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Chromatin: the old and young of it

Felicity J. Emerson and Siu Sylvia Lee*

Lee Lab, Department of Molecular Biology and Genetics, Cornell University, Ithaca, NY, United States

Aging affects nearly all aspects of our cells, from our DNA to our proteins to how our
cells handle stress and communicate with each other. Age-related chromatin
changes are of particular interest because chromatin can dynamically respond to
the cellular and organismal environment, and many modifications at chromatin are
reversible. Changes at chromatin occur during aging, and evidence from model
organisms suggests that chromatin factors could play a role in modulating the aging
process itself, as altering proteins that work at chromatin often affect the lifespan of
yeast, wormes, flies, and mice. The field of chromatin and aging is rapidly expanding,
and high-resolution genomics tools make it possible to survey the chromatin
environment or track chromatin factors implicated in longevity with precision
that was not previously possible. In this review, we discuss the state of
chromatin and aging research. We include examples from yeast, Drosophila,
mice, and humans, but we particularly focus on the commonly used aging
model, the worm Caenorhabditis elegans, in which there are many examples of
chromatin factors that modulate longevity. We include evidence of both age-
related changes to chromatin and evidence of specific chromatin factors linked
to longevity in core histones, nuclear architecture, chromatin remodeling, and
histone modifications.
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1 Introduction

While aging affects nearly all beings, the rate of aging varies widely between species and
even between individuals of the same species. In humans, studies from identical twins show
us that only 20%-30% of aging can be attributed to genetics alone (Pal and Tyler, 2016). Even
in laboratory settings with C. elegans worms that are nearly genetically identical, an
individual wildtype (WT) worm can live twice as long as one of its siblings. Organisms
with castes such as bees and ants show us genetically similar individuals within a species can
have wildly different behavioral patterns and lifespan trajectories, as queen bees can live
100 times longer than worker bees (Remolina and Hughes, 2008). Cells taken from humans
as old as 101 years of age have been successfully reprogrammed into a youthful stem cell-like
state in the lab, indicating that genetics is not a limiting factor for rejuvenation (Lapasset
etal, 2011; Mertens et al., 2015). To understand these phenomena, we must look beyond the
genetic code to understand the broader context of how cells, tissues, and organisms interpret
their genomes depending on their cellular and organismal environments.

Chromatin provides an interface between genetic information and the environment,
allowing an individual’s experiences to shape the course of their life from within their cells. In
order to store and protect genetic material, DNA is wrapped around histone proteins inside
the nucleus, and this bundle of DNA and histones is termed chromatin. Histones do more
than simply package DNA however, as the level of accessibility versus condensation of
chromatin can impact the availability of DNA to binding by transcriptional machinery and
therefore the expression of genes (Chen et al., 2021). The tails of histones are also frequently
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adorned with post-translational modifications in the guise of small
chemical compounds such as methyl or acetyl groups. Histone
marks are placed by proteins termed “writers”, decoded by
“readers”, and removed by “erasers” (Biswas and Rao, 2018).
Many histone modifications are placed co-transcriptionally
(Eissenberg and Shilatifard, 2006; Saunders et al., 2006; Fong
et al, 2017), and the position and type of modification often
correlates with the transcriptional status of the nearby genes
(Kouzarides, 2007). Histone modifications and the proteins that
regulate them are often required for gene expression, however recent
evidence suggests that histone modifications themselves do not
directly regulate transcription, but could contribute to altering
the surrounding chromatin environment and recruiting various
readers and chromatin regulators (Morgan and Shilatifard, 2020;
Wang Z. et al, 2022). Besides post-translational modifications,
histones can also be modified by chromatin remodelers, proteins
that can slide histones along DNA or remove them (Clapier and
Cairns, 2009), thereby changing the chromatin structure. DNA itself
can also be modified by methyl groups, and the methylation state of
DNA correlates with gene expression (Unnikrishnan et al., 2019).

Chromatin and aging are intricately linked. While human twins
share the same genetics, their chromatin modifications diverge during
aging (Cheung et al., 2018). Likewise, long-lived queen bees possess
differences in DNA methylation compared to short-lived workers
(Wang et al., 2020). Epigenetic changes are one of the hallmarks of

10.3389/fmolb.2023.1270285

aging (Lopez-Otin et al, 2013), and changes at chromatin including
alteration of core histones, loss of heterochromatin, nuclear
morphology defects, and altered patterns of histone modifications,
have been identified in aged samples compared to young ones (See
Figure 1). Further evidence comes mainly from model organisms,
in which experimental manipulation demonstrates that alteration
of specific chromatin factors, such as histone modifiers or
chromatin remodelers, affects longevity. In this review, we will
discuss progress in the field of chromatin and aging, including
both alterations at chromatin that occur during aging, and
evidence that specific chromatin factors modulate longevity.
The experimental evidence will focus on the well-characterized
aging model C. elegans, which has highly conserved chromatin
factors and modifications (Cui and Han, 2007), and has been used
extensively in aging research with many well-defined aging
pathways. We will also include examples from yeast, flies, mice,
and humans in our discussion.

2 Changes to core histones
2.1 Core histone protein levels

The chromatin fiber consists of DNA wrapped around a histone
octamer, an assembled subunit of eight core histone proteins: two
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FIGURE 1

Age-related chromatin changes. Schematic representing the types of changes that can occur at chromatin during aging by comparing young nuclei

(A) to old nuclei (B). Chromatin is typically organized with dense heterochromatin anchored to the nuclear periphery and euchromatin in the nuclear
interior, however the structure at heterochromatin as well as the organization of euchromatin can change during aging. Numbers denote specific age-
related changes evident in old nuclei that are discussed in this review, many of which can result from changes in chromatin remodeling. 1) loss of

core histones; 2) changes in histone variants, with the pink color representing a non-canonical variant; 3) loss of heterochromatin; 4) deterioration in
nuclear morphology; 5) changes in site-specific histone marks. Particular changes in histone marks are depicted in Figure 2. “Ac” represents histone
acetylation marks and "Me3" represents histone methylation marks, with those at the nuclear periphery representing H3K9me3 and H3K27me3, and those
in the nuclear interior representing H3K4me3. Note that the changes depicted here represent the variety of changes detailed in this review, and do not

necessarily always co-occur in every cell during aging.
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each of histones H2A, H2B, H3, and H4 (Kouzarides, 2007). Studies
in various organisms have identified differential expression of these
core histone proteins during aging, with decreased expression
typically seen in aged samples. The loss of core histone proteins
could result in inappropriately accessible DNA due to inadequate
packaging, which could lead to aberrant gene expression and
increased susceptibility to DNA damage (Pal and Tyler, 2016).
The most well-characterized example of histone loss during aging
is in the budding yeast, Saccharomyces cerevisiae, where histone
protein levels are decreased by approximately half during replicative
aging (Dang et al., 2009; Feser et al., 2010), possibly due to the
activation of the DNA damage checkpoint and genome
missegregation in aged cells (Crane et al, 2019). This is despite
the global increase in transcription that is observed in aging yeast
cells, where nearly all RNA transcripts, including transcripts that
code for histone proteins, are increased during replicative aging (Hu
etal., 2014). Since increasing core histone protein levels during aging
extends lifespan in yeast (Feser et al, 2010), the loss of histone
proteins would seem to be a cause of replicative aging.

Similarly, H3 protein levels have been shown to decrease with
aging in somatic cells of C. elegans (Ni et al., 2012) and in bulk
analysis from male Drosophila (Larson et al., 2012), supporting a
global decrease of core histone proteins with aging in multiple
organisms. However, the genome-wide distribution of H3 protein
levels in C. elegans somatic cells are well-correlated between young
and old animals (Pu et al., 2018; Li et al., 2021), revealing no major
changes in H3 occupancy during somatic aging in the worm. This
suggests that H3 loss during aging may reflect a change in the free
histone pool rather than occupancy of H3 at chromatin itself.

Overexpression of the histone H4 can increase lifespan in C.
elegans, and H4 is required for a model of longevity induced by
overexpression of heat shock factor 1 (HSF-1) (Sural et al., 2020).
Similarly, mild histone stress via knockdown of H2A histone genes
(with his-3 RNAI) led to increased levels of H2B and H3 in a likely
compensatory mechanism and a mildly extended lifespan in C.
elegans. The extension required the chromatin remodeler ISW-1
(See “Chromatin Remodeling” section below) and HSF-1, and
operated in the same genetic pathway as mitochondrial-mediated
longevity (via cco-1 RNAi) (Matilainen et al., 2017).

Although many studies have reported reduced levels of core
histone proteins in mammalian aging and senescence (O’Sullivan
et al., 2010; Liu B. et al., 2013; Ivanov et al., 2013; Shah et al., 2013), a
recent comprehensive analysis that tested H2B and H3 protein levels
in aged male mouse livers and cerebellum found no evidence of age-
related decreases in core histone levels (Chen et al., 2020). Indeed, an
analysis of chromatin immunoprecipitation sequencing (ChIP-seq)
profiling (Johnson et al., 2007) of H3 occupancy with age in the male
mouse heart, liver, cerebellum, olfactory bulb, and primary neural
stem cell cultures derived from the subventricular zone found that
fewer than 2% of detected nucleosomes exhibited a change in
occupancy in any cell type during aging (Chen et al, 2020).
Coupled with the absence of large-scale changes in histone
proteins detected by Western blot, the data support largely stable
H3 levels and distribution during mouse aging, similar to the
findings in C. elegans genome-wide profiling experiments.

These varied results emphasize the importance of careful cell-
type specific analysis, as dramatic changes observed in one organism
or one cell type may not hold true for a whole animal or diverse
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organisms. Additionally, incorporating both bulk level analysis like
immunoblotting along with whole-genome occupancy-level data
like ChIP-seq will be important to form a complete picture of how
core histones change with age in diverse systems. However, as there
are likely minor changes in histone occupancy in all cell types, this
highlights the importance of histone proteins as a control for
genomic  studies  targeting  histone  post-translational
modifications, as without normalizing to core histone levels, a
change in a histone mark during aging could simply reflect a
change in nucleosome occupancy at that particular genomic

location (Chen et al., 2020).

