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Aging is a complex and multifactorial process characterized by a combination of aging hallmarks that contribute to

declines at the molecular, cellular, and systemic levels in an organism. The dysregulation of the cellular epigenome
during aging and senescence is a complex phenomenon that manifests through various elements, including global
histone levels, histone positioning on the DNA sequence, post-translational modifications (PTMs) of histones,

histone variants, DNA methylation, and noncoding RNAs.

histones nucleosome occupancy aging senescence

| 1. Introduction

With demographic shifts toward aging populations, the incidence of age-related diseases such as cancer, diabetes,
cardiovascular disorders, osteoarthritis, and macular degeneration is on the rise in many countries BB, There is
a massive unmet need to significantly improve researchers' fundamental scientific understanding of aging biology
in order to develop new therapeutic approaches to age-related diseases. Achieving this goal hinges on decoding
the intricate molecular mechanisms of aging and identifying new experimental models to mitigate or reverse age-

associated phenotypes.

Aging is a complex and multifactorial process characterized by a combination of aging hallmarks that contribute to
declines at the molecular, cellular, and systemic levels in an organism. The hallmarks of aging, as outlined by
Lépez-Otin et al. 4, are categorized into three groups: primary hallmarks, antagonistic hallmarks, and integrative
hallmarks. The primary hallmarks of aging that are deleterious to the cell include genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, and disabled macroautophagy RIEIEIRILOMLL  The
antagonistic hallmarks represent a more intricate response of the cell to aging and include deregulated nutrient
sensing, cellular senescence, and mitochondrial dysfunction. The cellular nutrient sensing pathways that adapt to
the nutrition availability change with age. Deregulated nutrient sensing is closely associated with mitochondrial
dysfunction, peroxisomal dysfunction, and the deregulation of protein synthesis and glucose, nucleotide, and lipid
metabolisms 2131 Mitochondrial dysfunction can also induce oxidative stress, which can initially benefit the cell
by eliciting a protective gene response but may prove detrimental in the long run 1423l Collaborating closely with
mitochondria, peroxisomes play a crucial role in preserving the oxidative balance within the cell 8. While the
peroxisomes typically generate elevated levels of reactive oxygen species and reactive nitrogen species, they also
are armed with a battery of antioxidant enzymes and nonenzymatic free radical scavengers 7. In addition to
regulating ROS metabolism, peroxisomes perform crucial functions in lipid metabolism. However, a growing body

of evidence indicates a decline in peroxisomal function with age, linking oxidative stress and disrupted lipid
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metabolism resulting from dysregulated peroxisomal function to various age-related diseases WRAML8l The
accumulation of cholesterol is associated with peroxisomal dysfunction, and cholesterol oxide derivatives, known
as oxysterols, are known to induce significant dysfunction in organelles, especially mitochondria. Oxysterols play
pivotal roles in the disruption of redox homeostasis, inflammatory status, lipid metabolism, and ultimately, cell death
induction during aging 19291 while specific phytosterols, also known as “plant cholesterol”, have been identified
for their health benefits, recent research indicates that imbalances in these diet-derived phytosterols have
substantial implications in neurodegeneration and cognitive decline 21, Thus, antagonistic hallmarks seem to be
beneficial to the cell when meticulously regulated but tend to become deleterious only at high levels. Integrative
hallmarks arise when damage from primary and antagonistic aging accumulates, leading to stem cell exhaustion,
altered intercellular communication, chronic inflammation, and dysbiosis (22231241 Although these hallmarks
appear to be independent entities, they are integrative, and a complex interplay of different regulatory pathways is

inherent in driving the complex biological process of aging.

