysis of mRNA,
miRNA, and protein expression in human and macaque brain evidenced regulatory
relationships between miRNAs and mRNAs during aging of both species [20].
Further studies of miRNA expression in human serum from young and old individu-
als have found that the expression of miR-151a-5p, miR-181a-5p, and miR-1248 is
significantly decreased in older individuals. Consistently, these miRNAs also show
decayed levels in the serum of elderly rhesus monkeys [21]. Recently, one work has
reported the first comparison of miRNAs expression profiles of cells from centenar-
ians, octogenarians, and young individuals. Surprisingly, centenarians showed a
narrow upregulation of miRNA levels compared to young individuals, but wide
upregulated miRNA levels compared to octogenarians [22]. In addition, 15 platelet
miRNAs were differentially regulated by age in a study performed in 154 healthy
subjects, while their respective target mRNAs were inversely expressed [23].

Micro-managing the Hallmarks of Aging

Over the last years, advances in genetics and molecular biology have led to the iden-
tification of a subset of genes whose deregulation affects the aging process. In fact,
the study of these genes has been instrumental in defining the hallmarks of aging [3].
In this section, we will discuss the functional relevance of miRNA-mediated regula-
tion of these evolutionary conserved molecular and cellular processes.

Genomic Instability

Even under the most controlled environmental conditions a mortal organism ages,
illustrating how exogenous and endogenous sources of damage strongly influence the
aging process through the generation of DNA lesions. Cells display a broad repertoire
of macromolecule turnover and repair systems that are matched with the variety and
frequency of DNA damage. These mechanisms, responsible for genome integrity,
include molecular circuits that detect damage and activate pathways aimed at repairing
the damage and/or preventing abnormal cellular behaviors, in a process termed DNA
damage response (DDR) [24]. Recent studies have unveiled different miRNAs that
contribute to the modulation of DDR to try to maintain genome integrity (Fig. 11.2).
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Fig. 11.2 Functional relevance of miRNAs in genomic instability. miRNAs regulate the DNA
damage response that is triggered by genomic instability in aging

The miR-34 family members were the first group of miRNAs described to be
transcriptionally regulated by p53 in response to DNA damage [25]. Thus, miR-34c
expression is induced by p53 and inhibits c-Myc following DNA damage, preventing
aberrant DNA synthesis and activating the S-phase checkpoint [26]. Additionally,
miR-34 inhibits HDM4, a negative regulator of p53, and establishes a positive feed-
back loop [27]. In contrast to this protective role, miR-34a can act as a promoter of
DNA damage and mitotic catastrophe, because it inhibits 53BP1 and counteracts its
recruitment to DNA double-strand breaks, impairing DNA reparation [28]. In
Zmpste24-deficient mice, a model of Hutchinson-Gilford progeria syndrome [29],
altered chromatin architecture mediates the transcription of components of the miR-
29 family in a p53-dependent manner [19]. Similar to the p53-dependent miR-34
feedback loop, miR-29 targets and represses PPM 1D, a phosphatase that fine-tunes
the DDR through inhibition of the activity and stability of p53. Similarly, Werner
syndrome (WS), a premature aging disorder caused by mutations in a RecQ-like
DNA helicase, can be phenocopied in both mice and worms by loss of function of the
corresponding orthologous genes: WRN and wrn-1, respectively. This study also
revealed that worms with mutations in wrn-1 show a reduced expression of miR-124,
and that, surprisingly, the loss of miR-124 phenocopies the wrn-1 mutation [30].

Accumulating evidence also suggests control of miRNA biogenesis as an impor-
tant regulatory element of the DDR pathway. For example, knockdown of DICER,
a nuclease complex that contributes to miRNA maturation, reduced the
ATM-dependent DDR through downregulation of miRNAs at damaged sites [31].
By contrast, DICER knockdown increases the resistance to camptothecin-induced
DNA damage by reduction of let-7, which increased p21/p27 levels, again impair-
ing DNA reparation [32]. Also in response to DNA damage, p53 interacts with the
Drosha processing complex and coordinates the maturation of several miRNAs with
growth-suppressive function, including miR-16-1, miR-143, and miR-145 [33].
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Finally, DICER levels are also fine-tuned in response to DNA damage. TAp63, a
member of the p53 family, directly binds to the Dicer promoter and activates its
transcription in mice [34].

