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Chromatin maintenance and remodeling are processes that take place
alongside DNA repair, replication, or transcription to ensure the survival and
adaptability of a cell. The environment and the needs of the cell dictate how
chromatin is remodeled; particularly where and which histones are deposited,
thus changing the canonical histone array to regulate chromatin structure and
gene expression. Chromatin is highly dynamic, and histone variants and their
chaperones play a crucial role in maintaining the epigenetic regulation at
different genomic regions. Despite the large number of histone variants
reported to date, studies on their roles in physiological processes and
pathologies are emerging but continue to be scarce. Here, we present
recent advances in the research on histone variants and their chaperones,
with a focus on their importance in molecular mechanisms such as replication,
transcription, and DNA damage repair. Additionally, we discuss the emerging
role they have in transposable element regulation, aging, and chromatin
remodeling syndromes. Finally, we describe currently used methods and
their limitations in the study of these proteins and highlight the importance
of improving the experimental approaches to further understand this epigenetic
machinery.
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Introduction

Chromatin protects and regulates the DNA; it is also tightly
involved in nuclear processes that ensure the proper functionality
of the cell. The basic unit of the chromatin is the nucleosome,
composed of an octamer of histones (H2A, H2B, H3, and H4)
that surround 146 base pairs (bp) of DNA (Luger et al., 1997).
The role of histones is not restricted to merely core components
of the nucleosome, they are key elements in chromatin
organization inside the nucleus, providing dynamism to the
so-called chromatin states: heterochromatin and euchromatin
(Felsenfeld and Groudine, 2003). Nevertheless, it should be noted
that changes in chromatin states are also dictated or influenced
by other epigenetic components such as post-translational
modifications (PTMs) that are present in histones and their
variants, DNA
hydroxymethylation, etc.), insulators, chromatin remodeling

modifications (methylation, 5-
complexes, among others. For each of the canonical histones,
there are histone variants that not only make the epigenetic code
more extensive and complex but also help to delimit chromatin
states and processes.

Although during the last 10 years the study of histone
variants, particularly of H3 and H2A, and their chaperones
has increased considerably, the majority of these studies have
focused on a few cellular processes and pathologies, resulting
in an imbalanced knowledge and scattered information. Given
this, in the present work, we aim to focus on the involvement
of histone variants, particularly H3 and H2A, and their
chaperones in distinct processes, highlighting their
adaptiveness as an important component of replication,
transcription, DNA repair and regulation of transposable
elements (Table 1). For more detailed information

TABLE 1 Principal functions of H2A and H3 variants.

10.3389/fgene.2022.1057846

regarding the histone variants including those of H1 and
H2B, please refer to Fyodorov et al. (2018), Buschbeck and
Hake (2017), and Martire and Banaszynski (2020).
Furthermore, we briefly discuss their role through aging
and in some syndromes. Finally, we present some
challenges and useful techniques used in the study of these
molecules.

Histone variants and histones
chaperones: General concepts

In order to maintain the structure of the chromatin,
histones play a critical role. Two broad types of histones
have been described. The first type comprises what are
commonly known as canonical histones (also introduced as
replication-coupled  histones), and the second class
encompasses histone variants (also named as replication-
independent histones). Replication-coupled histones’ genes
are encoded in clusters (multiple-copies of the same
canonical histone gene), they are intronless, their messenger
RNAs (mRNAs) have a special 3'-loop end and are especially
transcribed and deposited during the DNA synthesis (S) phase
(Marzluff et al., 2008). Meanwhile, replication-independent
histones are encoded in distinct isolated genes, may contain
introns, their mRNA incorporates a polyA tail, and their
expression and deposition occur throughout the cell cycle
(Buschbeck and Hake, 2017). Histone variants can vary from
just four amino acids (in the case of H3.3 in comparison with
replication-coupled H3.2) to hundreds of different residues (for
example, the macrodomain present in MacroH2A). These
differences in amino acid composition confer distinct

Canonical Histone Histone Function References
histone variant chaperone/
Chromatin remodeler
H2A H2A.Z ANP32E Related to activation and repression of ~ Gursoy-Yuzugullu et al. (2015); Xu et al. (2012); Alatwi
INOSO transcription and Downs (2015); Begum et al. (2021)
P400
SRCAP
H2A.J] Unknown Implicated in the induction of the Contrepois et al. (2017)
senescence phenotype
H2A X FACT Signaling of DNA Damage Response Piquet et al. (2018)
MacroH2A LSH Chromatin compaction and Xu et al. (2021)
FACT transcriptional repression
H2A.B Unknown Mark replication origins and promotes ~ Sansoni et al. (2014); Soboleva et al. (2017)
splicing
H3 H3.3 HIRA (HUCA complex) Related to both euchromatin and Elsaesser and Allis (2010)
DAXX-ATRX heterochromatin maintenance
CENPA HJURP Maintenance of centromeres and Yilmaz et al. (2021)

chromosome stability
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FIGURE 1

Histone variants are largely involved in replication, transcription, and replication. (A) Before replication, early replication origins are enriched in
H3.3 and H2A.Z in the majority of the cells, while H2A.B is in both early and late replication origins in the brain and testes. During replication,
chaperones FACT and MCM2 remove histones to have naked DNA ready. Right after replication, chaperones CAF1 and NAP1 deposit replication
dependent H3-H4 and H2A-H2B respectively. (B) Transcription active genes are enriched with different histone variants. While H3.3 and H2A.Z

are enriched at enhancers and promoters, H3.3 is also present at gene bodies. H2A.B is present at promoters and intron-exon boundaries of active
genes of the brain and testes. (C) Along the chromosome, distinct variants are deposited by distinct chaperones depending on the regions and the
DDR pathway. For example, when UVC damages DNA, H2A.Z is evicted from these sites by ANP32E and is substituted by H2A.X deposited by FACT; in
centromeres HJURP deposits CENPA when DSB occurs at G1; deposition of macroH2A occurs when facultative heterochromatin is damaged,
meanwhile, H3.3 is deposited in damaged telomeres by DAXX and ATRX (not depicted). Along the chromosome, including heterochromatic regions,

HIRA deposits H3.3 in UVC-damaged chromatin.

properties to the nucleosome; for example, by being the target
(PTMs)
interacting with distinct proteins or even with the DNA
(Venkatesh and Workman, 2015). This diversity allows for a
bigger and broader epigenetic regulation through increasing the

of different post-translational modifications or

possible PTMs at their N-terminal domain, as well as conferring
distinct physicochemical properties to the nucleosome, hence
allowing the formation of different protein complexes
associated with the chromatin (Martire and Banaszynski, 2020).