Earlier studies proposed that the accumulated burden of somatic postnatal mutations is the primary cause of aging
(25261271 ' As various theories on aging, particularly those centered on genetic changes within cells, evolved, a
growing body of evidence also underscored the importance of epigenetic factors in the aging process (81281129
While an organism’s genome maintains a relatively steady state throughout its lifetime, the epigenome undergoes
extensive reprogramming. Thus, there is a growing interest in research challenging the prevailing idea that genetic
aberrations primarily drive the aging process B, There are significant data to support the notion that normal
cellular aging may occur despite fewer mutations, and conversely, cells with a higher mutation rate do not
necessarily display premature aging BUE2I83] The mounting evidence from yeast to humans indicates that the
breakdown of epigenetic information, rather than genetic mutations, plays a pivotal role in aging BY[B4I35]36] The
dysregulation of the cellular epigenome during aging and senescence is a complex phenomenon that manifests
through various elements, including global histone levels, histone positioning on the DNA sequence, post-

translational modifications (PTMs) of histones, histone variants, DNA methylation, and noncoding RNAs.

Eukaryotes have evolved a complex genome architecture composed of DNA and histones that synergistically
regulate cell function and differentiation. The fundamental architecture of the chromatin, known as “beads-on-a-
string”, refers to the nucleosome core particle. This nucleosome core comprises 147 base pairs of genomic DNA
wrapped around a core histone octamer made of H2A, H2B, H3, and H4 BZ. The linker histone H1 stabilizes the
chromatin by binding to specific sites on the DNA, anchoring the nucleosomes and facilitating the formation of
higher-order chromatin structures. This compaction of chromatin around the core and linker histones is a key
mechanism in eukaryotes to package and organize their genome efficiently. The higher-order chromatin structure
can be classified as euchromatin and heterochromatin, depending on the level of compaction. Euchromatin
corresponds to the less condensed regions of chromatin that allow for easy access to regulatory molecules such as
transcription factors. On the other hand, heterochromatin represents transcriptionally inactive and highly
condensed chromatin sites. The organization of these two distinct chromatin regions is closely associated with the
histone content and organization of the nucleosome landscape. Nucleosomes are highly dynamic, both in their
composition and positioning on the genome [ The genome is constantly reorganized through nucleosome

eviction and histone sliding processes that are mediated by factors such as chromatin remodeling enzymes,
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histone chaperones, and polymerases 383940 Fyrthermore, nucleosomes in transcriptionally active or repressed
sites carry multiple PTMs on histone proteins, which ultimately define the epigenomic state of the cell 41142
Among the vast repertoire of histone PTMs, acetylation, methylation, phosphorylation, and ubiquitination are the
main modifications regulating the chromatin structure and gene transcription 41431441 The accumulating evidence
has shown that age-related dysregulation of the epigenome involves the breakdown of the nucleosome landscape,
leading to changes in the organization of nuclear components, activation of previously silenced genes, and

aberrant gene expression patterns BIE],

2. Age-Related Histone Loss and Altered Nucleosome
Occupancy in Non-Mammalian Models

For over 30 years, scientists have been studying global histone loss and its implications in cellular viability and
aging in various yeast models. Early studies by Grunstein et al. provided compelling evidence that the depletion of
histones H4 and H2B in yeast led to transcriptional defects, the disruption of the chromatin structure, and cell cycle
arrest 4511481 Sypsequent investigations showed that the loss of histones H3 or H4 in yeast altered the
transcriptional landscape with the derepression of many previously silenced genes 471481 perhaps the most radical
observation made by Hu et al. revealed an ~50% global depletion of histones and nucleosome repositioning in
budding yeast during replicative aging. Histone removal from nucleosomes significantly enhanced DNA
accessibility to transcriptional machinery, precipitating a sharp derepression of gene expression. Consequently, the
yeast cells showed an overall upregulation in gene transcription and an increased genomic instability 42l Similar to
yeast studies, an age-dependent loss of histone H3 was reported in Caenorhabditis elegans when worm lysates
were examined from young and old adults Y. Thus, the mounting evidence from studies using yeast strains and
other nonmammalian models via conditional histone knockouts or replicative aging has significantly enhanced
researchers' scientific understanding of the biologic effects of histone loss, altered nucleosome occupancy,

differential gene expression, and cellular senescence.

