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Abstract

Emerging evidence indicates that epigenetic regulators are critically required for the maintenance
of tissue-specific stem cells and that the epigenetic marks are altered in stem cells during
physiological aging. Intriguingly, aging-associated stem cell functional decline can be reversed by
manipulating epigenetic factors that become dysregulated during aging. These observations lend
support to the stem cell theory of aging, which postulates that aging is the result of the inability of
tissue-specific stem cells to replenish the tissues with functional differentiated cells that maintain
the function of a tissue, and open a new era of research on the epigenetics of stem cell aging that
may represent therapeutic potential. Recent advances in single cell technologies are
revolutionizing our mechanistic understanding of rare populations of cells, such as stem cells, and
offer an unprecedented opportunity to address this challenge.

Introduction

The past two decades have witnessed a significant revision of a traditional view that aging is
a random and passive process. Mounting evidence suggests that the aging process is
controlled by evolutionarily conserved genetic pathways [1,2]. The intense effort to identify
genetic regulators of organismal aging has led to the revelation that the rate of aging is
controlled, in part, by several epigenetic modifiers and metabolic factors [3]. Given that
epigenetic regulators require various metabolites as cofactors for chromatin modifications
[4], these findings raise the possibility that, during the aging process, epigenetic changes
result in the dysregulation of gene expression and the subsequent loss of cellular function.
This model is attractive, because it provides a potential explanation for the well-documented
lifespan- and healthspan-extending effects of calorie restriction [5].

Every cell changes with age. However, tissue-specific stem cells receive much attention in
aging research due to their unique properties of self-renewal and differentiation to give rise
to the progeny that support tissue structures and functions. The fact that stem cells persist
throughout the lifespan, to repair tissues and maintain homeostasis, argues that they may
have an essential role in the aging process. In this regard, the aging-associated accumulation
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of damage in stem cells can be passed along to their progeny and account for tissue
degeneration and dysfunction.

The property of maintaining tissue structures and functions has earned stem cells a
prominent position in the pantheon of aging research [6]. However, recent human studies
suggest that the impact of stem cell aging has been underestimated. For example, the
peripheral blood of young individuals is generated from a diverse pool of active
hematopoietic stem cells (HSCs), whereas aged individuals lose this diversity as clones arise
and take over the population, a phenomenon termed ‘clonal hematopoiesis of intermediate
potential’ (CHIP) [7]. Surprisingly, individuals with CHIP are not only at a higher risk for
developing aging-associated hematologic malignancies, but also display early mortality,
likely due to an increased risk of cardiovascular diseases. Thus, the effect of HSC aging may
go beyond the blood system, and impact distant tissues and overall organismal aging. Given
the implication of epigenetic alteration as a hallmark of aging, it is natural to inquire
whether epigenetic drift (see Glossary) is a driver of stem cell exhaustion during aging.
Here, we present emerging evidence supporting the epigenetics of stem cell aging and
clarify the trends and outstanding questions in this burgeoning field.

Opportunities

Early evidence supporting the epigenetic regulation of stem cell aging has begun to emerge,
and several epigenetic regulators have been shown to be critically required for stem cell
maintenance during aging. The sirtuin family members are linked to metabolism and
epigenetic regulation through their unique deacetylase activity that is dependent on NAD™.
The expression of SIRT2, SIRT3, and SIRT7 is repressed in aged HSCs [8-10]. Genetic
studies show that Sirt2- and Sirt3-deficient mice have age-dependent defects in HSC
maintenance, while Sirt6- and Sirt7-deficient mice exhibit HSC defects that resemble
aspects of HSC aging [8-11]. The expression of Tet2, a regulator of DNA methylation, is
reduced in aged neural stem cells (NSCs) and such a reduction can be reversed by
parabiosis, a surgical procedure that has been shown to reverse aging-associated
degeneration [12]. Tet2 ablation in mice causes compromised neurogenesis and cognition. In
Drosophila, the heterochromatin regulator Piwi limits aging-related changes in intestinal
stem cells (ISCs) [13]. Consistent with the genetic evidence, biochemical studies from stem
cells of various tissue origins have demonstrated aging-associated alterations in DNA
methylation, as well as histone acetylation and methylation marks [12,14-17]. Together,
these genetic and biochemical studies support the notion that epigenetic regulation is likely
to be a mechanism contributing to stem cell aging that is conserved across tissues and
species.

The study of stem cell biology has been challenging, because stem cells represent rare cell
populations and many conventional biochemical assays are not applicable. Furthermore, the
requirement of the niche to maintain stem cell identity renders further barriers to address this
problem through /n vitro expansion. The realization of stem cell population heterogeneity
casts another layer of complexity. Until recently, stem cell studies relied primarily on genetic
approaches and biochemical studies that can provide direct mechanistic insights have been
limited. However, recent advances in genomic and single cell technologies offer an
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opportunity to obtain direct evidence for the epigenetic regulation of stem cell aging with
unprecedented sensitivity and precision. This technical advancement, together with the early
genetic and biochemical evidence, will usher in a new era of research on the epigenetics of
stem cell aging.