Through the cell cycle, the different types of histones are
incorporated into the chromatin as a response to internal and
external stimuli. The proteins that deposit histones on DNA are
called histone chaperones. Traditionally, a protein was
considered a histone chaperone if it had the ability to bind
histones and deposit them in vitro without the need for ATP
(De Koning et al, 2007). However, nowadays, a protein is
considered a histone chaperone if it has the ability to
specifically bind and protect positively charged histones from
interacting erroneously with other histones and DNA without
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having to hydrolyze ATP (Grover et al., 2018). Histone
chaperones can be further classified into two broad groups:
“dedicated” and “casual.” The former only recognize and
interact with one specific histone, whereas the latter, due to
their low selectivity, can interact with distinct histones (Jeffery
etal.,, 2019). For more detailed histone chaperone reviews, please
refer to the ones published by Gurard-Levin et al. (2014) and
Hammond et al. (2017).

The triad of nucleosomes disruption

Although proper distribution and positioning of the
nucleosomes are extremely important for cell homeostasis,
essential processes in the nucleus such as replication,
transcription, and repair convey extensive disruption and
remodeling of the chromatin (Figure 1). As such, it is worth
discussing what is known so far about the histones variants and

chaperones involved in these processes.
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Histone variants mark DNA replication
origins

DNA replication represents a highly disruptive process for
chromatin; therefore, tight regulation of this process and its
components, including histones, is necessary. Although it is
known that replication-coupled histones are deposited during
the S phase to ensure that a sufficient or equal amount of histones
is present in the chromatin after DNA is synthesized (Mei et al.,
2017), the involvement of replication-independent histones
during DNA replication has been studied to a lesser extent.
Two main variants have been found to be enriched at replication
origins, marking, and insulating these regions (Figure 1A). The
first one is H3.3, a well-studied variant involved in DNA
replication, which particularly marks the chromatin that
different
machineries. When recycling parental H3.3 during S phase, it

replicates  early employing two deposition
is the histone chaperone ASFI (anti-silencing function 1) that
deposits the variant at the replication sites, forming domains that
gradually decrease in quantity as the replication occurs and
H3.1 takes over (Clément et al., 2018). In contrast, during de
novo deposition of H3.3 on replicating chromatin, Gatto et al.
(2022) demonstrated that the histone chaperone HIRA (histone
cell cycle regulator) deposits H3.3 during S phase at previously
defined early replication zones. These regions are characterized
by an enrichment of H3.3 surrounded by H3.1 at the borders,
constituting a boundary that is re-established despite replication.
These reports provide evidence of distinct mechanisms that help
preserve the epigenome even when the integrity of the chromatin
becomes compromised due to disruptive processes such as
replication.

The second replication-uncoupled histone described in DNA
replication is H2A.Z. This histone is also incorporated at early
replication origins, and its deposition at these sites prompts faster
origin firing in comparison with nucleosomes containing
canonical H2A. H2A.Z acts by recruiting SUV420HI to
establish H4K20me2 at these nucleosomes, which in turn
recruits ORCI to bind to these replication origins (Long et al.,
2020). Known to a lesser extent is H2A.B, previously known as
H2A.Bdd, which can also be deposited at origins, both early and
late replication sites. Interestingly, it was observed that the
presence of H2A.B is limited to the first 60 min after DNA is
synthesized, however, its function has yet to be elucidated,
specifically considering that only a few tissues, such as testis
and brain, overexpress this variant (Sansoni et al, 2014).
Nevertheless, the mechanism of incorporation of these
replication-uncoupled H2A variants and the signals triggering
their deposition at replication sites is still unknown. Further
efforts are necessary to determine the overlap of H3.3 and H2A.Z
nucleosomes in early replication origins, in order to understand
their role as epigenetic regulators at these sites.

In certain genomic loci, replication proves to be a challenge
due to the inherent characteristics of these regions such as the
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formation of secondary DNA structures, tightly bound protein
complexes or highly compacted chromatin. Notably, Xu et al.
(2021) observed that when Helicase, Lymphoid Specific (LSH), a
in the
MacroH2A, is missing, cells become more prone to manifest

chromatin remodeler involved incorporation of
replication stress and increased genomic instability. Interestingly,
the loss of MacroH2A results in a similar phenotype suggesting
that both LSH and MacroH2A play a significant role in
maintaining the chromatin in telomeres and satellite regions,
preventing replication fork stalling.