2.2 Histone protein variants

Canonical histone proteins are assembled during replication, but
histone variants, which are alternative histone proteins which vary
slightly in sequence from their canonical counterparts, can be
incorporated into DNA in a replication-independent manner
(Henikoff, 2008). Of particular interest to the aging field is the
histone H3 variant H3.3, which has four changes in amino acid
sequence from the canonical H3 protein, and is enriched in
of DNA (Henikoff, 2008).
Mammalian studies show that H3.3 increases during aging, with

transcriptionally active regions

H3.3 taking over canonical H3 in the mouse by 18 months of age
(Tvardovskiy et al., 2017). Analysis from human samples found
H3.3 levels increased over the first decade of life in human brains
(Maze et al, 2015), and increased in aged human fibroblasts,
accompanied by a downregulation of H3.1 (Rogakou and Sekeri-
Pataryas, 1999).

In C. elegans, HIS-71 and HIS-72 are H3.3-like proteins. Their
mRNA and protein expression increases with age in adult C. elegans
somatic cells, which are post-mitotic (Narayan et al., 2016; Piazzesi
et al., 2016). Although loss of H3.3 through deletion of his-71 and
his-72 did not impact the lifespan of WT worms, it did dramatically
shorten the lifespan of multiple long-lived mutants, including the
reduced insulin signaling daf-2(e1370) mutant, the germline-less
glp-1(bn18) mutant, and the mitochondrial nuo-6(qm200) mutant
(Piazzesi et al., 2016). This suggests that H3.3 may be necessary for
survival in advanced age and may promote extended longevity in
multiple pro-longevity contexts. It will be interesting in the future to
test how HIS-71 and HIS-72 occupancy at chromatin changes
during aging in WT worms and longevity mutants, and whether
the genes at which H3.3 is incorporated during aging are changed in
expression.

3 Nuclear architecture changes
3.1 Loss of heterochromatin

Domains within chromatin fibers can either be condensed,
called heterochromatin regions, or relaxed, called euchromatin
regions. Heterochromatin is typically associated with genes that
are silenced, as the tightly wrapped DNA is difficult to access for
transcription, while euchromatin is associated with active gene
expression (Tamaru, 2010). The “loss of heterochromatin” model
of aging, first put forth in 1997, proposes that a general decrease in
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heterochromatin occurs with age and leads to defects in gene
silencing and age-related changes in
(Villeponteau, 1997; Tsurumi and Li, 2012).

Bulk levels of heterochromatin-marking histone modifications
H3K9me3 and H3K27me3 (Penagos-Puig and Furlan-Magaril,
2020) decline with aging in many model systems (Shumaker
et al., 2006; Bracken et al., 2007; Maures et al., 2011; Djeghloul
etal, 2016; Ito et al,, 2018). This is particularly true in senescent cell

gene  expression

cultures, which represent cells in a permanent state of cell-cycle
arrest and dysfunction (Lopez-Otin et al., 2013) and are a useful
model to interrogate aging questions in long-lived species such as
these
heterochromatin histone marks using techniques like ChIP-seq

humans. Interestingly, genome-wide profiles of
are not always consistent with this hypothesis (See “Histone
Post-translational Modifications” section below). Loss of
transcriptional silencing has also been demonstrated during aging
in multiple organisms, and is prominent in yeast aging (Smeal et al.,
1996; Larson et al., 2012).

Some experimental evidence also supports a role for
heterochromatin in promoting longevity, as a 50% reduction in
the Heterochromatin Protein (HP1) in female Drosophila led to a
drastically shorter lifespan than controls, whereas modest
overexpression of HP1 increased lifespan (Larson et al, 2012).
This was not the case in C. elegans however, where mutation or
reduction by RNAI of one of the two HPI homologs, hpl-2, actually
increased worm lifespan (Meister et al., 2011). Altering histone
modifiers that target heterochromatin marks also affects lifespan in
many organisms, however the lifespan phenotypes do not always
follow the predictions of the “loss of heterochromatin” model of
aging (See “H3K27me3” and “H3K9me3” sections below).

Somewhat paradoxically, along with a global loss of
heterochromatin with aging, local regions of heterochromatin
also accumulate in some human senescent cells (Narita et al,
2003). These are termed senescence-associated heterochromatin
foci (SAHF), H3K9me3, and
H3K27me3, and are typically thought to be transcriptionally
2014). Hi-C

chromatin capture analysis, a technique that can detect regions of

are accompanied by HPI,

repressed (Corpet and  Stucki, Interestingly,
DNA that frequently contact each other (Licberman-Aiden et al,
2009), revealed that even while SAHF form in senescent cells, the
physical contacts within these regions of heterochromatin decrease,
suggesting that SAHF may represent decondensed heterochromatin
regions still marked by repressive histone marks and partially
reconciling the appearance of SAHFs with the idea that
heterochromatin is globally lost with aging (Chandra et al,
2015). In line with this, Tomimatsu et al. identified a subset of
H3K9me3 peaks in a human fibroblast model of senescence that also
contained the active mark H3K27ac and were identified as accessible
regions as determined by assay for transposase-accessible chromatin
with sequencing (ATAC-seq) (Tomimatsu et al., 2021). Some of
these peaks showed gene activation, consistent with the idea that
regions marked by H3K9me3 in senescent cells may represent a
decondensed and more accessible form of chromatin than
traditional heterochromatin (Tomimatsu et al., 2021).
Importantly, global reduction accompanied by local and region-
specific gain of heterochromatin-associated histone modifications
has also been seen in C. elegans somatic cells (Li et al., 2021) (See
“H3K27me3” and “H3K9me3” sections below), suggesting that
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localized gain in heterochromatin marks may be a common
feature of aging. These region-specific gains of heterochromatin
highlight the importance of genome-wide and molecule-specific
approaches coupled with gene expression analysis, and the
subtlety required in interpreting global trends in chromatin
during aging.

3.2 Nuclear morphology

Heterochromatin and euchromatin, besides correlating with
different gene expression statuses, are also organized differently
in the nucleus, with heterochromatin lining the nuclear periphery,
and euchromatin residing preferentially in the nucleoplasm
(Buchwalter et al,, 2019) (See Figure 1). During aging, nuclear
morphology is often seen to deteriorate (Tsurumi and Li, 2012),
and the structure anchoring heterochromatin to the edge of the
nucleus breaks down (Gruenbaum et al., 2002). The most notable
example of such a breakdown occurs in the human premature aging
disorder, Hutchinson-Gilford Progeria Syndrome (HGPS), which is
typically caused by a germline mutation in lamin A that leads to an
aberrant splice site in the gene and a protein product, termed
progerin, that is missing part of the C-terminal region (De
Sandre-Giovannoli et al., 2003; Eriksson et al., 2003). Lamin A,
encoded by the human gene LMNA, is an essential component on
the nuclear lamina, which provides structure for the nucleus by
lining the nuclear periphery and anchoring heterochromatin
(Dittmer and Misteli, 2011). Lamin A is normally modified by
post-translational farnesylation, which may help target it to the
nuclear membrane. It is later cleaved and the last 18 amino acid
residues are removed, which also removes the farnesyl group from
lamin A. Progerin lacks the residues in lamin A that are normally
cleaved, and as a result, progerin is permanently farnesylated
(Dittmer and Misteli, 2011). In HGPS, which shares some
common features with natural aging, the heterochromatin marks
H3K9me3 and H3K27me3 are lost over time and nuclear
morphology breaks down (Goldman et al., 2004; Shumalker et al.,
2006). Interestingly, low levels of progerin are also produced during
natural human aging due to the use of a cryptic splicing site in
LMNA, and nuclear morphology defects, similar to those seen in
HGPS, are seen in cells derived from elderly individuals (Scaffidi and
Misteli, 2006; Mosevitsky, 2022).

Nuclear morphology defects also occur during aging in C.
elegans, characterized by folded nuclear lamina, blurred nuclear
periphery, and intranuclear accumulation of the only lamin in C.
elegans, LMN-1 (Haithcock et al., 2005). LMN-1 is required for a
normal lifespan in the worm, as loss of function mutation or RNAi
of Imn-1 leads to a short lifespan. This is further supported by
evidence that simultaneously reducing two interacting partners of
LMN-1, EMR-1 and LEM-2, also shortens C. elegans lifespan
(Haithcock et al., 2005). Some long-lived C. elegans strains show
slower nuclear morphology defects during aging, including a dietary
restriction mimic, eat-2(ad1116) (Charar et al., 2021) and the insulin
receptor mutant daf-2(e1370) at 25°C (Haithcock et al., 2005; Zhao
et al, 2017). This suggests that nuclear morphology could be
correlated with lifespan.

However, evidence suggests that the nuclear morphology defects
observed in C. elegans can be separated from the lifespan phenotype.
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Pérez-Jiménez et al. showed that while daf-2(e1370) mutants
exhibited delayed nuclear morphology defects during aging at
25°C as previously reported, they exhibited a rate of nuclear
morphology defects comparable to wildtype worms at 20°C, even
while they remained very long-lived at 20°C (Pérez-Jiménez et al.,
2014). Furthermore, Fan et al. demonstrated that nuclear blebs, local
deformations of the nuclear envelope that form small protrusions
and are characteristic of HGPS (Capell and Collins, 2006), increased
with age in C. elegans but did not correlate with longevity (Fan et al.,
2023). Specifically, interventions known to affect lifespan in C.
elegans, such as aging at increased temperatures or long-lived
daf-2(e1370) mutation at 20°C, did not consistently alter the rate
of nuclear blebbing accumulation with aging.