Telomere Attrition

Telomeres are repetitive DNA sequences located at the end of chromosomes that
protect them from degradation. Telomeres recruit a multiprotein complex named
shelterin [35] to form a chromatin structure that prevents its recognition as double
strand breaks and the access of DNA repair proteins [36]. Only telomerase, a special
DNA polymerase, can replicate telomeres. Adult cells do not express telomerase,
which results in a progressive shortening of these protective fragments throughout
aging until cells lose their replicative capacity.

miRNAs regulate diverse components of the shelterin or telomerase protein
complexes. For example, miR-155 targets a conserved sequence motif in the 3’
UTR of the shelterin component TRF1, thereby mediating its translational repres-
sion and triggering telomere fragility and chromosome alterations [37]. As men-
tioned above, other miRNAs are able to regulate telomerase, for example, miR-498
regulates the catalytic subunit of telomerase by targeting the 3" UTR of the encod-
ing mRNA [38]. Conversely, shortening of telomeres may change the miRNA
expression profile of different cells. Thus, miRNA expression profiles in cells with
intact or with shortened telomeres revealed that 47 miRNAs were differentially
expressed between these cell types. Some of these miRNAs are implicated in growth
arrest or act as oncogene repressors [39]. In addition, chromosome instability driven
by telomere shortening dramatically alters the pattern of miRNA expression in cells
[40]. In summary, genomic instability and telomere attrition represent two molecu-
lar hallmarks that influence cancer and aging biology. This genetic damage is coun-
teracted by the DDR systems, which in turn are heavily regulated by miRNAs.
Therefore, modulating the activity of these miRNAs could either accelerate or
decelerate tissue aging and age-related carcinogenesis [41].

Epigenetic Alterations

Sirtuins are important NAD-dependent protein deacetylases and ADP-
ribosyltransferases implicated in histone modification, an essential epigenetic
mechanism. The sirtuin pathway, whose upregulation extends longevity in yeast,
worms, and flies [2], is also influenced by miRNAs. Among the different sirtuins,
SIRT1 is widely recognized as a crucial regulator of metabolism, stress responses,
replicative senescence, and inflammation [42]. In fact, SIRT1 is an important medi-
ator of the beneficial metabolic effects of caloric restriction (CR) and the target
effector of the antiaging molecule resveratrol. Among the miRNAs that might
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regulate SIRT1 during aging, the aforementioned age-related miR-34 is one of the
best examples, as assessed by its ability to directly target SIRTI mRNA in several
in vitro and in vivo experiments [43]. Likewise, miR-217 upregulation in human
endothelial cells during aging reduces SIRT1 activity and promotes senescence [44].
There is also evidence that several miRNAs, including miR-181a/b, miR-9, miR-204,
miR-135a, and miR-199b, downregulate SIRTI during differentiation of mouse
embryonic stem cells into different tissues [45]. Alternatively, other miRNAs modu-
late SIRT1 activity indirectly. For instance, miR-519 contributes to human fibro-
blasts senescence by decreasing the protein levels of SIRT1 through targeting the
RNA binding protein HuR [46].

Apart from histone deacetylation, miRNAs are able to control other epigenetic
mechanisms, like methylation of DNA. Thus, it has been shown that Dicerl defi-
ciency in mice leads to decreased DNA methylation, along with increased telomere
recombination and telomere elongation [47]. This methylation defect is a consequence
of the reduced expression of the Dnmtl, Dnmt3a, and Dnmt3b DNA methyltransfer-
ases. Further analyses have identified miR-290 as an agent in this decrease of methyl-
transferase levels, through repression of the retinoblastoma-like 2 protein (Rbl2).
Moreover, miRNAs can also be methylated, as illustrated by the finding in Drosophila
of an increase in the 2'-O-methylation at the 3’ end of miRNAs with age. These epi-
genetic modifications guide the preferential loading of miRNAs into Ago2, and not in
Agol. Loss of methylation leads to accelerated neurodegeneration and shorter life-
span, suggesting the role of methylation of miRNAs in age-associated events [48].

Loss of Proteostasis

Protein folding and degradation of misfolded proteins are key processes that are
closely related to aging. In addition, their experimental manipulation can precipitate
or ameliorate this unavoidable process. Therefore, protein homeostasis or proteos-
tasis is a bona fide aging hallmark [3, 49]. The main mechanisms implicated in
proteostasis (autophagy, proteasomal degradation, and chaperone-mediating pro-
tein folding) are subjected to miRNA regulation.

In mammals, the regulation of the proteasome is especially important in the ner-
vous system, as illustrated by the severe neurodegenerative diseases related to the
accumulation of protein aggregates during aging [50]. In patients suffering from the
spinocerebellar ataxia type 1 neurodegenerative disorder (SCA1), a group of upreg-
ulated miRNAs defines a pathological expression pattern. The targets of these miR-
NAs are enriched in members of the ubiquitin-proteasome system, suggesting that
this system is deregulated in SCA1 [51]. More recently, another work has identified
DNA damage as a mechanism that modifies the repertoire of proteasome-associated
miRNAs, suggesting that in stress conditions these regulatory components modify
proteasome function [52].