Once replication has started, nucleosomes are evicted at the
replication fork by distinct proteins such as the histone
chaperone FACT (facilitates chromatin transcription) complex
and the MCM2 (minichromosome maintenance complex
component 2). Different studies have shown that the SPT16
(suppressor of Ty 16) subunit of the FACT complex displaces
H2A-H2B dimers, while the other subunit, the structure-specific
recognition protein 1 (SSRP1), stabilizes the H3-H4 tetramer
(Chen et al.,, 2018; Wang et al., 2018; Liu et al., 2020). The ability
of FACT to unfold nucleosomes, not only in replication but also
in transcription, is further enhanced by its interaction with Nhp6
(non-histone chromosomal protein 6A). It does so by exposing
the histone-binding sites in FACT before its interaction with the
nucleosome, allowing it to assume a more open conformation
(Sivkina et al., 2022). Meanwhile, MCM2, a subunit of the
replicative helicase, interacts with the H3-H4 tetramer,
preventing the histones from associating with the DNA.
Interestingly, Huang et al. (2015) observed that human
MCM2 is also capable of interacting with H3.3 as well as with
CENPA (histone H3-like centromeric protein A); in fact,
MCM2 can associate with both the replication-coupled
H3.1 and H3.2, as well as the replication-uncoupled H3.3
(Latreille et al, 2014; Huang et al, 2015). Such findings
suggest that MCM2 and ASF1 could cochaperone, and
together participate in the redeposition and recycling of H3-
H4 dimers. This supports the existence of a general mechanism
remove and after the

to rapidly reposition  histones

replication fork.

Histone variants are differently positioned
throughout active genes to enable
transcription

The cell differentiates between transcription states not only
by the histone PTMs, but also by differentially depositing histone
variants at particular genomic regions (Figure 1B). This is the
case of H3.3, one of the best studied cases of histone variants in
transcription. This replication uncoupled histone is enriched at
enhancers, promoters, and gene bodies of active genes (Schwartz
and Ahmad, 2005; Chen et al, 2013). The chaperone that
deposits the variant at these regions is HIRA, and it was
recently shown that depending on whether the H3.3 to be
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deposited is newly synthesized or recycled, the composition of
the HIRA complex differs. For new histones the trimerization of
HIRA and its interaction with UBN1 (ubinuclein 1) are required,
while for recycled histones the complex does not need HIRA
trimerization or UBNI interaction but is dependent on
interaction of HIRA with ASF1 (Torné et al., 2020). This fine-
tuning model of balancing old vs. new histones through histone
chaperone complexes formation is worth exploring in other
chaperone complexes as well as in other nuclear processes.

Histone variants H3.1 and H3.2 show a high similarity to
H3.3; however, one of the unique PTMs of H3.3 is
phosphorylation of serine 31 (S31ph), which has previously
been linked to processes like mitosis (Hake et al., 2005). This
unique residue in H3.3 aids transcription through different
mechanisms. Martire et al. (2019) observed that H3.3 is
enriched at enhancers of mouse embryonic stem cells (ESCs)
and that the S31ph stimulates enhancer acetylation by histone
acetyltransferase p300, which in turn promotes transcription. At
the transcription start site (TSS) of active genes, S31ph enables
rapid transcription, possibly by allowing easier access to the
transcriptional machinery (Armache et al., 2020). A third study
observed that when H3.3 is present at gene bodies, it promotes a
stronger interaction of Zinc Finger MYND-Type Containing 11
(ZMYND11), an elongation corepressor, with H3K36me3, a
transcriptional elongation histone PTM (Wen et al, 2014).
This association is influenced by the presence of S31.
However, when S31 is phosphorylated, the recognition of
H3K36me3 by ZMYNDII is abolished since the corepressor
cannot longer bind to the chromatin (Guo et al, 2014),
suggesting that S31ph contributes to elongation of transcribed
genes. Taken together, these studies nicely highlight the
importance of a single amino acid, unique to a variant, in the
regulation of transcription.

Another histone variant that has been broadly linked to
H2A.Z. This
originally linked to transcriptional activation (Wong et al,
2007; Sutcliffe et 2009). it has
demonstrated that both the presence and proximity of H2A.Z

transcriptional regulation is histone was

al., Moreover, been
are highly important for transcriptional activation. H2A.Z
knockdown (KD) causes a reduction of RNA pol II at TSS
(Hardy et al.,, 2009), and not only its enrichment but also the
proximity of H2A.Z nucleosomes to TSS affects gene expression.
Bargaje et al. (2012) described this in mouse liver by generating a
genome-wide nucleosome position map and complementing
with chromatin immunoprecipitation assay with sequencing
(ChIP-seq); the results demonstrated that the closer H2A.Z
was to the TSS, the higher the RNA pol II occupancy. In fact,
it was believed that TSS of active genes contained regions
depleted from nucleosomes, previously known as “nucleosome
free regions,” but Jin et al. (2009) demonstrated that these regions
were enriched with H3.3-H2A.Z nucleosomes, forming highly
unstable nucleosomes that enabled faster transcription initiation
through their eviction. This highlights the importance of
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studying nucleosomes as a unit, where specific combinations
can cause different outputs in the dynamics of chromatin. In
addition, the differences between homotypic and heterotypic
nucleosomes should be taken into consideration for this type
of study.

A third variant involved in the transcription of genes in
brain and testes is H2A.B. Soboleva et al. (2017) demonstrated,
through ChIP-seq, that the mouse ortholog of H2A.B is
enriched at TSS and at the beginning of the gene body
(excluding the +1 nucleosome). Interestingly, they found that
in these tissues H2A.B can associate with mRNA at intron-exon
boundaries, which led them to propose a model where H2A.B.3
(H2A.B variant 3) replaces H2A.Z, and recruits splicing factors.
This is followed by direct interaction of H2A.B.3 and the
transcribing RNA, facilitating the splicing by releasing the
splicing factors. A previous study in HeLa cells stably
expressing a plasmid with H2A.B found something similar:
the variant is enriched at the gene bodies of active genes, it
interacts with components of the spliceosome and RNA pol II,
and it is involved in mRNA splicing (Tolstorukov et al., 2012).
A third study in mouse ESCs uncovered the association of this
variant with methylated DNA in gene bodies of certain
imprinted loci. Although they did not experimentally
describe the mechanism, they hypothesize that its presence
at these hypermethylated regions facilitates transcription
the the
transcription machinery to surpass DNA methylation (Chen
etal., 2014). In sum, due to the relevance of H3.3 and H2A.B in
transcription regulation, it is important to further characterize

elongation by relaxing chromatin, allowing

if both H2A.B and H3.3 can work together during transcription
and alternative splicing and if this is dependent on cell types.
Cell-type dependency is particularly relevant considering that
only a few tissues overexpress certain variants, and there could
be tissue-specific replication uncoupled histones with a similar
function or mechanism.