3. Histone Loss in Mammalian Models of Replicative and
Chronological Aging

Mammalian cells progressively succumb to the adverse effects of aging assessed through two primary modalities:
replicative life span and chronological life span 152, Comprehensive investigations into these aging processes in
yeast have demonstrated the emergence of aging hallmarks similar to those found in mammals BUB2I53] Hence,
evidence of the age-related effects on histone expression profiling of yeast cells captured the attention of
researchers, prompting further investigations into histone levels in mammalian cells. An early study of histone
depletion in human cells using pulse-chase labeling revealed a gradual decrease in H1 linker histones in senescent
human diploid fibroblast cultures. This reduction was linked to a decline in the biosynthesis of H1 histone with
progressive in vitro aging B4, Houde and colleagues B3 provide a novel perspective on H1 expression changes in
cultured human fibroblasts that exhibit a progressive cell cycle elongation. Their findings revealed that cells in early

(28—-35 mean population doubling; MPD) and late (65—70 MPD) passages, maintained in a confluent state at 0 and

https://encyclopedia.pub/entry/55419 3/18



Histone Loss in Aging and Senescence | Encyclopedia.pub

6 weeks, exhibited a similar shift in the gene expression of H1 variants. Notably, this involved a reduction in H1B
and a concurrent increase in H10 and H1A. These data suggest that changes in the expression levels of histone
H1 variants occurred as a function of time of density-dependent growth rather than replicative age. Building on
Mitsui et al.’s B4 discovery, subsequent studies focused on in vitro and in vivo aging in human skin fibroblasts and
discovered a reduction in the nucleosome occupancy and an altered chromatin structure with aging B84, Wwhile
histone expression profiles in aging were being investigated in yeast, it took considerable time before Karsleder
and colleagues delved into the correlation between histone levels and mammalian aging 8. Their study using
human diploid fibroblast (HDF) cell lines IMR90 and WI38 as models for replicative senescence revealed a
significant decrease in histones H3 and H4 (43% and 47%, respectively) of late passage cells. The dysregulation of
histone expression was primarily attributed to stress signals associated with telomere shortening. The telomeric
region, affected by age-associated cellular damage, led to a DNA damage response and progressive genome-wide
epigenetic changes with successive cell cycles that ultimately impacted histone biosynthesis. Chronic replicative
stress only affected the H3 and H4 histones in HDFs, while the H1, H2A, and H2B histones remained unchanged
(58] Although the concept of histone loss in aging was initially suggested in actively replicating cells, Liu et al.
studied the histone patterns of quiescent muscle stem cells (QSC) in young (2 months) and aged (24 months) mice
and found a comparable decrease in the histone levels of H1, H2B, H3, and H4 B8 This finding was quite
significant in that histone loss also occurred during chronological aging in a quiescent cell type with minimal

turnover.

While some aging models demonstrate a selective loss of canonical histones, recent research in mammals has
revealed a global reduction in histone levels associated with aging. In activated naive CD4+ T cells from both
young (20-35 years) and old (65-85 years) adults, a transcriptome analysis via RNA-seq showed that aged T cells
tended to have globally reduced expressions of core histone genes compared to young cells, and this decrease
was dependent on the cell cycle state of the activated, aged T cells. The global downregulation of histones,
confirmed at both the mRNA and protein levels, was observed to delay the S-phase progression in aged T cells,
thereby triggering a replication-stress response B2, Similarly, a global loss of histones was observed in aged retinal
pigment epithelium (RPE) cells, where all five canonical histones were depleted. To provide a comprehensive
perspective, Dubey et al. assessed the histone expression in mouse RPE cells undergoing chronological aging and
primary human RPE cell lines that reached senescence through replicative aging. In the RPE cells obtained from
young (2-3 months) and aged (20-24 months) mice, a substantial reduction was observed in all core and linker
histones. Furthermore, a replicative aging model using primary human RPE cells revealed a gradual decrease in
the histone levels as the cells aged 9. Together, these studies demonstrate that both actively proliferating and
postmitotic cells in a quiescent state develop histone loss with aging. Also, a decreased histone expression in aged

cells may be global or specific depending on the cell type and experimental model.