Similarly, although blocking farnesylation and thereby preventing
the permanent farnesylation of progerin is sufficient to extend the
lifespan of mouse models of HGPS (Varela et al., 2008; Zhang et al.,
2013), blocking farnesylation with three different pharmacological
and genetic approaches in C. elegans was sufficient only to improve
the age-related nuclear morphology defects, but not the lifespan, of
wildtype worms (Bar et al, 2009; Bar and Gruenbaum, 2010).
Although it is unknown whether C. elegans lamin is processed in
the same way as human lamin A, and the interventions used to inhibit
farnesylation were broad inhibitors rather than targeting LMN-1
farnesylation exclusively, the evidence taken together suggests that
nuclear morphology defects and longevity can be uncoupled in C.
elegans. This uncoupling has also been observed in a fish model of
HGPS, which exhibits the nuclear morphology defects but not the
shortened lifespan characteristic of HGPS (Tonoyama et al., 2018). It
will be intriguing to uncover whether nuclear morphology and aging
can be uncoupled in mammals. Further experimentation to
understand how loss of Imn-1 shortens lifespan of the worm and
whether it does so by affecting nuclear morphology or by other
mechanisms, will also be crucial for understanding the link between
lamins, nuclear morphology, and aging.

4 Chromatin remodeling

Cells are presented with many occasions where DNA packaging
into nucleosomes must be altered to facilitate a biological process.
Nucleosomes must be assembled after replication, and re-positioned
or ejected to alter the accessibility of regulatory regions and aid in
DNA repair or transcriptional activation or repression (Clapier and
Cairns, 2009). In order to accomplish this, cells utilize specialized
chromatin remodelers, which use ATP hydrolysis to insert, move, or
eject histones from chromatin. Many of the changes at chromatin we
have discussed, such as loss of histones, changes in histone variants,
and changes in chromatin accessibility, may be facilitated by
chromatin remodelers. There are four classes of chromatin
remodeling complexes, classified by the characteristics of the
remodeler’s ATPase domain: SWI/SNF, ISWI, CHD, and INOS80.
There are many similarities as well as unique features among these
remodelers (Clapier and Cairns, 2009), and many studies implicate
these factors in aging and longevity processes, especially in C.
elegans. Due to the abundance of experimental evidence in C.
elegans and the availability of a recent review covering chromatin
remodelers and aging (Swer and Sharma, 2021), we will focus here
on evidence linking remodelers to longevity in the worm.
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4.1 SWI/SNF family

The SWI/SNF (switching defective/sucrose nonfermenting)
family of remodelers have been shown to work with the pro-
longevity forkhead box O (FOXO) transcription factor, DAF-16,
to control lifespan in C. elegans. Riedel et al. identified SWI/SNF
components as a major cofactor in mediating DAF-16-dependent
gene expression pathways (Riedel et al., 2013), which promote stress
resistance and longevity and are required for the long lifespan of the
reduced insulin signaling daf-2 mutant (Kenyon et al, 1993;
Murphy, 2006). They found that SWI/SNF chromatin remodelers
of the BAF-subclass signature are recruited in part by DAF-16 to
DAF-16-bound promoters, where they contribute to the activation
of DAF-16-target genes. SWSN-1 and SWSN-4 were both required
for the long lifespan of the daf-2(e1370) mutant in a DAF-16-
dependent manner (Riedel et al.,, 2013). Bansal et al. had similar
findings, and showed that SWI/SNF remodelers regulate the
expression of the daf-16d/f isoform in adulthood, which
contributes to the lifespan extension of the daf-2(e1370) mutant
(Bansal et al., 2014).

Interestingly, moderate loss of swsn-1 appears not to affect WT
lifespan during aging at 25°C, but strong loss of function can
decrease WT lifespan at 25°C (Riedel et al.,, 2013) and reduction
of swsn-1 by RNAI can decrease WT lifespan at 15°C (Zhou L. et al.,
2019). Together, these observations suggest that SWI/SNF
components cooperate with DAF-16 to modulate the expression
of DAF-16d/f itself along with DAF-16 target genes. Interestingly,
loss of SWSN-7, a signature member of the PBAF-subclass, which
does not appear to work with DAF-16 (Riedel et al., 2013), also
shortens C. elegans lifespan (Kuzmanov et al., 2014). Taken together
with the evidence that a strong loss of function allele of swsn-1 can
shorten the lifespan of a daf-16 null mutant (Riedel et al., 2013), this
suggests that the SWI/SNF complex can modulate lifespan via DAF-
16-dependent and independent mechanisms, which will be an
interesting avenue for future investigation.

4.2 ISWI family

Members of the NURF (Nucleosome Remodeling Factor)
complex, which belongs to the ISW1 (imitation switch) family of
chromatin remodelers, have been implicated in longevity in C.
elegans. However, the effects of the NURF complex components
are variable and depend upon treatment and genetic background.
Matilainen et al. showed that overexpression of ISW-1, the catalytic
subunit of the NURF complex, extends lifespan of wildtype worms
through controlling the expression of small heat-shock proteins
(sHSPs) (Matilainen et al., 2017). ISW-1 is required for the full
longevity of both a model of mitochondrial-mediated longevity, cco-
I RNAi (Matilainen et al., 2017), and the reduced insulin signaling
mutant, daf-2(e1368 and el370) (Curran et al, 2009). However,
Matilainen et al. showed that knockdown of isw-1 through RNAi is
sufficient to shorten WT lifespan only when RNAI treatment is given
to both the parental generation (during larval stages 1-3) and the
test generation, suggesting that ISW-1 could promote longevity
during a critical developmental window and in adulthood
(Matilainen et al., 2017). Surprisingly, Miithel et al. demonstrated
that isw-1(n3294) mutants, which are believed to represent a
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decrease in ISW-1 function (Andersen et al., 2006), are long-lived
compared to WT worms (Miithel et al., 2019), and Guillermo et al.
uncovered isw-1 from a blind RNAi screen for chromatin factors
that when knocked down increased longevity (Guillermo et al.,
2021). This suggests that ISW-1 could have opposing roles in
longevity in different contexts, and highlights the importance of
testing multiple methods of reducing protein function in various
conditions.

Evidence consistently suggests that NURF-1, a member of the
NURF complex predicted to bind DNA and methylated histones,
limits longevity, although again the results are context-dependent.
Matilainen et al. found that knockdown of nurf-1 extends WT
lifespan (Matilainen et al, 2017), however the RNAi regimen
again involved pre-treatment of the parental generation (from
larval stages 1-3) and subsequent RNAi of the tested generation.
Large et al. identified a 60-bp deletion in the nurf-1 gene as being
partially responsible for the differences in reproduction and
longevity between two laboratory-adapted C. elegans strains,
N2 and LSJ2, which originated from a single hermaphrodite and
likely diverged due to laboratory maintenance conditions (Large
et al, 2016). LSJ2, which contains the nurf-1 deletion, was
historically grown in nutrient-poor liquid culture conditions and
has a longer natural lifespan at 25°C on plates compared to N2.
When the nurf-1 deletion was introduced into the N2 background,
lifespan was increased, although not to the same extent as the
LSJ2 strain. Importantly, the authors used a version of the
N2 strain containing the ancestral alleles for npr-1 and glb-5,
which have been previously shown to have acquired variation in
the commonly used N2 strain. They found when they compared the
lifespan of the standardly used N2 strain with variants of npr-1 and
glb-5 to a previously generated nurf-1(n4295) mutant, there was no
change in longevity (Large et al., 2016). This is in contrast to the
findings of Miithel et al., who demonstrated that the nurf-1(n4295)
mutant is long-lived compared to the standard N2 strain (Miithel
et al,, 2019). The difference is puzzling given that both papers used
the same allele of the nurf-1 mutant (n4295), and that lifespan
conditions were similar, with both papers aging worms at 25°C on
plates containing the chemical 5-fluoro-2'-deoxyuridine (FUDR) to
prevent progeny production. The only notable difference between
the two protocols is that Miithel et al., who observed a long-lived
phenotype, grew their worms at 15°C until larval stage 4 (L4),
whereas Large et al., who observed no longevity phenotype, grew
their worms at 20°C until the young adult stage, before both aging
them at 25°C. Taken together, both members of the NURF complex
seem to influence longevity in a context-specific manner in C.
elegans.

4.3 CHD family

CHD (chromodomain, helicase, DNA binding) family members
have also been implicated in longevity, but similarly to the ISWI
family, the results are inconsistent throughout conditions and family
members. The most notable complex formed by CHD family
members is the NuRD (nucleosome remodeling and deacetylase)
complex, which is unique because it contains both a nucleosome
remodeler (either LET-418 or CHD-3 in C. elegans (Passannante
etal, 2010)) and a histone deacetylase (Basta and Rauchman, 2015)
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(HDA-1 in C. elegans (Passannante et al, 2010)). The NuRD
complex can thus act to alter the chromatin environment via
both changing the position of nucleosomes and removing post-
translational modifications of acetylation from histones (See
below).
However, several members of the NuRD complex also belong to

“Histone Post-translational ~Modifications”  section
additional chromatin complexes and regulate diverse processes

including  development (Basta and  Rauchman, 2015),
complicating the interpretation of genetic results.