Distinct histone variants are recruited to
damaged DNA sites

Cells are constantly exposed to DNA damage insults, and
in order to counteract them, they have developed different
DNA damage response (DDR) pathways. Importantly,
their
implicated in some of these pathways (Figure 1C). Once

distinct histone variants and chaperones are
there is an insult, one of the early DNA damage markers in
double strand breaks (DSB) is the phosphorylation on serine
139 of histone variant H2A.X (commonly known as YH2AX)
(Rogakou et al., 1998). In ultraviolet-C radiation (UVC)-
damaged cell lines, Piquet et al. (2018) demonstrated that
the FACT complex deposits newly synthesized H2A X to these
damage repair sites, potentiating this chain-like mechanism of

DNA damage signaling. Additionally, they found that while
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H2AX is deposited, H2A.Z is evicted from these sites by
ANP32E (acidic nuclear phosphoprotein 32 family member
E), previously identified as a chaperone for this variant (Mao
etal.,, 2014; Obri et al., 2014). In non-homologous end joining
(NHE]J), it has been shown that the incorporation of this
variant by ANP32E is important for the recruitment of
Ku70 into the damaged region (Gursoy-Yuzugullu et al,
2015). It is worth mentioning that other remodeling
chromatin factors apart from ANP32E are also related to
the deposition of H2A.Z in DSBs, such as chromatin-
remodeling ATPase INO80 and E1A-binding protein p400
(Xu et al., 2012; Alatwi and Downs, 2015; Begum et al., 2021).
Nevertheless, the conditions and mechanisms implicated in
their still further
characterization.

recruitment and activity need

It was previously reported that H3.3 can be deposited by
HIRA at UVC-damaged chromatin (Adam et al., 2013), however
it was still unclear which chaperone was in charge of this at
heterochromatin regions. Fortuny et al. (2021) observed in
embryonic  fibroblasts  (MEFs), further
in MCF7 that in pericentromeric

heterochromatin the newly synthesized H3.3 is deposited by

mouse and

corroborated cells,
both HIRA (as the main driver) and, to a lesser and still unclear
extent, the death domain-associated protein 6 (DAXX). By
evaluating DNA damage with UVC, the authors proposed
that HIRA is acting in the nucleotide excision repair (NER)
pathway. However, further experiments involving different types
of damage and DDR pathways are needed in order to contrast
previous results and elucidate the importance of HIRA in these
DNA reparation mechanisms. Compared to this, in telomeres
which are also composed of heterochromatin, the deposition of
H3.3 by DAXX and its partner the ATRX chromatin remodeler
(ATRX) is important to maintain a correct p53 DNA damage
response. The lack of either DAXX or ATRX in a glioblastoma
cell line that has acquired an ALT (acquired lengthening of
telomeres)-like phenotype, displays an accumulation of yH2AX
at many p53 sites and, defects in p53 binding at key sites as well as
in DNA damage response (Gulve et al.,, 2022).

Another H3 histone variant, whose role in DNA repair has
not been clearly established, is CENPA (Zeitlin et al.,, 2009;
Hédouin et al, 2017). Recently, Yilmaz et al. (2021)
uncovered a novel and interesting mechanism by which, when
DNA damage occurs during GI phase, newly synthesized
CENPA is deposited at the centromeric DSBs by HJURP
(Holliday Junction Recognition Protein), reinforcing USP11
(ubiquitin carboxyl-terminal hydrolase 11) recruitment to
enable RADS51 positioning at resected DNA ends. This allows
homologous recombination (HR) to take place and maintain
stability. ~ This  discovery our

of the mechanisms employed by the
centromere to face DNA damage, considering the important

centromeric enhances

understanding

function of this region as well as its unique chromatin
environment. Lastly, there is MacroH2A, an H2A variant
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which, besides being enriched on the inactive X chromosome
(Costanzi and Pehrson, 1998) and facultative heterochromatin
(Gamble et al., 2010), has been associated with different DDR
pathways, as Caron et al. (2021) nicely cover in their review. For
more detailed revisions on histone variants and chaperones
involved in DNA damage and repair, please refer to Ferrand
et al. (2020), Caron et al. (2021), and Chakraborty et al. (2021).
The role of histone variants and chaperones in replication,
transcription, and DNA damage repair are the most common
studied molecular mechanisms. However, recent findings about
their importance in genomic stability and chromatin structure
related to transposable elements is starting to unravel, and we
discuss the findings regarding this topic in the next sections.

Histone chaperones help in the
regulation and silencing of
transposable elements

Mobile genetic elements (MGEs) are any type of genetic
material that can move within a genome or between cells (Leplae
et al,, 2004). The set of all MGEs in a cell constitutes its
“mobilome,” and it can be divided into categories based on
the mechanism of movement and the character of the mobile
DNA sequences (Siefert, 2009). Examples of MGEs include
plasmids, transposable elements (or transposons) and viral
agents. Transposable elements (TEs) comprise around 40%-
50% of mammalian genomes (Deininger et al, 2003). In
comparison with other vertebrates where Class 2 (DNA)
transposons govern, human and mouse genomes are
dominated with Class 1 TEs, i.e., retrotransposons (Hellsten
et al,, 2010; van Kruijsbergen et al., 2017). Therefore, most
studies on histone regulation of transposon activity in humans
and mice have focused on retrotransposons. These can be
subclassified into long terminal repeat (LTR) retrotransposons,
such as the endogenous retroviruses (ERVs) superfamily and its
members (ERV I, ERV II and ERV III families), and non-long
terminal repeat (non-LTR) retrotransposons, such as the long
and short interspersed nuclear elements (LINEs and SINEs,
respectively) superfamilies (Bourque et al., 2018).