Autophagy is an evolutionarily conserved mechanism that allows the cell to digest
its own components [53]. The activity of different factors belonging to this pathway
can be fine-tuned by miRNAs after transcription. Thus, the tumor suppressor
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miR-101 inhibits autophagy by targeting three different genes: STMNI, RAB5A, and
ATG4D [54]. miR-376b modulates human autophagy by regulating intracellular lev-
els of ATG4C and BECNI1 [55], while miR-34a targets ATG4B [56]. Alvarez-Erviti
et al. have demonstrated that at least eight different miRNAs can regulate chaperone-
mediated autophagy, which has a key role in the pathogenesis of a wide range of
diseases, especially in the nervous system [57]. These miRNAs decrease chaperone-
mediated autophagy through downregulation of hsc70 and LAMP-2A protein levels
in the brain [57]. Finally, miR-216a impairs the autophagic function in aging endo-
thelial cells through inhibition of two autophagy-related genes: Beclinl and ATGS5
[58]. Likewise, chaperones, a group of proteins implicated in the correct protein
folding, are also under miRNA regulation. Thus, miR-17-5p targets multiple endo-
plasmic reticulum stress-related chaperones during chronic oxidative stress [59].

In summary, these first four hallmarks of aging, genomic instability, telomere
attrition, epigenetic alterations, and loss of proteostasis, are included in the category
of primary hallmarks because they represent the main causes of cellular damage that
underlie the aging process. As described above, miRNAs regulate all these four
processes and the molecular mechanisms that repair or counteract this damage,
including those mediated by telomerase, chaperones, and epigenetic enzymes [3].

Deregulated Nutrient-Sensing

There is a close relationship between nutrient-sensing and aging. Among nutrient-
sensing pathways, IGF-1 signaling stands out as a highly conserved regulatory
module that influences longevity and also coordinates growth, development, and
metabolism [2]. Like other aging hallmarks, nutrient-sensing pathways are also
susceptible to miRNA regulation [60]. For example, the anomalous upregulation of
miR-1, which targets the Igf-1 mRNA, is associated with the systemic deregulation
of the somatotroph axis in premature aging mice [18]. Conversely, miR-470, miR-
669b, and miR-681 are significantly upregulated in brain of long-lived Ames dwarf
mice and their expression inversely correlates with the expression of several genes
of the IGF-1/insulin pathway. Functional studies have demonstrated that these
miRNAs target the IGF-1 receptor and contribute to reduce the levels of phos-
phorylated AKT and FOXO3a, two downstream targets of this signaling pathway,
in the brain of mutant mice [61]. In addition, human miR-145 also represses the
expression of IGF-1 receptor and its ligand, IRS-1 [62], while miR-206 and miR-
320 target this somatotroph axis in rats [63, 64]. Similarly, miR-182 and miR-223
downregulation enhances IGF-1 signaling and mediates the estrogen impact on
skeletal muscle. It has been proposed that IGF-1R and FOXO3a are the main tar-
gets whose overexpression triggers this positive effect [65]. In addition to regulat-
ing IGF-1, miR-17, miR-19b, miR-20a, and miR-106a target PTEN and inhibit the
AKT-mTOR pathway [66], emphasizing the diversity of miRNAs which can con-
tribute to modulate nutrient-sensing mechanisms implicated in the control of aging
and longevity.
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Mitochondrial Dysfunction

Mitochondrial dysfunction is another hallmark of aging [3]. The decline of autopha-
gic clearance during aging affects the equilibrium between mitochondrial fusion
and fission, leading to a build-up of dysfunctional mitochondria, oxidative stress,
inflammation, and apoptosis. The miRNAs that exert their roles in the mitochondria
are called mitomiRs and could act as vectors that sense and respond dynamically to
the changing microenvironment in this organelle. These regulatory elements modu-
late nuclear and mitochondrial encoded targets [67]. In a recent study, let-7b,
miR146a, miR-133b, miR-106a, miR-19b, miR-20a, miR-34a, miR-181a, and miR-
221 have been identified as mitomiRs. Further analysis has revealed that targets of
these miRNAs include genes that play important roles in processes like energy
metabolism, mitochondrial transport, and apoptosis, whose deregulation is linked to
aging [68]. Mitochondrial dynamics also plays a key role in some age-related
pathologies, such as Parkinson’s disease [69]. In addition, miR-34b and miR-34c,
whose expression is reduced in brain from Parkinson’s disease patients, alter the
mitochondrial function in neuronal cells through the inhibition of DJ1 and parkin,
two proteins associated with familial forms of the pathology [69]. An overview of
miRs and mitochondrial function is available in Chap. 3.