The core remodeling subunit of the NuRD complex in C. elegans
can be either LET-418 or CHD-3. Miithel et al. identified that loss of
CHD-3 by mutation (chd-3(eh4) mutant)) leads to a slightly
extended lifespan in the worm (Miithel et al., 2019). While one
report indicates that loss of LET-418 in the let-418(n3536) mutant
leads to no impact on longevity (Golden et al., 2022), two others
show that let-418(n3536) mutants are long-lived (De Vaux et al,
2013; Miithel et al., 2019). De Vaux et al. identified that the long
lifespan of let-418 mutants is partially dependent on DAF-16 and
that LET-418 is required for the full extent of longevity of the daf-
2(el370) mutant, age-1 RNAi worms, and akt-1(RNAi);akt-2(0k939)
worms, all of which are factors in the insulin signaling pathway,
suggesting that LET-418 is involved in this pathway (De Vaux et al.,
2013). Importantly, while NuRD complex members do affect
development, the chd-3 mutant has been reported not to exhibit
obvious developmental phenotypes, and the let-418(n3536) mutant
is a temperature-sensitive mutant with normal germline and
shifted to the

temperature at the L4 stage (De Vaux et al,, 2013).

reproductive  phenotypes when restrictive

The conflicting results regarding the lifespan of the let-
418(n3536) mutant are reminiscent of those described above for
the nurf-1 mutant, as the only notable difference between the
protocols is that De Vaux et al. and Miithel et al.,, both of whom
observed a lifespan phenotype, developed their worms at 15°C until
the L4 stage, while Golden et al., who did not observe a lifespan
phenotype, developed their worms at 20°C until the L4 stage. Taken
together, these results indicate that NuRD complex chromatin
remodelers could negatively regulate lifespan, and that the precise
developmental temperature used for growing worms could have a
major impact on longevity phenotypes for members of chromatin
remodeling complexes in C. elegans.

Reduction of NuRD complex component LIN-61 in the lin-
61(n3809) mutant also led to a long lifespan at 25°C (Miithel et al.,
2019), however, depletion of other NuRD complex members does
not always lead to a long lifespan, and loss of several NuRD complex
components leads to a decreased lifespan. Additionally, the effects of
loss of certain components seem to be dependent on timing and
temperature. Reduction of DCP-66 from the L4 stage by RNAi
results in a decreased lifespan (Golden et al., 2022). Reduction of
LIN-53 by RNAi initiated at the L4 stage led to no detectable lifespan
phenotype (De Vaux et al,, 2013), whereas lin-53(n3368) and lin-
53(n833) mutants are short-lived compared to WT (De Vaux et al,
2013; Mithel et al., 2019; Zhu et al., 2020). Similarly, reduction of the
histone deacetylase component of the NuRD complex, HDA-1, by
RNAI initiated at the L4 stage or day 1 of adulthood at 25°C (De
Vaux et al., 2013; Emerson et al., 2023) or in liquid culture initiated
at the L1 stage at 20°C (Edwards et al., 2014) had no effect on
lifespan, whereas worms aged on plates with RNAi initiated at the
L1 stage exhibited a shorter lifespan than control worms at 20°C
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(Shao et al., 2020). While Miithel et al. found that lin-40(0k905)
mutants exhibited no lifespan phenotype at 25°C (Miithel et al,
2019), Zhu et al. found lin-40(yth27) mutants to be significantly
at 20°C, and found that
overexpression of LIN-40 was sufficient to increase the lifespan
of WT worms (Zhu et al., 2020).

NuRD complex components have also been demonstrated to be

shorter lived than WT worms

required for the mitochondrial unfolded protein response in C.
elegans, and several components are required for the extended
longevity of models of mitochondrial perturbation. Specifically,
LIN-40 and LIN-53 are required for the long lifespan seen under
cco-1 RNAI conditions (Zhu et al., 2020), and HDA-1 is required for
the long lifespan under atp-2 RNAI conditions (Shao et al., 2020). In
both cases, LIN-40 or HDA-1, respectively, were shown to be
required for the normal change in RNA expression in response
to mitochondrial perturbation (Shao et al., 2020; Zhu et al.,, 2020).

Apart from the NuRD complex, CHD-7, the only worm
homolog to the class III CHD family, has been studied in
lifespan regulation in C. elegans (Jofré et al, 2022). Mutants for
chd-7 (gk290 and gk306) are short-lived in C. elegans, however
perplexingly, overexpression of CHD-7 with CHD-7:GFP also
resulted in a shorter lifespan in WT worms, suggesting dosage of
CHD-7 could be critical for lifespan regulation. The long lifespan of
the daf-2(e1370) mutant is dependent on CHD-7, as the chd-
7(gk290) mutant, which is dauer-defective, can shorten the
lifespan of the daf-2(e1370) mutant to a similar extent as daf-
16(mu86) mutation. The authors found that CHD-7 shares many
chromatin binding sites with DAF-16, and also that CHD-7 works in
the TGFp signaling pathway, though whether these observations
account for the lifespan phenotype of the mutant remain unclear
(Jofré et al., 2022).

Altogether, members of the CHD family of chromatin
remodelers have varied impacts on longevity in C. elegans,
dependent on the protein, timing, and condition. It will be
interesting for future studies to systematically identify how these
factors impact lifespan under varied conditions, and how chromatin
itself is altered in the mutants to affect longevity.

4.4 INO8O family

To our knowledge, there is no evidence connecting the INO80
(inositol requiring 80) family of chromatin remodelers to longevity
in C. elegans. However, since INO80 has been implicated in telomere
maintenance and senescence in mice (Min et al, 2013) and
chronological lifespan in yeast (Garay et al, 2014), exploring
INO80 components in C. elegans will be an interesting avenue
for future study.

5 Histone post-translational
modifications

Histone tails are frequently modified with post-translational
modifications that often correlate with the expression of the
genes they mark. Histone acetylation marks are typically
associated with transcriptional activation, as the negative charge
of the acetyl group added to the positive charge on lysine residues
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within histone tails neutralizes the charge and reduces the attraction
between the histones and negatively charged DNA molecules, thus
opening chromatin (Bannister and Kouzarides, 2011). As the
addition of methyl groups does not universally impact the charge
of the histone tail, methylation marks have properties more specific
to the number of methyl groups added and location of methylation
on the histone tail. Active methylation marks include trimethylation
of lysine 4 on histone 3 (H3K4me3), which usually marks active
promoters, and trimethylation of lysine 36 on histone 3
(H3K36me3), which marks the gene body of actively transcribed
genes (Wang et al., 2009). Marks associated with transcriptional
repression include trimethylation of lysine 27 on histone H3
(H3K27me3) and trimethylation of lysine 9 on histone 3
(H3K9me3), which mark heterochromatin (Penagos-Puig and
Furlan-Magaril, 2020). Although there are many more histone
marks present in the cell, those mentioned above are some of the
best studied, especially in the context of longevity, and this review
will focus on those. Additionally, because of the abundance of
experimental evidence and because recent reviews have detailed
changes in bulk histone modifications during aging (Booth and
Brunet, 2016; Pal and Tyler, 2016; Denzel et al., 2019; Yi and Kim,
20205 Yu et al,, 20205 Saul and Kosinsky, 2021), this review will focus
on studies that examine genome-wide changes in histone
modifications via chromatin profiling techniques, if available, and
experimental evidence connecting histone writers, readers, and
erasers to longevity, particularly in C. elegans.

5.1 Histone acetylation

Acetyl groups can be added to histone tails at many locations, and
specific histone acetylation marks can be associated with different
genomic features, for example H3K9ac typically marks promoter
regions while H3K27ac is a mark of active enhancers (Wang et al,,
2009; Zhang et al, 2015). However, as there are many histone
acetylation marks and no known studies investigating the genome-
wide changes in histone acetylation in C. elegans, we will focus this
review on the factors that control histone acetylation, which have been
implicated in longevity in C. elegans and many other model systems.
The effects of reduction of either histone acetyltransferases (HATS),
which place histone acetylation, or histone deacetylases (HDACs),
which remove histone acetylation (Bannister and Kouzarides, 2011),
on longevity are variable. Often, dramatically reducing HATs or
HDACs will lead to a shortened lifespan, possibly because these
factors are so ubiquitous in the cell and serve so many essential
functions. However, HATs and HDACs can also serve roles to
modulate longevity, often depending on the context. Therefore,
there is no simple relationship between histone acetylation and
longevity, but examining the factors involved can provide clues as
to the complex relationship between acetylation and lifespan. In future
experiments, it will be critical to uncover the genome-wide binding
profiles of these factors in C. elegans during development, adulthood,
and aging, to understand differences between each HAT/HDAC and
why some, but not all, contribute to longevity.

5.1.1 Histone acetyltransferases

Reducing the C. elegans HAT CBP/p300 homolog CBP-1 by
RNAI initiated during development or in adulthood substantially
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shortened the lifespan of WT worms in two studies (Zhang et al.,
2009; Zhou L. et al.,, 2019), while RNAI initiated at the L4 stage
lengthened lifespan in another (Guillermo et al., 2021). Surprisingly,
both Zhang et al. and Guillermo et al. utilized similar conditions,
including aging worms at 20°C in the presence of FUDR, but
obtained opposite results. CBP-1 has been shown to be required
for lifespan extension by dietary restriction, daf-2(e1370) mutation
(Zhang et al., 2009), and temperature-induced hormetic lifespan
extension (Zhou L. et al, 2019) in C. elegans. Interestingly,
knockdown of p300 in human cells has been shown to induce
senescence (Prieur et al., 2011), suggesting that CBP/p300 could be a
conserved pro-longevity factor in worms and humans in certain
contexts. Mutation of another HAT gene, hat-1, can extend C.
elegans lifespan (Miithel et al, 2019), suggesting it could limit
longevity in worms.

5.1.2 Histone deacetylases

HDAGCs are subdivided into classes based on their protein
structure and cofactor required to remove acetylation. Class I, II,
and IV HDAGCs require zinc as cofactors, while class III HDACs
(sirtuins) require NAD" as a cofactor (Park and Kim, 2020). While
Class I HDAC:s are typically ubiquitously expressed, the others can
be tissue-specific (Park and Kim, 2020). Classes I, II, and III have
been studied in the context of lifespan in C. elegans, while it is
unclear whether C. elegans possess Class IV HDACs (Milazzo et al.,
2020).