Transposons contribute to the variation, adaptation, and
evolution of genomes through the duplication or deletion of
genes or their regulatory elements (Lee et al., 2008; Longo et al.,
2009; Feschotte and Gilbert, 2012; Sadic et al., 2015). TEs can also
function as alternative promoters for neighboring genes, causing
non-canonical regulation of transcription (Karimi et al., 2011;
Rowe et al,, 2013; Elsdsser et al., 2015). Interestingly, transposons
show a regulatory, developmental, and evolutionary relevance for
mammalian genomes (Finnegan, 1989; Wright and Finnegan,
2001; Dodsworth et al., 2015; Jangam et al,, 2017; Ricci et al,,
2018; Rodriguez and Arkhipova, 2018). Nevertheless, their
transcriptional, and

transpositional retrotranspositional

activity can also lead to detrimental genome instability, events
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FIGURE 2

Four main histone chaperones show diverse and dynamic mechanisms for the repression of retrotransposon activity. (A) During
retrotransposon regulation, the CAF-1 complex and its histone chaperones ASF1A/B promote the deposition of histone dimer H3.1/H3.2-H4 to mark
integrated proviral retrotransposons. Localized transcriptional repression is then reinforced by members of the NuRD complex and ESET, which
results in reduced H3K4me3 and H3Ac marks. SUMO2 sumoylates TRIM28, which is then recruited onto the proviral DNA and promotes the
deposition of the repressive H3K9me3 mark. (B) The SRRP1 subunit of the FACT complex binds to retrotransposons and interacts with the
SPT16 subunit and H2B deubiquitinase USP7. USP7 suppresses BRE1A, and decreases H2BK120ub deposition, thus repressing the expression of
retrotransposons. (C) In DAXX-mediated retrotransposon regulation, TRIM28 is first recruited by KRAB-ZFPs (ZNF) and orchestrates
heterochromatin formation and maintenance by recruiting ESET, DAXX, and SMARCAD1. SMARCAD1 activity leads to the eviction of existing H3.1/
H3.2-H4 dimers. Subsequently, DAXX and MORC3 deposit H3.3-H4 and replace the lost histones. Finally, the complex promotes HDAC activity and
ESET incorporates the H3.3K9me3 mark, which represses the retrotransposon. (D) The HIRA complex suppresses retrotransposon activity by
interacting with and mediating the placement of H3.3 and its associated H3K9 methylation. Dotted lines represent interactors or activities reported to
be dispensable for retrotransposon repression.

of mutagenesis or cancerous transformations (Maksakova et al., and can be subjected to the process of chromatin formation
2008; Robberecht et al., 2013). Importantly, the transposons or (Sultana et al, 2021). In the case of mammals, the major
viruses that enter or are activated, temporarily or permanently, in mechanism for TEs silencing is DNA methylation (Hatanaka
the nucleus often interact with the cellular chromatin machinery et al, 2015). However, additional mechanisms are highly
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important to keep TEs silenced when demethylation processes
occur, as in embryonic development, or when methylation
systems fail, as in various pathologies. In this context, the
participation of histone chaperones is critical to prevent the
abnormal activation of retrotransposons, such as LINEs, SINEs
and ERVs (Elsdsser et al, 2015), as well as to regulate gene
expression and maintain chromatin stability by depositing
specific histone variants (Esteves de Lima et al, 2021;
Viktorovskaya et al., 2021; Zhang et al, 2022). A list of

transposable  elements and the  histone  variants,
heterochromatin-associated histone marks, and histone
chaperones related to their regulation is shown in

Supplementary Table S1. In the following sections, we will
focus on transposons that interact with eukaryotes genomes,
particularly those described as capable of causing detrimental
effects on mammalian cells, and their regulation by histones and
histone chaperones, particularly by DAXX, the chromatin
assembly factor 1 (CAF-1), HIRA and FACT.

CAF-1-mediated transposon regulation

The CAF-1 complex is an H3-H4 chaperone conserved
among all eukaryotes. It has important roles during DNA
replication and repair, regulation of gene expression, and
maintenance of chromatin accessibility (Liu et al., 2016). The
CAF-1 complex is also part of the interconnected and
complicated network of genetic and epigenetic mechanisms by
which cells regulate retroviruses within genomes (Figure 2A).
One example of this intricate mechanism is the restriction of the
acquirement of 2-cell (2C) like state and repression of ERV III
retrotransposons (muERV-L/MERVL: murine ERV-L elements;
MaLRs: mammalian apparent LTR retrotransposons) in ESCs
(Hatanaka et al., 2015; Ishiuchi et al., 2015; Yang et al., 2015).
Additionally, hypomethylated preimplantation mouse embryos
are protected from intracisternal A-particle retrotransposons
(IAPs), LINE-1 and SINEB2, and show arrested development
by repressive histone PTMs mediated by the CAF-1 complex
(Hatanaka et al., 2015). To attain this, the CAF-1 complex
mediates the replacement of H3.3 with H3.1/H3.2 on ERVs
regions and the deposition of repressive histone marks,
including H3K9me2, H3K27me3, and, predominantly,
H3K9me3 and H4K20me3 (Hatanaka et al., 2015).