Much like aging, diverse senescence pathways can contribute to epigenetic dysregulation in cells 8. Cellular
senescence is an innate stress response, wherein cells enter a stable and irreversible state of cell cycle arrest
even under optimal growth conditions. Senescent cells exhibit distinct changes in their morphology, chromatin
structure, gene expression, and the emergence of a senescence-associated secretory phenotype (SASP), a

chronic inflammatory state 6263l These alterations collectively cause the cell to exit the cell cycle permanently.
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Senescence is induced by multiple mechanisms including replicative senescence, senescence due to DNA
damage, stress-induced senescence, and programmed developmental senescence 6264l |n human RPE cells that
attained replicative exhaustion and entered the senescent state, there was a substantial decrease in all canonical
histones €. Furthermore, histone loss was observed in two different senescent models utilizing human umbilical
vein endothelial cells (HUVECs) 83, In the first model, senescence was induced through natural passaging until
the cells reached a point of replicative exhaustion, while the second model involved prolonged exposure to TNF-
alpha over 26 days. In both instances, senescent cells displayed a reduction in many histone isoforms along with
the downregulation of genes responsible for regulating the cell cycle and DNA repair mechanisms. Regardless of
the upstream stimuli prompting senescence, the process typically converges in downstream effects, with histone
depletion emerging as one of the significant consequences. These findings underscore the importance of histone

depletion as a critical factor driving the process of cellular senescence 2!,

While the acquisition of senescence has been viewed as an alternative pathway to prevent cancer, the prolonged
accumulation of senescent cells can paradoxically promote cancer development 68187 The emergence of SASP
factors during senescence can impact the surrounding cells via alterations of the cellular microenvironments,
establishing chronic inflammation and fostering conditions conducive to cancer 88, Interestingly, histone depletion
associated with aging and senescence has been inversely linked to malignancy, suggesting that histone loss can
facilitate cell proliferation arrest, ultimately contributing to tumor suppression 89, Unlike histone loss, histone
mutations, known as oncohistones, are implicated in promoting cancers 9. However, given that many age-
dependent changes in the cellular epigenome resemble those observed in cancer, the epigenetic reprogramming
occurring during aging may predispose individuals to cancer development [l Therefore, gaining a deeper

understanding of age-related epigenomic changes holds the potential to elucidate the underlying causes of cancer.

| 4. Alterations in Nucleosome Landscape in Aging

The age-related loss of histone expression appears to be a widespread phenomenon observed in organisms
ranging from yeast to mammals. However, there is limited research on how the distribution of nucleosomes across
the genome changes as organisms age. Celona et al. studied the impacts of histone loss and alterations in the
nucleosome occupancy in yeast and mammalian cells. Their proposed model suggested that the loss of
nucleosomes predominantly occurs in specific localized regions 22, Mammalian cells with ablated high mobility
group box 1 (HMGB1), a DNA-binding protein, showed a significant decrease in histones and nucleosomes. Their
findings demonstrated that the shRNA- and siRNA-mediated ablation of HMGB1 in HelLa cells, or its yeast
equivalent (Nhp6a/b), did not compromise the cell viability despite the histone loss. However, the HMGB1-deficient
cells displayed a greater sensitivity to DNA damage, underwent a global increase in transcription, and showed
specific alterations in the transcriptional profile of certain genes. This study proposed a chromatin model in which
the loss of nucleosomes within the cells is not widespread, but rather localized, particularly in regions that
inherently exhibit a lower tendency to form nucleosomes 72, This model aligns with the genomic DNA code

regulating nucleosome positioning, as postulated by Kaplan et al., and emphasizes the role of DNA sequence
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information in governing the arrangement of nucleosomes 3. Thus, chromatin regions characterized by an

innately lower tendency for histone deposition are more histone deficient.