5.1.2.1 Class | and Il HDACs

In C. elegans, the most well-studied Class I HDAC is HDA-1,
which is part of both the NuRD complex and additional NuRD-
independent HDAC complexes (See “CHD Family” in “Chromatin
Remodeling” section above). As discussed above, loss of hda-1 leads
to either no change in lifespan (De Vaux et al., 2013; Edwards et al.,
2014; Emerson et al., 2023) or a shortened lifespan in WT worms
(Shao et al., 2020), depending on conditions. Interestingly, loss of
SIN-3, a core component of another complex HDA-1 belongs to
(SIN3/HDAC complex), also leads to a shortened lifespan in C.
elegans (Pandey et al., 2018; Sharma et al., 2018; Miithel et al., 2019).
Knockdown of SIN3 in Drosophila also shortens lifespan of both
male and female flies (Barnes et al., 2014). Miithel et al. suggest that
LIN-53, another member of the NuRD complex, also regulates
lifespan through interaction with SIN-3 independently from
NuRD (Miithel et al,, 2019). Thus, in some contexts, the SIN3/
HDAC complex may help to promote longevity.

The other two Class I HDAC:s in C. elegans (HDA-2 and HDA-
3) have also been studied in longevity regulation. Reduction of
HDA-2 or HDA-3 by RNAi has been shown to modestly extend
lifespan, whereas constitutive knockout worms harboring mutations
in hda-2 (Edwards et al.,, 2014) or hda-3 (Edwards et al., 2014;
Kawamura and Maruyama, 2020) had shortened lifespans,
suggesting that partial inhibition of HDACs could be beneficial
for longevity, whereas full inhibition or inhibition during
embryogenesis is detrimental for longevity (Edwards et al., 2014).
A similar phenomenon has also been observed in Drosophila, where
heterozygous loss of Rpd3, the HDACI homolog, leads to an
extended lifespan (Rogina et al., 2002), but homozygous loss of
Rpd3 is lethal (Mannervik and Levine, 1999). As HDACs are broad
factors that are critical for development, it is perhaps not surprising
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that their effects can be highly variable. Along with the results
suggesting that the lifespan phenotype caused by loss of hda-1 is
context-dependent in C. elegans, these studies underlie the
importance of careful examination of experimental conditions,
developmental timing, and partial versus complete gene depletion.

Similarly, mutation of Class II HDACs hda-10 (Edwards et al.,
2014) or hda-4 (Edwards et al., 2014; Nikooei et al., 2020) have been
shown to reduce WT lifespan in C. elegans. HDA-4 has also been
shown to be required for the longevity of the kin-29(oy38) mutant
(Nikooei et al., 2020). KIN-29, a salt-inducible kinase, inhibits HDA -
4 by phosphorylation (van der Linden et al., 2007), suggesting that in
WT worms and in the context of kin-29 mutants, HDA-4 activity
may promote longevity.

5.1.2.2 Class lll HDACs

The most notable example of an HDAC as a longevity factor is
the Class III NAD"-dependent sirtuin, SIRT1 in mammals or SIR-
2.1 in C. elegans, which is typically thought to promote lifespan.
Sirtuins are deacetylases with both histone and non-histone targets,
(Booth and Brunet, 2016) and SIRT1 has many important functions,
including repressing repetitive elements and responding to DNA
damage (Oberdoerffer et al., 2008). The role of SIRT1/SIR-2.1 in
lifespan has been studied extensively and remains somewhat
controversial due to conflicting results. SIR2 was originally
identified in yeast (Klar and Fogel, 1979) and was shown to
impact lifespan in yeast in 1999, with deletion leading to a
shortened lifespan, and overexpression of SIR2 leading to an
extended replicative lifespan (Kacberlein et al.,, 1999). Knockout
of SIRT1 in mice does lead to a shortened lifespan, but
SIRT1 knockout mice often die in the perinatal period and
exhibit developmental defects (Herranz and Serrano, 2010).
Overexpression of SIRT1 in whole mice promotes healthy aging,
but fails to extend lifespan (Herranz et al, 2010), whereas
overexpression in just the mouse brain has been shown to
increase lifespan (Satoh et al., 2013).

Overexpression of SIR2 homologs in worms and flies, SIR-
2.1 and dSir2, were both shown to increase lifespan (Tissenbaum
and Guarente, 2001; Rogina and Helfand, 2004; Viswanathan et al.,
2005). In C. elegans, the long-lifespan caused by overexpression of
SIR-2.1 is dependent on DAF-16 (Tissenbaum and Guarente, 2001),
and evidence suggests that under stress conditions, SIR-2.1 can
activate DAF-16 via interaction with 14-3-3 proteins, which are also
required for the lifespan extension of SIR-2.1 overexpression
(Berdichevsky et al, 2006). This activation appears to occur
indirectly through repression of the chromatin adaptor protein
HCF-1, which is bound and repressed by SIR-2.1 and then
subsequently binds 14-3-3 proteins and inhibits DAF-16 from
reaching its target promoters (Rizki et al., 2011).

A follow-up report suggested that the lifespan-extending effects
of SIR-2.1 overexpression in worms and flies was due to genetic
background rather than overexpression of SIR-2.1 (Burnett et al.,
2011), that
overexpressing SIR-2.1 still increased lifespan in C. elegans, but

however subsequent outcrossing demonstrated
perhaps to a lesser extent than originally reported (Viswanathan and
Guarente, 2011). Further analysis identified that the long lifespan
caused by overexpression of SIR-2.1 was dependent on the absence
of a common background mutation which was identified in the

strains of the Burnett et al. paper (Zhao et al., 2019). Specifically,
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FIGURE 2

Changes in histone modifications during aging. Schematic illustrating changes in histone modifications observed during aging in somatic cells of the
worm C. elegans, compiled from ChIP-seq experiments of germline-less glp-1(e2141) mutants in young worms (day 2 adults) vs old worms (day 12 adults)
(Pu et al., 2015; Pu et al,, 2018; Li et al,, 2021). Some changes are evident at a chromosome-wide view (top), but become more evident when viewing
smaller gene-specific regions (bottom). When viewing histone marks from a chromosome-wide view (top), active histone marks (H3K4me3 and
H3K36me3) typically occupy similar regions of chromatin, as do repressive marks (H3K27me3 and H3K9me3) in C. elegans, however the regions
occupied by active and repressive marks are distinct. Compared to young worms (A), the genome-wide distribution of histone marks in old worms (B) is
typically relatively stable, with local changes that both increase and decrease in direction. With aging, repressive marks, particularly H3K9me3, show an
overall decrease, however this is region-specific, and the marks tend to decrease in the chromosome center and increase in the chromosome arms.
There may also be somewhat of an invasion of active marks into domains normally occupied by repressive marks. When viewing individual peaks
(bottom), H3K4me3, which typically marks promoter regions, exhibits age-related changes in gene bodies that typically correlate with gene expression
changes. H3K36me3 is relatively stable with age, and genes marked by H3K36me3 tend to be stable in expression during aging. Most H3K27me3- and
H3K9me3-marked regions do not change with age, but many H3K9me3-marked regions exhibit local gains with age, although these changes are not
well-correlated with gene expression changes. Green arrows represent transcription start sites of theoretical genes. Note that the theoretical genes
shown here represent separate examples of changes observed in histone modifications during aging and do not represent a real instance of genes in

10.3389/fmolb.2023.1270285

immediate proximity.

Zhao et al. identified a common background mutation in the gene
fIn-21in a commonly distributed WT stock (termed fln-2(0t611)) that
increased lifespan compared to the wildtype fIn-2 allele and
abrogated the effect of SIR-2.1 overexpression on lifespan.
Interestingly, the authors also determined that the increased
lifespan of SIR-2.1 overexpression was dependent on the presence
of the chemical FUDR (Zhao et al., 2019), which is commonly used
to prevent progeny production in the worm, but which can also have
additional effects on worm physiology and can interact with certain
lifespan-modulating pathways (Aitlhadj and Stiirzenbaum, 2010;
Van Raamsdonk and Hekimi, 2011; Rooney et al., 2014; Wang et al.,
2019). Taken together, SIRT1/SIR-2.1 is one of the best studied
factors to extend lifespan and healthspan in organisms from yeast to
mice, and though the effects of overexpression seem to be context-
dependent, SIRT1/SIR-

evidence consistently suggests that

2.1 promotes healthy aging and longevity.

5.2 H3K4me3

5.2.1 Age-associated changes
In C. elegans, Pu et al. profiled H3K4me3 during development
(larval stage 3), adulthood (adult day 2), and old age (adult day 12) in
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somatic cells using germline-less glp-1(e2141) mutants. They found
that most H3K4me3 levels were established during development and
did not display age-related changes (Pu et al., 2018). Importantly,
30% of H3K4me3-marked regions did change during aging, and this
30% tended to be regions within gene bodies which were not marked
by H3K4me3 in development, but which gained the mark in
adulthood (See Figure 2). Of the peaks that changed with age,
approximately 45% increased (1,168 peaks), and 55% decreased
(1,400 peaks), and these changes correlated with gene expression
changes during aging as expected (Pu et al., 2018). This is consistent
with site-specific changes in H3K4me3 rather than global trends.
This gain of H3K4me3 in non-canonical regions is also seen in
yeast. Cruz et al. found that H3K4me3 levels at promoter regions
increased with age, gaining marks on promoters that were not
typically marked with H3K4me3 at a young age. This increase in
H3K4me3 was highly correlated with genes that increased in mRNA
expression with age (Cruz et al., 2018). Of note, Cruz et al. limited
their analysis to promoter regions, and the overall induction of
H3K4me3 they saw is consistent with the genome-wide induction of
transcription that occurs with age in yeast (Hu et al., 2014).
Shah et al. identified that
H3K4me3 forms broad domains spanning hundreds of kilobases,

In human senescent cells,

as opposed to the sharp peaks typically seen for H3K4me3 in healthy

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1270285

Emerson and Lee

cells (Shah et al, 2013). A similar, though less dramatic
phenomenon, was observed in aged murine HSCs, where over
half of H3K4me3-marked regions broadened in aged cells, while
fewer than 10% of H3K4me3-marked regions shrank (Sun et al,
2014). These changes were again correlated with gene expression
changes during aging. Other studies observed more modest changes.
McCauley et al. noted that, while the overall distribution of
H3K4me3 did not change with age in human mesenchymal stem
cells (hMSCs), there was a slight increase in H3K4me3 enrichment
in promoters, consistent with a slight opening of chromatin
(McCauley 2021). that
H3K4me3 distribution remained constant in quiescent stem cells

et al, Liu et al. found
isolated from muscles of old versus young mice, with a slight
decrease in signal strength at transcription start sites (TSSs) (Liu
L. al,  2013). Similarly, Wood et al. found that
H3K4me3 distribution did not change in aged Drosophila heads,
but the average H3K4me3 enrichment decreased (Wood et al,
2010).