The CAF-1 complex has several interactors. Yang et al.
(2015) reviewed the cellular factors involved in provirus
repression in embryonic carcinomas (ECs) and ESCs,
including subunits of the CAF-1 complex (CHAF1A/
CHAFI1B), sumoylation factors such as SUMO2 (small
ubiquitin-related modifier 2), and chromatin modifiers, like
TRIM28 (transcription intermediary factor 1-beta) and ESET
(histone-lysine N-methyltransferase SETDBI). Their results
of both CHAFIA
SUMO2 to deposit replication coupled histones H3.1/

demonstrated a recruitment and
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H3.2 on ERVs (MMLV: Moloney murine leukemia virus), as

well as an increased repression via H3K9me3 and
H4K20me3 marks. Specifically, CHAF1A reinforces
transcriptional repression through its interaction with

members of the NuRD complex (KDMIA: Lysine-specific
histone  demethylase 1A; HDACI/HDAC2: Histone
deacetylase 1 or 2) and ESET, while SUMO2 orchestrates the
provirus repressive function of the canonical zinc finger (ZNF)
protein 809  (ZFP809)-TRIM28-ESET  machinery by
sumoylation of TRIM28.

FACT-mediated transposon regulation

Another important histone chaperone is the FACT
complex, which mediates the deposition of H2A/H2B
histones and binds to H3-H4 dimers simultaneously
(Winkler and Luger, 2011; Wang et al., 2018; Chen F. et al.,
2020). This complex is a stable heterodimer comprised of two
multi-domain subunits, SSRP1 and SPT16 (Orphanides et al.,
1999), and their ability to simultaneously engage with various
histones makes the FACT complex unique among all histone
chaperones (Zhou et al., 2020). Recently, Chen F. et al. (2020)
hypothesized and subsequently demonstrated that the FACT
complex is a suppressor of ERVs and ERV-driven cryptic
transcription in ESCs (Figure 2B). In their study, loss of the
SSRP1 activated MERVL whereas the
introduction of SSRP1 rescued the repression phenotype.
Additionally, they observed that SSRPI with
MERVL and suppresses cryptic transcription of MERVL-

component re-

interacts

fused genes. Remarkably, SSRP1 also associates with and
recruits epigenetic regulators, such as ubiquitin specific
peptidase 7 (USP7), a known H2B deubiquitinase. USP7 acts
by deubiquitinating H2BK120ub and thereby represses the
expression of MERVL-fused genes. SPT16 also interacts with
USP7; however, an intact FACT complex with an active
SSRP1 subunit is needed for the effective recruitment of
USP7 to MERVL (Chen F. et al., 2020).

Altogether, these results supported the mechanism that the
SSRP1 subunit of the FACT complex recruits USP7 to repress
MERVL and MERVL-fused genes in ESCs by impeding the
ubiquitination of H2Bub. However, it is possible that other
FACT-associated proteins may contribute to the repression of
MERVL and MERVL-fused genes or that other pathways
repressing cryptic transcription initiation may be regulated by
the FACT complex itself (Chen F. et al., 2020).

DAXX-mediated transposon regulation
As we addressed previously, the histone variant H3.3 can be

incorporated at distinct regions of the chromatin by either the
HIRA or ATRX-DAXX histone chaperone complexes (Drané
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etal., 2010; Goldberg et al., 2010; Lewis et al., 2010). While HIRA
is responsible for H3.3 enrichment at genic regions, the
ATRX-DAXX H3.3
heterochromatic and simple repeat regions such as telomeres
(Wong et al.,, 2009; Goldberg et al., 2010; Lewis et al., 2010;
Elsdsser et al, 2015). Besides having several other roles

complex facilitates deposition  at

coincidentally with its many modifiers (Dyer et al, 2017),
DAXX has been found to deposit histone H3.3 to regulate
retrotransposons in both mouse and human (Elsdsser et al,
2015; He et al, 2015; Wolf et al, 2017; Wasylishen et al.,
2020; Groh et al., 2021).

In this context, two models have been proposed for the
mechanism by which DAXX and its interactors repress
retrotransposons. Both models rely on the fact that ERVs are
silenced through H3K9me3 by ESET (Matsui et al,, 2010) and
TRIM28 (Rowe et al., 2010, 2013); however, they differ in their
involvement with ATRX and other interactors.

On the one side, a study by Elsésser et al. (2015) using ChIP-
seq revealed that both DAXX and ATRX co-occupy ERVs (ERV I
and ERV II) enriched with TRIM28 and ESET. Given their
results, they suggested that 1) the recruitment of DAXX,
H3.3 and TRIM28 to ERVs is co-dependent and occurs
upstream of ESET, linking H3.3 to ERV-associated H3K9me3,
and 2) the deposition at a subset of these TEs is dependent upon
both ATRX and DAXX. Additionally, they reported that ATRX/
DAXX deletion attenuates H3.3 enrichment at IAP ERVs,
indicating that ATRX/DAXX is required for H3.3 enrichment
at specific subclasses of ERVs (Elsdsser et al., 2015). This model
coincides with previous studies that reported that incorporation
of H3.3 at silent genomic loci depend on ATRX/DAXX (Drané
et al., 2010; Goldberg et al., 2010; Lewis et al., 2010).

On the contrary, a structural and biochemical study by
Hoelper et al. (2017) led to the identification of two
functionally and mechanistically distinct DAXX-H3.3-H4-
containing complexes involved in the maintenance of
repressed chromatin states. One complex corresponds to the
first model mentioned. It is in fact the second complex, which
contains DAXX, histones H3.3—-H4, ESET, TRIM28, and HDAC
activity, the one that helps facilitate the repression of ERVs in
mouse ESCs (Figure 2C). Certainly, these data suggest that ATRX
and ESET-TRIM28 have mutually exclusive nature, and that the
deposition of histone H3.3 at ERVs is dispensable for
DAXX-ESET-TRIM28-mediated repression.