Similar to the findings of Celona and colleagues, a subsequent study demonstrated that rather than a global
redistribution of nucleosomes, aging causes nucleosome loss at specific sites 4. Bochkis et al. used high-
throughput methods such as RNA-seq, MNase-seq, and ChlIP-seq to map nucleosome changes in young (3
months) and aged (21 months) mouse livers. They discovered age-related differences in the nucleosome
distribution, which in turn influenced the accessibility of chromatin to transcriptional factors. A reduction in the
nucleosome density correlated with the elevated transcription of key genes involved in lipid metabolic pathways in
aged livers, potentially leading to metabolic dysfunction and hepatic steatosis. Furthermore, there were specific
sites with an increased nucleosome occupancy with age, including the serum response factor (SRF) gene that
impacted its target genes involved in liver proliferation, lipid metabolism, and histone expression. The interrogation
of histone isoforms revealed an irregular expression pattern displaying both upregulation and downregulation within
aged hepatic tissue 741, Although this study focused on the decline in SRF activity in the aging liver due to altered
nucleosome occupancy, it is important to note that other mechanisms have been reported for repressed SRF
activity including nuclear exclusion, protein kinase C-d induced phosphorylation, and the inactivation of SRF in
senescent cells 2781 |n line with Bochkis et al.’s research, Chen and colleagues investigated H3 nucleosomal
profiles in chronologically aged mouse tissues [Z4. A comprehensive H3 nucleosomal map was generated using
ChIP-Seq data from four tissues (heart, liver, cerebellum, and olfactory bulb) and one primary cell type (primary
neural stem cells obtained from the subventricular zone) in mice from different age groups (3, 12, and 29 months).
While they did not find significant changes in the global H3 levels, localized alterations in the H3 occupancy were
observed in all the four tissue types and cultured neural stem cells during aging. These changes can manifest as
an increased or decreased occupancy in specific regions with subsequent chromatin remodeling in aging tissues.
Notably, the distal regions located 5-500 kb away from the annotated transcriptional start sites exhibited a
significant remodeling of H3 occupancy, both upstream and downstream. The sites proximal to genes, particularly
within intronic regions, consistently demonstrated robust nucleosome enrichment. Within aging chromatin, the
distinct changes observed in distally located nucleosomes suggest a differential occupancy of nucleosomes in
regulatory elements, particularly the forkhead transcription factors, which are critical regulators of DNA remodeling.
Additionally, the repositioning of nucleosomes triggered transcriptional changes in inflammatory transcription
factors such as STAT6 and IRF8. Together, these studies suggest that compared to the observations in actively
replicating yeast and mammalian cells, histone depletion in chronologically aging tissues is relatively less and

limited to specific genomic sites 7.

| 5. Multiple Mechanisms of Histone Loss during Aging

Although aging is associated with histone loss and the reorganization of nucleosomes, the effects of histone
depletion, nucleosome repositioning, and the factors driving histone reduction are still largely uncharted territories
[l studies in yeast offered critical insights into the genetic and epigenetic mechanisms behind the age-related

dysregulation of histone expression. These mechanisms included telomere loss, DNA damage, changes in histone
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chaperones, reduced histone production, and alterations in histone marks, all of which affected the chromatin
structure (8. Despite limited research in mammals, similar causal links between decreasing histone levels and
various genetic and epigenetic factors have been established in aging cells and tissues (Figure 1). For instance,
the experiments on lung fibroblast cell lines undergoing replicative aging revealed that chronic exposure to DNA
damage signals, such as those arising from telomere shortening, impacted histone biosynthesis. 28!, The presence
of short telomeres and the consequent DNA damage signaling resulted in the depletion of the stem—loop binding
protein (SLBP), a stabilizer of histone mRNA. This, in turn, reduced the biosynthesis of H3 and H4 and destabilized
Asfl, a histone chaperone, leading to genome-wide epigenetic changes that amplified the damage signal during
repeated cell cycles. This self-enforced regulatory loop constantly changed the chromatin environment at the
telomeres, facilitating the incursion of damage markers beyond the threshold of cell tolerance, ultimately leading to
irreversible cell cycle exit and senescence. The ectopic expression of telomerase enzymes in aging cells to
increase the telomere length normalized the histone expression levels similar to those of young cells. Furthermore,
this process partially restored SLBP and ASF1 expression, likely by alleviating the DNA damage signaling