Across model systems, H3K4me3 responds to aging, often

et

increasing in a region-specific manner, and changes are typically
well correlated with age-related changes in gene expression.
Interestingly, regions bound by H3K4me3 that change during
aging are frequently non-canonical in some way, either
representing genes or regions of genes not commonly bound by
H3K4me3, or peaks shaped differently from those normally seen in

H3K4me3-bound regions.

5.2.2 Factors linked to longevity

Many factors that bind or modify H3K4me3 have been linked to
longevity, especially in C. elegans. The COMPASS complex, which
places H3K4me3, has in particular been an area of active study. A
seminal paper from Greer et al. showed that reduction of C. elegans
COMPASS complex components, SET-2, ASH-2, and WDR-5,
through mutation or RNAI, extends worm lifespan (Greer et al,
2010), suggesting that H3K4me3 could limit lifespan. Strikingly, this
longevity could be inherited to WT offspring with functional SET-2,
ASH-2, and WDR-5 for up to four generations (Greer et al., 2011).
This was further supported by evidence that reduction of the
H3K4me3 demethylase, RBR-2, increased H3K4me3 and reduced
worm lifespan (Greer et al., 2010; Maures et al,, 2011), and that RBR-
2 is required for the inheritance of longevity in WT offspring
COMPASS complex mutants (Greer et al, 2011). Demethylase-
deficient mutants of LID, the Drosophila homolog of RBR-2, also
exhibit reduced lifespan in male flies (Li et al., 2010), suggesting this
pattern could be somewhat conserved. Strikingly, the longevity
results of the COMPASS complex mutants oppose those found in
yeast, where COMPASS complex components are required for
normal replicative lifespan and expression of genes during aging
(Cruz et al., 2018).

The results in worms have also varied between laboratory and
conditions, suggesting that the effects of the COMPASS complex are
highly dependent on the environment. Whereas reduction of RBR-2
was originally shown to shorten lifespan (Greer et al., 2010; Maures
et al,, 2011), RNAI of rbr-2 can actually extend the lifespan of WT
worms aged with the chemical FUDR (Lee et al., 2003; Greer et al.,
2010; Nietal.,, 2012), and results conflict on whether loss of rbr-2 can
extend lifespan in a germline-less glp-1(e2141) mutant background
(Greeretal, 2010; Nietal, 2012). In fact, Alvares et al. reported that
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rbr-2 mutants were slightly long-lived at both 20°C and 25°C in the
absence of FUDR (Alvares et al., 2014), further confounding the
results.

Several papers have also reported failure to reproduce the
longevity phenotypes of COMPASS complex mutants, with
Caron et al. reporting that two different alleles of the set-2
mutant, including the set-2(0k952) mutant utilized by Greer
et al.,, were actually short-lived compared to WT worms (Caron
et al, 2022). Lee et al. reported that the long lifespan caused by
reduction of WDR-5 (with RNAI or in the wdr-5(ok1417) mutant)
was only present after maintaining worms with lowered WDR-5 for
many generations (Lee et al., 2019). To reconcile these differences,
Silva-Garcia and Mair created two new set-2 mutants using CRISPR/
Cas9 genome-editing and observed that loss of set-2 does extend C.
elegans lifespan, but the effects vary based on food source (Silva-
Garcfa and Mair, 2022). In the lab, C. elegans consume bacteria, and
two of the most popular strains of bacteria used to feed worms are
the Escherichia coli strains OP50 and HT115. OP50 is frequently
used for standard maintenance, while HT115 is usually used for
RNAi experiments. The metabolites available to C. elegans differ
between these two food sources, and this has been shown to affect
various phenotypes in the worm, including stress response and
longevity in certain conditions (Zhou J.-J. et al., 2019; Revtovich
et al.,, 2019; Stuhr and Curran, 2020). Silva-Garcia and Mair found
that loss of set-2 extended C. elegans lifespan when aged on HT115,
but not OP50 bacteria (Silva-Garcia and Mair, 2022), which may
partially account for the discrepancies seen in the field.

The mechanism of lifespan extension for COMPASS complex
mutants and the mechanism of the inheritance of this longevity has
also been an active area of study. Han et al. showed that long-lived
COMPASS complex mutants on HT115 bacteria have high levels of
lipid accumulation, and factors required for maintaining high lipid
levels were also required for the lifespan extension of COMPASS
mutants (Han et al,, 2017). Interestingly, Wan et al. showed that
WDR-5, but not SET-2 or ASH-2, was required for the inheritance of
fat accumulation in a C. elegans model of obesity (Wan et al,, 2022),
raising the question of whether inheritance of fat accumulation could
contribute to the inheritance of longevity in COMPASS mutants.
Importantly, Greer et al. found that, while the longevity was inherited
in WT offspring of COMPASS complex mutants, the bulk level
decrease in H3K4me3 that is seen in COMPASS complex mutants
is not inherited to WT offspring (Greer et al., 2011), presumably due
to the now-functional COMPASS complex components themselves.
Therefore, the question of what epigenetic signal could mediate the
longevity in WT offspring remained puzzling. Lee et al. suggest that
the signal is H3K9me2, which they found to be positively correlated
with longevity (Lee et al, 2019). They found that the
H3K9me2 methyltransferase MET-2  was the
inheritance of longevity in wdr-5 mutants, and that mutation of
the putative H3K9me2 demethylase, JHDM-1, resulted in a long
lifespan which was similarly inherited to WT offspring for several

required for

generations. Importantly, they identified that a subset of genes marked
by high levels of H3K9me2 in long-lived jhdm-1 mutants also showed
high H3K9me2 in long-lived WT offspring of jhdm-1 mutants,
suggesting H3K9me2 could be a heritable signal for longevity (Lee
et al., 2019).

Apart from the COMPASS complex mutants, the
H3K4me3 reader, SET-26, has been shown to limit longevity in
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C. elegans (Hamilton et al., 2005; Greer et al., 2010; Ni et al., 2012).
SET-26 does not directly add or remove H3K4me3, but rather binds
to the mark and could contribute to regulation of the chromatin
environment through recruitment of additional chromatin factors.
In contrast to the COMPASS complex mutants, the longevity caused
by SET-26 inactivation is not heritable to WT offspring (Greer et al,,
2011). Similarly, while COMPASS complex proteins are believed to
modulate longevity through the germline (Greer et al., 2010), SET-
26 acts in somatic cells to limit lifespan, and the paralog of SET-26,
called SET-9, which is expressed exclusively in the germline, does
not modulate lifespan (Wang et al., 2018). Interestingly, SET-26 may
modulate longevity in part by recruiting HCF-1, the chromatin
adaptor protein shown to repress DAF-16, to chromatin in somatic
cells (Emerson et al., 2023). Inactivation of either set-26 or hcf-1
increases worm lifespan, and the factors act in the same genetic
pathway to modulate longevity. The two proteins share common
binding sites at chromatin, regulate common sets of genes, and both
require the histone deacetylase HDA-1 (Emerson et al., 2023) and
the transcription factor DAF-16 (Li et al., 2008; Ni et al., 2012) for
their longevity. Interestingly, SET-26 can only competently bind
H3K4me3 marks when they are flanked by nearby acetylation
(Wang et al, 2018), so the genetic interaction between SET-26,
HCF-1, and HDA-1 is particularly interesting and warrants further
investigation.

Altogether, perturbation of H3K4me3 readers, writers, and
erasers is strongly linked to longevity in C. elegans, but whether
altering H3K4me3 is beneficial or detrimental to longevity depends
on the experimental conditions and factors tested.

5.3 H3K36me3

5.3.1 Age-associated changes

Using ChIP-seq profiling in young and aged germline-less glp-
1(e2141) worms, Pu et al. found that H3K36me3 remained largely
stable during worm aging, and a small number of sites increased and
decreased with age (Pu et al,, 2015). While the H3K36me3 marks
themselves tended not to change, Pu et al. identified that genes that
dynamically changed in expression during aging were either
unmarked or marked by low levels of H3K36me3 in their gene
bodies, implicating H3K36me3 as an important mechanism to
prevent mRNA changes during aging (Pu et al, 2015) (See
Figure 2). The anti-correlation between H3K36me3 and RNA
changes during aging seems to be well-conserved in diverse
organisms. Although global H3K36me3 enrichment decreases
with age in Drosophila heads (Wood et al., 2010), the observation
that genes that change with age tend to be marked by low levels of
H3K36me3 in their gene bodies remained true (Pu et al., 2015). Sen
et al. found that H3K36me3 levels measured by ChIP-seq were also
largely stable during yeast aging, but decreased on the gene bodies of
244 genes that were reproducibly identified to exhibit cryptic
transcription (identified through intragenic transcripts) with age
(Sen et al,, 2015). This pattern holds true even in human cells, where
McCauley et al. identified an increase in cryptic transcription
accompanied by a decrease in H3K36me3 marks on gene bodies
in aged hMSCs (McCauley et al., 2021). These highly consistent
studies implicate H3K36me3 as a potential mechanism to prevent
aberrant transcriptional programs during aging.