The set of elements of the DAXX-mediated transposon
regulation mechanism is continuously being elucidated.
Recently, Groh et al. (2021) found that the ATPase cycle and
the sumoylation of the MORC family CW-type zinc finger
protein 3 (MORC3) are necessary steps for DAXX’s ERV-
chromatin regulation, as DAXX needs to interact with the
sumoylated version of MORC3 through its SUMO interaction
motif to be able to contribute H3.3-H4 dimers. Thus, this data
reveals yet another critical regulator of DAXX-mediated histone
H3.3 incorporation to ERV regions.
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HIRA-mediated transposon regulation

The specific activity of HIRA lies in its ability to recruit and
form complexes with histone-modifying proteins such as histone
acetyltransferases and HDACs and to help regulate specific
histone variant depositions (Ray-Gallet et al., 2002; Tagami
et al, 2004; De Koning et al., 2007). In general, the HIRA
complex (composed of HIRA protein, UBN1 or UBN2 and
CABIN1)
retrotransposons by mediating the deposition of histone H3.3-

calcineurin-binding protein suppresses
H4 onto chromatin independently of DNA synthesis (Figure 2D)
and limiting the generation of retrotransposon-derived long non-
coding RNAs (IncRNAs) (Zhang et al.,, 2022). However, the
subunits of the HIRA complex act distinctly in silencing
retrotransposons (Macfarlan et al., 2012; Zhang et al.,, 2022):
the HIRA subunit mainly recognizes and suppresses ERV I
retrotransposons (such as RLTR4, RLTR12H and RLTR1B)
and ERV II retrotransposons (such as ERVB4_1B, IAPLTR3-
int and IAPLTR2b) through H3.3-H4 deposition. In contrast, the
UBN2 subunit mainly represses LINE-1 and ERV III
retrotransposons (such as MERVL, MMERGLN_LTR and
MTA) not only through H3.3 deposition, but also through the
installment of H3K9me2 and H3K9me3 marks. The role of the
UBNI1 subunit in repressing retrotransposons is significantly
weaker and specific to certain ERVs subfamilies, such as
RLTR4 and MERVL. The results of Zhang et al. (2022) also
suggest that HIRA, UBNI1, and UBN2 have specific roles in
silencing the expression of TEs and other genes; in other words,
HIRA and UBN1/UBN2 show high specificity in recognizing
different classes of retrotransposons.

For the proper functioning of cellular processes, fine-tuning
of the chromatin must be assured through the previously
described mechanisms and genomic components that involve
a balance of histones and their chaperones. Nevertheless, in
health and disease the balance and function of the histones
and chaperones changes, as we discuss in the following
sections. Aging is a natural process, where recently the role of
these epigenetic components is being elucidated. On the other
hand, diseases, such as cancer, alterations, and mutations in both
histones and their chaperones have been described. We will not
review the information on cancer, but we invite the reader to refer
to the following literature on the topic: Nye et al. (2018), Nacev
et al. (2019), and Ghiraldini et al. (2021). Nonetheless, we will
briefly discuss what is known about syndromes where histone
chaperones are severely affected.

Histones, their chaperones, and their
involvement in aging

Aging is a life-lasting event that results from the

accumulation of damage and different molecular and cellular
alterations through time, leading to a deterioration of
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Replication uncoupled histones accumulate through life differently in proliferative cells and non-proliferative cells. During embryonic
development, H3.1 and H3.2 are deposited in the chromatin of all cells. In certain cell types, like neurons, some histone variants are enriched. For
example, there is a higher amount of H2A.1 than H2A.2. In proliferative cells, O-GlcNAcylation has been described as an important PTM that is
enriched as the cells age. Chaperones, like HIRA, increase their activity when O-GlcNAcylated, generating an accumulation of H3.3. In neurons,

it has been speculated that H3.3 accumulates and substitutes H3.1/H3.2 due to the activation of IEGs and the constant DNA damage repair
mechanisms. Additionally, different H2A variants are accumulated in proliferative cells (macroH2A and H2A.J) and in non-proliferative cells (H2A.Z)
through the aging process. All these nucleosome changes are involved in the activation of the senescent program, altering tissue-specific functions.

physiological functions that are necessary for survival. Epigenetic
alterations are a major contributor to cellular senescence,
including the exchange of replication coupled histones for
variants, and their concomitant accumulation. Given this, it is
important to address the latest findings about the role of histone
variants in cellular senescence and how they can contribute to
altered gene expression and overall aging in proliferative vs. non-
proliferative cells (Figure 3).

Aging in proliferative cells: Cellular
senescence in retrograde

Cellular senescence can be defined as a permanent or highly
stable state of cell cycle arrest (Maciel-Bar6n et al., 2018). In
proliferative cells, senescence aims to lower the replication of
damaged and old cells that have accumulated molecular
alterations. It is a physiological process that happens
throughout the life of an organism, in certain moments such
as embryogenesis and tissue remodeling (Hernandez-Segura
et al., 2018; Herranz and Gil, 2018; Calcinotto et al., 2019) or
as a protection mechanism to suppress malignant transformation

and proliferation (Rai and Adams, 2012). The senescent program
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might be induced due to different types of stressors, such as
oxidative stress, radiation, autophagy impairment, among others;
this is known as premature senescence.

As mentioned, senescence involves changes at molecular and
cellular level, which can be related to organelle function, gene
expression, epigenetic regulation, disruption in the energy
metabolism, etc. Given this, several biomarkers have been
established to characterize the senescent phenotype. A
senescence-associated secretory phenotype (SASP) of several
proinflammatory molecules, like cytokines and some other
molecules, such as growth factors and proteases, is seen
(Acosta et al., 2008; Coppé et al., 2008). Besides the molecules
involved in the SASP, the detection of the senescence-associated
[-galactosidase (SA-B-Gal), the presence of yH2AX nuclear foci,
increased heterochromatin foci (known as senescence-associated
heterochromatin foci—SAHF) and the expression of macroH2A
are also used as biomarkers to identify a senescent cell
(Bayreuther et al., 1988; Dimri et al., 1995; Rodier et al., 2011;
Moreno-Blas et al., 2018).