Gaps and Challenges

What Are the Best Approaches and Stem Cell Models to Measure Epigenetic Changes due

to Aging?

A comprehensive understanding of the epigenetics of stem cell aging requires the
identification of the pattern of epigenetic marks that change in stem cells during aging, the
demonstration of the kinetics of such changes throughout lifespan, and the elucidation of
their impact on chromatin packaging and 3D organization. Refined technologies using
smaller cell numbers will improve the resolution of the epigenetic atlas of stem cell aging.
Coupling the kinetics of epigenetic changes and functional deterioration of stem cell aging
will substantiate or dispute the theory of epigenetics of stem cell aging. The comparison of
aging-associated epigenetic drift in stem cells across tissues or species will likely enrich our
understanding of stem cell aging through the identification of shared and unique regulatory
mechanisms, ultimately informing the most effective approaches for rejuvenation. Sex as a
biological variable should be considered, because sexual divergence in aging-related
epigenetic changes has been noted [15]. Lessons can also be obtained from studies of long-
lived species, such as naked mole rats, where the epigenome is more stable, leading to
maintained genome organization and the prevention of malignant transformation [18].
Another valuable model is induced pluripotent stem cells (iPSCs) derived from patients with
progeria, where reprogramming erases the epigenetic defects and resets the epigenetic
landscape to a revitalized pluripotent state [19].

What Is the Relationship between Epigenetic Perturbations and Stem Cell Aging?

Studies of known epigenetic regulators have provided proof-of-principle for the concept that
epigenetic alterations contribute to stem cell aging, and they offer an entry point to more
deeply dissect the regulatory mechanisms involved [8,9,11-13]. However, the epigenetic
regulation of stem cell aging is likely to be controlled by a multifactorial network. Thus, the
identification of the bona fide regulators of this process is a prerequisite to understand these
biological processes at a deep molecular level. The bona fide epigenetic regulators of stem
cell aging must fulfill the following criteria: (i) their activities must be changed in stem cells
during aging and the epigenetic marks governed by these factors should be altered; and (ii)
their gain- or loss-of-function should result in altered stem cell fate and function that mirror
some aspects of stem cell aging. Expanding our knowledge of how the epigenomic
landscape changes with age through the survey of additional epigenetic modifications in
stem cells should aid the identification of candidate regulators.

Given that metabolism is intimately linked to epigenetic regulation [4], it is equally
important to determine the metabolic alterations that occur upon stem cell aging. Analysis of
aging-associated metabolic alterations may provide insights into how epigenetic factors
become dysregulated in stem cells, and also begs the question as to what causes the
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metabolic alterations. The role of the mitochondria as a metabolic hub and their ability to
produce free radicals that initiate stress make the mitochondria likely suspects, but this
remains to be tested.

It is increasingly appreciated that genetic mosaicism increases with age [7]. In clonal
hematopoiesis, several epigenetic regulatory genes (DNMT3A, TETZ, and ASXLI)
frequently acquire somatic mutations. Thus, DNA damage could be a source of the
epigenetic drift that occurs in aged stem cells, and targeted error-corrected gene-sequencing
approaches can detect mutant clones in a heterogenous population of cells. In addition to
mutations in epigenetic factors, DNA damage may elicit cellular responses to alter the
epigenetic landscape [20]. Transposable elements can also disturb the genomic landscape
and their role in epigenetic drift warrants investigation.

The drivers of epigenetic drift in stem cells may also come from the extrinsic signals. As an
example, the robustness of circadian rhythms is reduced with age, contributing to aging-
associated physiological decline. Aging rewires the circadian gene expression in stem cells
[21]. How distal tissues communicate with stem cells to rewire the clock, and whether the
circadian rewiring is related to epigenetic drift in stem cells, are topics that remain to be
explored.

In addition to the sources of epigenetic drift in aged stem cells, it is equally important to
understand how epigenetic alterations lead to the functional decline of aged stem cells.
Given that mitochondrial stress[8], loss of proteostasis [9], and DNA damage [22] have
been put forth as causes of stem cell aging, the investigation of how epigenetic drift results
in the accumulation of cellular damage is a priority. Potential clues may come from
dysregulation in gene expression, including cryptic genes [23], and the altered downstream
cellular pathways, such as the developmental pathways [17]. Given that cellular damage can
drive epigenetic drift in aged stem cells and some epigenetic regulators of stem cell aging
have been shown to prevent cellular damages [8,9], a likely scenario is a feed-forward loop
that perpetuates the epigenetic drift and cellular damage (Figure 1, Key Figure). This line of
investigations will likely have profound implications for understanding the extent to which
stem cell aging can be reversed.

What Are Potential Interventions to Reverse or Overcome Stem Cell Aging?