Cellular Senescence

A growing number of miRNAs are arising as important modulators of senescence.
This irreversible state of cellular growth arrest is an important effector of the cellular
response against DNA damage that prevents the malignant proliferation of cells har-
boring oncogenic DNA mutations. However, as in the case of DDR, some aspects of
cellular senescence have led to the consideration that it has a dual role through life-
span, protecting from cancer development but promoting inflammation and tissue
exhaustion, which prompts age-related alterations [70]. Numerous works have
revealed functional roles for miRNAs in senescence through a variety of mecha-
nisms. For example, miR-21 was reported as the first oncomiR that is able to produce
a hyper oncogenic signal sufficient to limit cell proliferation. Accordingly, miR-21 is
upregulated in senescent cells and its overexpression leads to cell-cycle arrest [71].
Another well-known oncogene, HRAS (V-12), induces senescence in primary fibro-
blasts through the production of reactive oxygen species (ROS). Yang et al. first
identified protein tyrosine phosphatase 1B (PTPIB) as a major target of RAS-
induced inhibition by ROS [72]. In turn, phospho-Tyr 393 of argonaute 2 is a direct
substrate of PTP1B and its phosphorylation impairs the loading of miRNAs and the
formation of the RNA-induced silencing complex (RISC) [72]. Furthermore, a recent
work has identified 22 senescence-associated miRNAs in human mammary epithe-
lial cells. In this subset, miR-26b, miR-181a, miR-210, and miR-424 repress
Polycomb group proteins CBX7, embryonic ectoderm development (EED), enhancer
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of zeste homologue 2 (EZH2) and suppressor of zeste 12 homologue (Suz12), and
activate p16, a key regulator of cellular senescence [73]. Moreover, macrophage
polarization plays a key role in developing age-associated diseases such as macular
degeneration. miR-33 impairs the ability of macrophages to efflux cholesterol, and
this intracellular lipid polarizes older macrophages to an abnormal, alternatively acti-
vated phenotype that promotes pathologic vascular proliferation. miR-33 exerts this
pathological role by downregulating the ATP binding cassette transporter ABCALI
and, consequently, mice deficient for Abcal exhibit accelerated aging [74]. Another
geromiR, let-7, contributes to prevent senescence through the inhibition of the reti-
noblastoma/E2F repressor complex, allowing the expression of proliferation-pro-
moting genes [75]. The biogenesis pathway of miRNAs plays a crucial role in the
regulation of cellular senescence. Thus, in a recent work, the synthesis of canonical
miRNAs was disrupted by knockdown of the microprocessor complex subunit
DGCRS [76]. In this experiment, DGCRS8 inactivation results in a dramatic antipro-
liferative response, with the acquisition of a senescent phenotype [76].

In summary, antagonistic hallmarks (deregulated nutrient-sensing, mitochon-
drial dysfunction, and cellular senescence) establish the biological response to pri-
mary hallmarks and, at low doses, mediate positive effects. However, when they
become very strong they can be deleterious. miRNAs contribute to fine-tune the
intensity of these responses and keep them under physiological limits [3].

Stem Cell Exhaustion

In addition to senescence, the decline of adult stem cell self-renewal and pluripo-
tency is also considered a key determinant in the age-associated deterioration of
tissue homeostasis and maintenance. Notably, several reports have described senes-
cence or age-related changes in miRNAs of human or rhesus macaque mesenchy-
mal stem cells [77, 78]. Furthermore, numerous studies have reported essential
roles for miRNAs in processes such as renewal, pluripotency, quiescent state main-
tenance, proliferation, and differentiation of adult stem cells in several tissues and
organisms. For example, the loss of self-renewal potential in old neural stem cells
has been linked to age-dependent upregulation of let-7b, which in turn inhibits
HMGAZ2 expression, a repressor of the INK4a/ARF locus [79]. Another illustrative
example involving let-7 is the testis stem-cell niche. In Drosophila testis, aging
results in a marked decrease in the self-renewal factor Unpaired (Upd), leading to a
loss of germline stem cells. The RNA binding protein Imp protects Upd from deg-
radation by let-7. In the absence of Imp, Upd mRNA becomes unprotected and
susceptible to degradation [80]. Hematopoietic stem cell self-renewal in mice is
also regulated by miR-33 repression of 7P53 [81], and the maintenance of quiescent
state in human muscle adult stem cells has been shown to be highly dependent on
miRNA activity, being miR-489 one of the most prominent effectors [82]. Stem cell
proliferation and neuronal differentiation in mice are also finely regulated by miR-
NAs of the miR-106b-25 cluster, which are in turn controlled by the aging-associated
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FoxO transcription factors [83]. Additionally, the expression of miR-486-5p and
miR-598 in human adipose tissue-derived mesenchymal stem cells (hADSCs) pro-
gressively increases with aging and regulates the expression of SIRT1, inducing a
premature senescence-like phenotype. In the case of miR-486-5p, this mechanism
blocks adipogenic and osteogenic differentiation [84, 85]. Studies of human embry-
onic stem cells (hESCs) have described a nonfunctional p53-p21 axis at the G1/S
checkpoint, which has recently been reported to be regulated by the miR-302 family
[86]. A progressive increase of miR-335 in ex vivo cultures of hMSCs, as well as
forced expression of miR-335, resulted in early senescence-like alterations includ-
ing senescence-associated secretory phenotype (SASP). Also in hMSCs, miR-
141-3p direct binding to the 3’ UTR of ZMPSTE24, which is involved in maturation
of lamin A, leads to accumulation of prelamin A in the nuclear envelope [87].