Frontiers in Molecular Biosciences

11

10.3389/fmolb.2023.1270285

5.3.2 Factors linked to longevity

Like the genome-wide profiling data, the evidence linking factors
associated with H3K36me3 to longevity are the most consistent of
any histone mark presented here. The data indicate that loss of
H3K36me3 is detrimental for longevity, as would be expected if
H3K36me3 were a mechanism to prevent aberrant RNA expression
in old age. Reduction of  the C. elegans
H3K36me3 methyltransferase, MET-1, by mutation or RNAI],
reduces bulk levels of H3K36me3 and shortens the lifespan of
both WT and germline-less glp-1(e2141) mutants (Pu et al,
2015). The same is true in yeast, where loss of MET-1 homolog,
Set2, leads to a decreased replicative lifespan (Sen et al., 2015).
Conversely, loss of the H3K36me3 demethylase, JMJD-2, increases
lifespan in WT worms, although puzzlingly RNAI of jmjd-2 has no
effect on the lifespan of glp-1(e2141) mutants (Ni et al., 2012). This
discrepancy could be caused in part due to JMJD-2’s joint putative
role as a demethylase for H3K36me3 and H3K9me3 (Whetstine
et al,, 2006). Loss of the yeast H3K36me2/me3 demethylase, Rphl,
also extends replicative lifespan (Sen et al., 2015), consistent with a
model by which H3K36me3 promotes longevity, possibly by
preventing aberrant RNA expression during aging.

5.4 H3K27me3

5.4.1 Age-associated changes

In C. elegans, the genome-wide distribution of H3K27me3 stays
largely stable with age. Li et al. compared H3K27me3 in old (day
12 adult) versus young (day 2 adult) germline-less glp-1(e2141)
using  ChIP-seq that
H3K27me3 signal slightly decreased in aged worms, very few

worms and found while  overall
regions (1.1%) reached statistical significance (Li et al.,, 2021) (See
Figure 2). Of the few regions that reached significance, the majority
(59 of 66) showed increased H3K27me3 marks in aged worms, and
the genes overlapping with these regions tended to decrease in
expression during aging (Li et al., 2021). Interestingly, Maures et al.
found that global H3K27me3 levels measured by western blot
analysis dropped precipitously by day 14 in glp-1(e2141) mutants
(Maures et al,, 2011), and it will be interesting in the future to
determine whether the distribution of H3K27me3 peaks changes at
extreme old age (day 14 and beyond) in these worms.

In aged murine HSCs, Sun et al. also found that H3K27me3 peak
number did not change dramatically with age, but individual peaks
did reproducibly change (Sun et al, 2014). Like in worms, the
majority of sites that were identified as significantly differentially
bound by H3K27me3 in aged cells increased (402 of 526). The
overall signal length of H3K27me3 increased, as did the signal at the
transcription start site (TSS), which increased by around 50% in old
cells (Sun et al,, 2014). Liu et al. also found a general increase in
H3K27me3 in quiescent stem cells isolated from muscle of old
versus young mice (Liu L. et al., 2013). H3K27me3 increased in both
intergenic regions and at TSSs with age, but the correlation between
gene expression change and altered H3K27me3 with age was low
(Liu L. et al., 2013).

In human senescent cells, Shah et al. identified widespread
changes in H3K27me3, with similar numbers of large regions
exhibiting increased or decreased H3K27me3 signal (Shah et al,
2013). In contrast, Chandra et al. identified very few global changes

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1270285

Emerson and Lee

in H3K27me3 in human senescent cells (Chandra et al., 2012).
Interestingly, both papers used the same cell line (IMR90 human
fibroblasts), but Shah et al. induced senescence via replicative
senescence (continual passaging until cell cycle arrest), while
Chandra et al. used oncogene-induced senescence (activation of
an oncogene leading to cell cycle arrest). Thus, although bulk levels
of H3K27me3 have been shown to decrease with aging or senescence
in several systems (Shumaker et al., 2006; Bracken et al., 2007;
Maures et al., 2011; Ito et al., 2018), genome-wide analysis often
identifies local regions of H3K27me3 that increase in aged cells, and
the patterns identified depend on the cell type and model
system used.

5.4.2 Factors linked to longevity

Alteration of factors that modify H3K27me3 has been
extensively linked to longevity in C. elegans, however the
evidence has been made somewhat confusing by the observation
that mutations that either increase or decrease H3K27me3 can
extend lifespan. Specifically, loss of components of the Polycomb
Repressive Complex (PRC2), MES-2, MES-3, and MES-6, which
places H3K27me3, extends lifespan in C. elegans (Ni et al., 2012;
Guillermo et al, 2021). This would indicate that reducing
H3K27me3 could be beneficial for lifespan. However, reduction
of the putative H3K27me3 demethylases UTX-1 and JMJD-3.2,
which should increase H3K27me3 levels, also extends lifespan in
C. elegans (Jin et al, 2011; Maures et al,, 2011; Ni et al,, 2012;
Guillermo et al, 2021), although complete homozygous loss of
UTX-1 is lethal (Kemphues et al., 1988). The lifespan extension
caused by reduction of UTX-1, JMJD-3.2, and MES-2 are all
dependent on DAF-16 (Jin et al, 2011; Maures et al, 2011;
Guillermo et al,, 2021). Interestingly, the daf-2 gene is a direct
H3K27me3 demethylase target of UTX-1, and daf-2 RNA
expression depends on UTX-1 (Jin et al, 2011). As UTX-1
requires its demethylase domain to modulate lifespan (Guillermo
etal., 2021), this could be consistent with a role of UTX-1 in directly
regulating H3K27me3 levels on daf-2 to modulate lifespan (Jin et al.,

2011).
Consistent with the observation that altering both
H3K27me3 methyltransferases and demethylases increases

lifespan, overexpressing either JMJD-3.2 or UTX-1 also extends
C. elegans lifespan (Guillermo et al., 2021). Interestingly, Guillermo
et al. identified that longevity mediated by knockdown of UTX-1
occurred through its actions in epidermal cells, neurons, and
intestinal cells, whereas longevity mediated by overexpression of
UTX-1 occurred through its actions in neurons and intestinal cells,
but not epidermal cells (Guillermo et al., 2021). While knockdown of
the JMJD-3.2 paralog, JMJD-3.1, does not lead to longevity in WT
worms (Guillermo et al., 2021), overexpression of JMJD-3.1 can
extend WT lifespan (Labbadia and Morimoto, 2015; Merkwirth
etal, 2016) and induce the mitochondrial unfolded protein response
(Merkwirth et al., 2016). JMJD-3.1 is also required for longevity
induced by mitochondrial dysfunction (Merkwirth et al, 2016),
suggesting that JMJD-3.1 may also have a role in longevity in specific
situations.

Altering H3K27me3 levels is likely to contribute to the
modulation of longevity in C. elegans, but there is no simple
relationship between H3K27me3 and longevity. Understanding
the specific targets of  each

tissue genome-wide
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H3K27me3 methyltransferase and demethylase under basal and
overexpression conditions may help to further untangle the
relationship between each factor, H3K27me3, and longevity. In
Drosophila, heterozygous mutations in PRC2 components, E(Z)
and ESC, decrease H3K27me3 and extend longevity. The
extension requires TRX, an antagonist of the PRC2 complex
(Siebold et al., 2010). Thus, examples from both C. elegans and
Drosophila challenge the “loss of heterochromatin” model of aging,
which that that
H3K27me3 should decrease longevity. However, Ito et al.

would  predict mutations decrease

demonstrated that reduction of the
PRC2 H3K27me3 methyltransferase component, EZH2, in
human  fibroblasts  induces  senescence  through  both

H3K27me3 independent and dependent mechanisms (Ito et al,
2018), supporting the “loss of heterochromatin® model and
highlighting the variable roles of methyltransferases in different
contexts and organisms.

5.5 H3K9me3

5.5.1 Age-associated changes

Along with profiling H3K27me3, Li et al. also profiled changes in
H3K9me3 that occur with aging in germline-less worms. They found
that the overall H3K9me3 signal decreased in H3K9me3-marked
regions during aging (Li et al, 2021). Interestingly, when they
examined the boundaries of H3K9me3-marked regions in young
and old worms, they noticed a deterioration of strong boundaries
between active and repressive chromatin marks. Specifically, when
they examined ChIP-seq data profiling H3K4me3 and H3K36me3,
they found that these active marks showed a steep drop-off in signal
at the beginning of H3K9me3 peak regions, consistent with the idea
that active and repressive histone marks often occupy mutually
exclusive domains. However, in old worms, they noticed a
degradation of this drop-off. There were higher levels of
H3K4me3 and H3K36me3 in regions marked by H3K9me3,
suggesting an invasion of active marks into repressive regions of
chromatin in old worms (Li et al., 2021). However, whether this
invasion occurs within a single cell type, (i.e., co-occurrence of active
and repressive marks in the same regions), or in different cell types
(i.e., active marks invade regions in one cell type that are occupied by
repressive marks in another cell type but do not co-occur in the same
cell) is unclear given the study was conducted with whole worms.
Similar to the H3K27me3 data, Li et al. found that when they asked
for regions that were statistically significantly different in
H3K9me3 between young and old worms, the majority of peaks
(95%) did not observably change with age. Of the 595 peaks that did
change with aging, 97% exhibited increased H3K9me3 marks with
2021). Thus, of
H3K9me3 declined, the region-specific changes that are most

age (Li et al, while the overall levels
reproducible and reach statistical significance actually increased
(See Figure 2). However, the H3K9me3 peaks that significantly
changed during aging were not well-correlated to genes that
changed in expression during aging (Li et al, 2021), thus the
functional consequence of these changes is unclear.