Boosting mitochondrial protective programs that become dysregulated in aged stem cells
and repressing mitochondrial stresses can reverse the functional decline of stem cell aging
[8,9]. Thus, stem cell aging is likely due to the repression of cellular protective programs
and can be reversed by targeting these cellular protective programs. Reverting the alteration
in epigenetic stress responses in aged stem cells by targeting the epigenetic modifying
enzymes can improve the function of aged stem cell [17]. The identification of bona fide
epigenetic regulators of stem cell aging may lead to novel interventions to reverse stem cell
aging. In addition to insights from physiological stem cell aging, potential interventions
impacting the epigenome may also be derived from reverse engineering of known antiaging
approaches, such as calorie restriction and exercise. Rejuvenation strategies that broadly
target stem cell aging in multiple tissue types could have pleiotropic beneficial effects.
However, although the successful reversal of stem cell aging relies on the efficacy and
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precision of the epigenetic changes, one should also be wary of potential untoward effects,
such as oncogenic transformation.

An important consideration is the proper assessment of stem cell aging and rejuvenation.
The multiplexed nature of epigenetic regulation of stem cell aging posits that manipulation
of a single mechanism is unlikely to fully recapitulate or revert physiological stem cell
aging. A complete understanding of key mechanisms of epigenetic regulation of stem cell
aging is accomplished when physiological stem cell aging is faithfully reconstituted or
reverted with the manipulation of these combined mechanisms. Stem cell aging and
rejuvenation are ultimately assessed by their functional capacity to self-renew, differentiate,
and regenerate the tissues that are changed by natural aging. The functional assessment can
be complemented by the measurement of an array of molecular markers of stem cell aging to
demonstrate the rate-limiting step of stem cell aging. The recent success in the development
of biomarkers of aging based on DNA methylation is instrumental, because such epigenetic
clocks enable accurate estimate of biological age across tissues [24]. Such technologies may
be applied to stem cells. Alternatively, stem cell-specific epigenetic clocks could be
developed for assessing stem cell aging and rejuvenation.

What Are the Gaps in Our Knowledge for Age-Related Changes in Epigenetic Status of
Stem Cells and Their Relationship to Certain Diseases or Afflictions?

Animal models where bona fide epigenetic regulators of stem cell aging are specifically
ablated in stem cells are valuable tools to assess the impact of epigenetics of stem cell aging
on distal tissues and organismal aging. For example, clonal expansion has been recapitulated
in a mouse model reconstituted with HSCs deficient for Tet2, which is frequently mutated in
the blood cells of individuals with clonal hematopoiesis, and this mouse model develops
accelerated atherosclerosis and heart failure due to aberrant activation of the NLRP3
inflammasome in macrophages [25,26]. The impact of age-related changes in epigenetics of
stem cells on the development of other age-related diseases and the underlying mechanisms
remain to be explored. The observation that the NLRP3 inflammasome becomes aberrantly
activated in aged HSCs raises the possibility that epigenetic drift ultimately manifests as
dysregulated inflammatory signaling in aged HSCs, which give rise to mature blood cells
that are prone to inflammation and negatively affect distant tissues [10]. This is just the tip
of the iceberg in understanding how stem cell aging impacts distant tissues and overall
healthspan. The significance of this line of research is that it provides the rationale for stem
cell-based therapies to extend healthspan. While current epidemiological studies have
demonstrated that individuals with clonal hematopoiesis have shortened lifespan, studies in
centenarians may provide unique insights into the relationship between epigenetics of stem
cell aging and longevity.

Concluding Remarks

Given the importance of stem cell aging in the degeneration and dysfunction of aging tissues
and the reversible nature of epigenetic regulation, a comprehensive understanding of the
epigenetics of stem cell aging is central to the basic biology of aging (see Outstanding
Questions). In addition, this understanding is pivotal to the realization of the extent to which
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aging-associated conditions are reversible and, ultimately, to the therapeutic potential of the
biology of aging.
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Highlights
Epigenetic marks are altered in stem cells during physiological aging.

Epigenetic regulators are critically required for the maintenance of tissue-specific stem
cells.

Aging-associated stem cell functional decline can be reversed by altering the epigenetic
landscape.

Epigenetics of stem cell aging can impact distant tissues and organismal aging.
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Outstanding Questions

What are the best approaches and stem cell models to measure epigenetic changes due to
aging?

What is the relationship between epigenetic perturbations and stem cell aging?
What are potential interventions to reverse or overcome stem cell aging?

What are the gaps in our knowledge for age-related changes in epigenetic status of stem
cells and their relationship to certain diseases or afflictions?
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Key Figure
Epigenetic Regulation of Stem Cell Aging

DNA damage Mitochondrial stress

N
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Figurel.

During the aging process, mitochondrial stress causes metabolic changes, while DNA
damage causes mutations in epigenetic factors, resulting in epigenetic changes,
transcriptional dysregulation, and repression of cellular protective programs that safeguard
mitochondrial and genomic integrity. This forms a feed-forward loop that perpetuates the
epigenetic changes and cellular damage that ultimately lead to loss of stem cell maintenance
and function.
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