Altered Intercellular Communication

Aging also involves changes at the level of intercellular communication, be it endo-
crine, neuroendocrine, or neuronal. miRNAs influence intercellular communication
by being included in exosomes or directly circulating through body fluids [88, 89].
In C. elegans, life-span is controlled by signaling between the germline and the
soma. Different approaches have confirmed that miRNAs influence this process by
targeting well-known aging signaling pathways. For example, germ cell removal
extends life-span by triggering the activation of the DAF-16/FOXO transcription
factor in the intestine, and it was reported that miR-71 and let-7 function to mediate
this increase in longevity [90, 91]. In recent years, several lines of research have
converged on the concept of inflammaging: an age-related systemic chronic inflam-
mation that represents a prominent alteration in intercellular communication. miR-
NAs can fine-tune this activation of immune cells by regulating the SASP and the
Toll-like receptors, two putative mechanisms underlying inflammaging [92, 93].
For example, miR-21 and miR-29a are able to bind to TLRS, activating TLR-
mediated NF-kB signaling that leads to increased secretion of the proinflammatory
cytokines interleukin-6 and TNF-a [94].

There are several possibilities for restoring defective intercellular communica-
tion underlying aging processes. These strategies include nutritional interventions
such as caloric restriction, a condition that can promote longevity and protect
against age-associated disease across species. An elegant example in this regard has
been reported in C. elegans through the identification of miRNA-80 as a major regu-
lator during CR. Thus, miR-80 deletion confers system-wide healthy aging in a
mechanism that involves the factors cbp-1, daf-16/FOXO, and hsf-1 [95].

In summary, stem cells exhaustion and altered intercellular communication fall
into the category of integrative hallmarks, as they are the main mediators of the
aging phenotype and together influence the aging rate [3]. miRNAs regulate self-
renewal, inflammation, and other important conditions concerning this group of
integrative hallmarks of aging.
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Conclusions and Perspectives

The discovery of miRNAs has opened a new chapter in aging research that could
help to achieve a deeper knowledge of the molecular network underlying this com-
plex process. Although we are far from understanding the precise involvement of
these molecules in age-related alterations, solid evidence from the literature, dis-
cussed in this chapter, supports an important role for the growing group of geromiRs
in aging modulation. miRNA-mediated regulation impacts all nine molecular and
cellular hallmarks of aging, modifying the aging rate and age-related diseases both
in invertebrates and mammals [96]. Developing mammalian in vivo models for
ablation and gain of specific miRNAs will undoubtedly help us to answer many
important questions pertaining to how individual geromiRs regulate tissue aging
and organismal life-span. Nevertheless, diverse hallmarks are interconnected, which
will necessitate broader, integrative strategies. For example, cells that enter into
senescence acquire a SASP that leads to production of proinflammatory cytokines
and the triggering of inflammaging, a status with altered intercellular communica-
tion associated with aging [92]. In addition, a single miRNA may regulate several
processes affecting more than one hallmark. On top of this, the regulation of miRNA
expression, epigenetically or by transcription factors during aging, will also be a
topic of interest for future investigations. The recent advances in strategies to effec-
tively block or delivery specific miRNA in vivo may also facilitate new therapeutic
opportunities to delay or ameliorate age-related alterations as well as premature
aging syndromes [97]. Alternatively, a promising new area for miRNAs is in diag-
nostics, where miRNAs have great potential as molecular biomarkers of longevity
with ability to predict individual longevity better than chronological age [98].
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