Similarly, Chandra et al. found that global patterns of
H3K9me3 did not change during oncogene-induced senescence

in human cells, and the limited regions that did change were not
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well-correlated with gene expression changes (Chandra et al., 2012).
that, although
H3K9me3 increased in aged mouse livers as determined by mass

Price et al. found absolute levels of
spectrometry, ChIP-seq of H3K9me3 in old and young mouse livers
resulted in similar numbers of called peaks (Price et al., 2020).
Strikingly, only about 29% of peaks identified in old mouse livers
overlapped with peaks identified in young livers, suggesting the
distribution of H3K9me3 changed dramatically with age, with a
number of peaks both gained and lost (Price et al., 2020). Park and
Belden also found that H3K9me3-bound regions exhibited both
significant increases and decreases in old versus young zebrafish
(Park and Belden, 2018), whereas Wood et al. found that the normal
pattern of H3K9me3 enrichment on Drosophila chromosomes was
lost during aging in the fly brain (Wood et al., 2010). Overall,
changes to H3K9me3 during aging seem to depend on the model
system used. While loss of H3K9me3 is considered a hallmark of
aging in senescent cells (Shumaker et al.,, 2006; Djeghloul et al,
2016), region-specific enrichment of H3K9me3 can be seen in many
organisms, but the functional consequence of these changes will
require further investigation.

5.5.2 Factors linked to longevity

Several putative methyltransferases for H3K9me3 have been
linked to longevity in C. elegans. SET-25 and SET-32 are putative
H3K9me3 methyltransferases that have been studied for their roles in
establishing transgenerational epigenetic silencing in the worm
(Woodhouse et al., 2018), and both factors have been implicated in
lifespan. Loss of SET-32 has been shown to extend WT lifespan, either
by mutation or RNAi on plates with or without FUDR (Greer et al,
2010; Nietal, 2012; Woodhouse et al,, 2018). However, the precise role
for SET-32 in regulating H3K9me3 is unclear. Although SET-32 has
been shown to be required for H3K9me3 placement at specific loci in
response to RNAi (Spracklin et al., 2017), Woodhouse et al. found that
two different alleles of set-32 mutants did not show global defects in
H3K9me3 in proteomics (Woodhouse et al., 2018), suggesting that
SET-32 could regulate H3K9me3 in a context-dependent manner. Loss
of SET-25 does cause global reductions in H3K9me3 consistent with
the role of a major methyltransferase (Woodhouse et al, 2018),
however its loss only causes an extension of lifespan when worms
are aged in the presence of FUDR (Ni et al., 2012) and not in its absence
(Greer et al., 2010; Woodhouse et al., 2018).

Another putative H3K9me methyltransferase, SET-6, can
mediate methylation of H3K9me2 and H3K9me3 (Yuan et al,
2020). Yuan et al. found that SET-6 operates in the nervous
system of C. elegans to regulate healthy aging, and that loss of
SET-6 by mutation in the set-6(0k2195) mutant increased levels of 5-
HT and dopamine, ameliorated age-related behavioral changes, and
increased lifespan. This lifespan extension occurred independently
from DAF-16, but in the same pathway as dietary restriction
(mimicked by eat-2 mutation) and mitochondrial dysfunction
(induced by clk-1 mutation) (Yuan et al, 2020). This is in line
with findings from Huang et al., who found that deletion of set-6 or
set-32 extends lifespan in WT worms and synergistically increases
lifespan of daf-2(e1370) mutants (Huang et al., 2022), consistent
with SET-6 and SET-32 operating in a separate longevity pathway
from DAF-2/DAF-16. However, set-6 was also uncovered from two
separate RNAi screens as a target that decreased WT lifespan in C.
elegans (Greer et al,, 2010; Ni et al., 2012), raising the question of
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whether dosage of set-6 reduction is important for longevity, or if
other factors such as compensation in the perpetual mutant could
contribute to the differences seen by set-6(0k2195) mutants and set-
6 RNAI.

Altogether, loss of H3K9me3 methyltransferases often increases
lifespan in C. elegans, suggesting a role for H3K9me3 in limiting
lifespan. However, these results must be taken with caution as loss of
SET-25 and SET-6 do not consistently alter lifespan in the worm,
while SET-32 alters H3K9me3 only in certain situations.

6 DNA methylation

DNA itself can also be covalently modified by the addition of
methyl groups, with the most commonly studied modification being
the methylation of cytosine at the 5th position carbon (5-mC). 5-
mC, a mark associated with gene silencing, has been extensively
studied during aging, with a number of highly reproducible changes
identified in human aging believed to represent an “aging clock”
(Horvath, 2013; Horvath, 2015). Generally, 5-mC is thought to
globally decrease during aging, with local increases at promoters,
consistent with a model of general de-repression at chromatin with
local repression of certain genes (Wang K. et al., 2022). However,
when considering several recent studies that looked at CpG changes
during aging at a large scale in humans and mice, Unnikrishnan et al.
noted only a small fraction of 5-mC modifications at CpG sites
(typically <5%) were changed during aging, and of those that did
change, the majority of studies saw more hypermethylation than
hypomethylation during aging (Unnikrishnan et al., 2019). Thus,
more genome-wide studies will be needed to resolve precise changes
in DNA methylation throughout aging.

As C. elegans are not believed to possess substantial levels of 5-
mC (Wenzel etal,, 2011), and 5-mC changes during aging have been
reviewed elsewhere (Jung and Pfeifer, 2015; Bell et al., 2019; Wang K.
et al, 2022), we will not go into further detail in this review. C.
elegans have recently been identified to possess detectable levels of a
different form of DNA methylation, methylation of adenosine at the
6th position NH, group (6-mA) (Greer et al, 2015), and this
modification has already been implicated in transgenerational
longevity in the worm (Greer et al, 2016; Wan et al,, 2021),
making DNA methylation a promising avenue for future
longevity research in the worm.

/7 Discussion

The chromatin environment is influenced by complex
interactions between DNA, histones, and the proteins that regulate
them. Changes at chromatin occur during aging, and evidence from
model organisms suggests that factors involved in regulating
chromatin can also modulate aging (See Figure 3; Supplementary
Table S1 for summary). However, many of these results from studies
of mutants must be taken with caution, as many chromatin factors or
histone modifying enzymes can have non-chromatin targets or can
impact multiple histone marks (Benayoun et al., 2015), and most
studies do not demonstrate that the lifespan phenotype of a mutant is
due to one particular action of that protein at chromatin.
Furthermore, changes observed at chromatin during aging are not
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and the potential connections between those topics (purple lines). Although primarily discussed separately, many age-related chromatin changes are
expected to be interconnected, as represented by the central thick arrows interconnecting all four main topics. Additional smaller arrows represent
connections between subtopics as discussed in this review. Specifically, the CHD family of chromatin remodelers leads to changes in histone
acetylation due to the inclusion of a histone deacetylase within the nucleosome remodeling and deacetylase (NURD) complex (Basta and Rauchman,
2015). Changes in core histone protein levels may lead to changes in chromatin structure including inappropriately accessible DNA such as occurs with
loss of heterochromatin, as suggested by Pal and Tyler (2016). Loss of heterochromatin and nuclear morphology changes are tightly linked and often seen
together, as the structure anchoring heterochromatin to the nuclear periphery breaks down during aging (Gruenbaum et al., 2002). Loss of
heterochromatin is also tightly linked with the heterochromatin-marking histone modifications H3K27me3 and H3K9me3, which are altered in many
aging models (See “Loss of Heterochromatin®, "H3K27me3", and "H3K9me3" sections of the text).

always consistent between different models and conditions, nor are
perturbations that alter lifespan, as we have discussed examples of
mutants that are long-lived under certain conditions, and short-lived
under others. As chromatin is well-known to interact with the
environment (Benayoun et al, 2015), this may not be completely
surprising, but it does underlie the necessity to use extreme caution
when extrapolating lifespan results beyond one particular condition,
especially when considering the effects likely to be seen in different
organisms. This will be especially important when considering any
chromatin-targeting therapeutics to promote healthy aging or prevent
disease in humans, as one treatment could have the potential to be
either beneficial or detrimental depending on genetic background or
environmental conditions.

As the field moves forward, it will be important for researchers
to utilize careful analysis to further dissect the precise mechanisms
that lead to lifespan modulation in different conditions. For
example, many chromatin factors play important roles in
development as well as longevity. Using perpetual mutants with
developmental phenotypes or RNAi during development can
confuse results and result in pleiotropic phenotypes. Additionally,
the immediate consequence of factor loss at chromatin may be
difficult to uncover, as many changes at chromatin and in gene
expression may be secondary effects. Thus, carefully timed RNAi
knockdown in adulthood or rapidly degradable protein tags such as
the auxin-degradable system (Divekar et al., 2021) will be of great
use to uncover the direct effects of chromatin factors and how and
when they influence longevity.
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Furthermore, the tissue of action for many chromatin factors
remains unknown, and the effects of factor loss at a tissue-specific
chromatin level is usually not studied. This remains an important
area of study, as some factors are ubiquitously expressed but could
play different roles at chromatin in different tissues, and
understanding within which tissue they act to modulate lifespan
could help to promote healthy aging while reducing negative side
effects. Tissue specific knock-down and knock-in experiments are an
important way to ask these questions, and as genomic techniques
progress, assaying the chromatin environment in a tissue-specific
manner, or ideally using single-cell approaches will provide the best
insight as to precise changes occurring at chromatin in each cell.
Combining cell-type specific changes in chromatin with single cell
RNA-seq data will provide an excellent opportunity for precision.
With the release of a single cell RNA-seq atlas of aging in C. elegans
(Gao et al., 2023), the adaptation of single cell ATAC-seq to worms
(Durham et al,, 2021), and the development of single cell chromatin
profiling tools (Bartosovic et al., 2021; Janssens et al., 2022), this type
of resolution is becoming more feasible in C. elegans.

The aging biology field has made rapid progress over the last
30 years to uncover numerous mechanisms that modulate lifespan
in diverse organisms. There is a clear link between chromatin and
longevity, but much work remains to be done. As chromatin state is
frequently considered to be plastic and modifications at chromatin
as reversible, understanding the precise interplay between
chromatin and longevity holds promise as a way to promote
healthy aging.
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