associated with short telomeres 58],
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Figure 1. Mechanism of histone loss in aging and senescence. (A) Aging and senescence are characterized by the
loss of histones and nucleosome redistribution. Different models show histone loss due to (B) telomere shortening

and DNA damage, (C) miRNA-mediated changes to histone transcription, and (D) the imbalance of activating and

repressive histone PTMs.

https://encyclopedia.pub/entry/55419

8/18



Histone Loss in Aging and Senescence | Encyclopedia.pub

Telomere shortening and dysfunction are hallmarks of cellular aging and senescence. Despite their crucial role in
maintaining chromosomal stability, the regulatory mechanisms governing telomeres during cellular aging remain
poorly understood. Situated at the termini of linear chromosomes, telomeres form complexes of TTAGGG
nucleotide repeats and proteins that regulate their functions, shielding them from recognition by the cell’'s repair
mechanism as double-stranded DNA breaks (DSBs). These proteins, including the telomerase (TERT) enzyme,

histones, and the Shelterin complex, are critical for regulating the telomere length and preventing chromosomal
end fusion 289,

Telomeres typically exhibit a heterochromatin structure, and a widespread phenomenon known as the telomere
position effect results in low expression levels or the transcriptional silencing of genes within or near telomeres (1],
Additionally, telomeres tend to spatially organize at the nuclear periphery, a zone of transcriptional repression, in a
cell cycle-dependent manner (821831841 and therefore, experience the transcriptional repression of genes. However,
as cells approached senescence, a spatial overlap of lamina intranuclear structures with telomeres was observed
83 During senescence, as the nuclear lamina’s organization gets disrupted, telomeres tend to form large
aggregates lacking TERT. These telomere aggregates accumulated histone y-H2AX, a classical marker of DSBs

and telomere shortening, in senescent cells 3],

Furthermore, the formation of senescence-associated heterochromatin foci (SAHF), representing facultative
heterochromatin domains, correlates with telomere shortening in cells entering senescence 887 The SAHF
contain domains with di- or tri-methylated lysine 9 of histone H3 (H3K9me2/3), a histone H2A variant (macroH2A),
and heterochromatin protein 1 (HP1) proteins BZIE8IBA  Additionally, epigenetic modifications such as histone
methylation in the telomere region and TERT demethylation in humans play significant roles in maintaining the
heterochromatin, transcriptional silencing at telomeres, and telomerase inactivation. Preserving the telomere

structure and ensuring transcriptional silencing are critical to preventing premature aging 22211,

Telomere shortening assumes that each successive cell division acts as a mitotic counting mechanism, eventually
leading cells to attain replicative senescence 422l |n contrast, cells in a quiescent state transition into senescence
despite negligible telomere shortening 2384l Therefore, the primary causes of age-associated histone loss in
guiescent cells are likely driven by mechanisms beyond telomere dysfunction. Muscle stem cells provide a well-
studied model for cellular quiescence and aging 22281, [ ju and colleagues reported an epigenetic mechanism for
histone loss in aging quiescent muscle stem cells (QSCs). Using the ChlP-Seq approach, the QSCs derived from
young and aged mice were profiled for histone methylation marks, including H3K4me3, H3K27me3, and
H3K36me3. As the QSCs underwent aging, there was an overall reduction in the expression of histone genes that
acquired H3K27me3, a transcription repressive mark, at their transcription start sites. This finding underscores the
critical role played by the repressive methylation mark in the regulation of histones within QSCs, simultaneously

emphasizing the involvement of histone PTMs in histone regulation.

A similar methylation regulatory mechanism of histones was reported in fibroblast cell lines ©Z. In this study,
histone expression was examined in IMR90 fibroblast cells after inducing premature senescence via protein

arginine methyltransferase 1 (PRMT1) knockdown. PRMT1 is the predominant arginine methyltransferase in
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humans, which mediates the asymmetric dimethylation of histone H4 at arginine 3 (H4R3me2as), a critical
modification essential for histone H4 stability. Studies over the past decades have demonstrated the reduced
expression of PRMT1 in replicative aging and senescent cells 9889 | in et al. demonstrated that premature
senescence in fibroblasts induced by PRMT1 knockdown caused a reduction in PRMT1-mediated H4
dimethylation, leading to the destabilization of H4. Consequently, H4 showed increased binding to PA200, causing
the ubiquitin-independent degradation of H4 by PA200-capped proteasomes 2412001 A similar H4 degradation was
also observed in fibroblasts exposed to different senescence-associated signals such as oxidative stress, DNA
damage, or oncogenic signaling. Importantly, H4 degradation preceded the depletion of other histones, resulting in
a reduced nucleosomal occupancy and impacted cell proliferation by enhancing the transcription of genes
responsible for cell cycle inhibition, senescence-related genes, and apoptosis regulators 7. It is critical to note
that different histone marks have contrasting roles in regulating genes in the context of aging and lifespan across
species and even within different tissues of an organism 2011192 Therefore, recognizing the precise functions of

various histone PTMs in aging tissues is critical for unraveling the complexity of epigenetic processes in aging.

Though a large part of the age-associated histone depletion in cells appears to stem from altered histone PTM
marks, telomere dysfunction, and DNA damage, a recent study reported the miRNA-mediated downregulation of
histones in aged T cells. Initially, Ucar et al. detected a significant compaction of chromatin in several histone
genes (HIST1H3D, HIST1H3E, and HIST4H4) and histone modifiers in T cells with age 193], By combining ATAC-
seq and RNA-seq data, their study showed that immune cells undergo alterations in their epigenome as individuals
age. This involves the closing of the chromatin structure at the promoter and enhancer regions of genes that are
actively expressed, including histones. This finding was consistent with the reduced expression of core histones
demonstrated in a subsequent study by Kim et al. using T cells from young (20-35 years) and old (65-85 years)
adults B9, Naive T cells from aged individuals with a reduced miR-181a level as well as miR-181ab1-deficient
murine T cells in an actively dividing state showed the downregulation of histone expression, which induced
replication stress and a consequential slow-down of the cell cycle. In the absence of miR-181a, its target molecule
SIRT1—a histone deacetylase enzyme—binds directly to the histone promoter region. This interaction led to a

reduction in histone acetylation, thereby inducing the repression of histone genes (22,

Although different studies provide insight into the ramifications of age-related genetic and epigenetic alterations of
the nucleosome landscape, a key factor is that this mechanism is cell-type dependent. Interestingly, Ivanov and
colleagues reported that histone loss in senescent cells occurred in both fibroblasts and epidermal melanocytes
(691 Cells approaching senescence and those already in a senescent state undergo significant stress, marked by
changes in both the morphology and physiology. Genomic DNA damage, particularly DSBs, along with the
deterioration of nuclear integrity in senescent cells, leads to damaged DNA fragments leaving the nucleus. Ivanov
et al. identified these fragments in the cytoplasm as cytoplasmic chromatin fragments (CCFs), which are strongly
positive for y-H2AX and H3K27me3. In the cytoplasm, an autophagic proteolytic activity targets these CCFs,
progressively depleting the total histones in a process dependent on the lysosomal activity 89, This process of
lysosomal ubiquitin-mediated histone proteolysis, elucidated by Ivanov and colleagues in senescent cells,
represents an important mechanism of post-translational histone degradation. Together, these studies have

enhanced researchers' understanding of the intricate genetic and epigenetic pathways that control histone
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downregulation in the context of aging. Despite these insights, a consensus on the mechanism or function of

histone loss during aging remains elusive, indicating the need for further research in this area.
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