It is interesting to highlight that there are numerous
epigenetic alterations seen as important elements of the
senescent phenotype. Yet, only a few histone variants, such as
macroH2A and yH2AX, have been studied, while others, like
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H3.3, have started to become widely explored, particularly
because of their role in chromatin regulation and gene
expression.

In an adult organism, proliferative cells are expected to
accumulate H3.3 in their chromatin due to the replication-
independent kinetic deposition of the variant compared to the
canonical H3.1/H3.2 histones. Some authors hypothesize that the
accumulation of H3.3 in certain regions can be a strategy of the
cell to follow a semiconservative replication and to “hold/mark”
the sites where H3.1/H3.2 need to be deposited once the cell
replicates; since eventually these cells stop replicating, H3.3 stays
in those regions substituting the canonical histone (Saade et al.,
2015). This H3.3 enrichment was corroborated in the liver,
kidney, brain, and heart of aged mice vs. young mice
(Tvardovskiy et al, 2017). Additionally, overexpression of
H3.3 but not H3.1 histone variant induces senescence in
fibroblasts (Duarte et al., 2014). As seen by Tvardovskiy et al.
(2017), not only terminally differentiated cell types accumulate
H3.3, but also slow-dividing mitotic tissues, like the kidney and
liver. This highlights the importance of H3.3 in aging tissues,
independently of their mitotic rate.

The PTMs in canonical or histone variants add another level
of complexity to the mechanisms of H3.3 accumulation through
the aging process. Enzymes in charge of establishing PTMs
selectively identify protein sequences, thus affecting the
the this sense, the
ZMYNDI1 protein specifically recognizes H3.3K36me3 in the
body of genes where it regulates the elongation rate of the RNA
pol IT (Wen et al,, 2014). Additionally, tissues like the heart, liver,
and kidney show an increment of H3.3K36me2, while

outcome: functional readout. In

H3.3K9me2 decreases through aging. Interestingly, some
PTMs, like H3K27me2/me3, are only altered in specific
tissues, such as the liver or the heart (Tvardovskiy et al,
2017). These data suggest that alongside H3.3 accumulation in
aging organisms, there is an alteration in methylation marks that
will affect the “meaning” of the histone code and the biological
outcome.

Chromatin reorganization is an important feature of
senescent cells. When seen under a microscope with 4'-6-
diamino-2-phenylindole (DAPI) staining, senescent cells show
punctate DNA foci instead of the characteristic heterogeneous
distribution of the staining that proliferating cells have. These are
the SAHF, and they are enriched with macroH2A. The
deposition of this variant is dependent on the HUCA histone
chaperone complex activity (Zhang et al., 2005), the same
remodeling complex that can deposit H3.3, thus suggesting
the involvement of the H3.3 histone variant in the formation
of the SAHF.

Another important characteristic of the H3.3 accumulation
in aging cells is its proteolytic cleavage which leads to the
presence of H3.3csl. Fibroblast genome-wide transcriptional
profiling shows that this cleavage product is enough to induce
the senescent program by silencing cell cycle regulators and RB/
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E2F target genes (Duarte et al., 2014). Authors suggest that the
proteolytic cleavage of H3.3, diminishes the H3K4me3 in the
regulatory regions of these genes, leading them to a permanent
repressed state. Additionally, another variant implicated in the
induction of the senescent phenotype is the H2A.J. This variant
accumulates when the DNA of the senescent cells is excessively
damaged and gets enriched at specific sets of genes associated
with the SASP, such as IL1B, CCL2, and CXCL5, as seen in aged
tissues like the liver, kidney, and brain (Contrepois et al., 2017).

Furthermore, HIRA’s activity can be modulated by different
PTMs  like  the  O-linked  N-acetylglucosamination
(O-GlcNAcylation). This PTM is an important regulator of
the HIRA complex: when absent, H3.3 deposition is reduced
(Lee and Zhang, 2016). Interestingly, several studies show that
alterations in the O-GlcNacylation of proteins is increased in
aged tissue (Fiilop et al., 2008), suggesting that the increase in
HIRA’s O-GlcNacylation might potentiate H3.3 deposition
promoting cellular senescence. The described mechanisms are
summarized in Figure 3.

Most of the works and reviews show evidence of how
epigenetic alterations are related to senescence through the
perspective of cellular replication. Meaning, most of them
focus on available reports on proliferative cells, such as
fibroblasts (Maciel-Barén et al, 2018). Nevertheless, it is
important to address how the epigenetic machinery changes
through the aging of non-proliferative cells, like neurons,
which can lead to pathological conditions.

Aging in non-proliferative cells: Neurons
at a glance

During the neurogenic process in embryogenesis, there is a
differential deposition of histone variants. H2A.1 is enriched
twice as much as H2A.2 both in neurons and neuroblasts.
Nevertheless, during postnatal development H2A.1 decreases,
suggesting that H2A.2 has more stability. On the other hand,
another H2A variant, H2A.Z presumably deposited by the
INO80
Chronakis et al.,, 2011; Mossink et al., 2021), accumulates in
aging neurons, pointing out a possible implication in neuronal

chromatin  remodelers  (Papamichos-

subfamily

mechanisms (Stefanelli et al, 2018). Regarding H3 histone
variants, neuroblasts show enrichment of the canonical
H3.1 and H3.2 which are later replaced by H3.3 in mature
1987; Bosch and Suau, 1995).
Interestingly, as neurons age, H3.1 has a slow turnover with

neurons (Pifna and Suau,

only 10% of the protein being replaced every 6 months, allowing
H3.3 to increase its levels, replacing almost all the canonical
histone variants, and accumulating through aging (Maze et al.,
2015). Given this, the H3.1 found in the adult brain corresponds
to the ones deposited at a young developing age.

The deposition of H3 variants changes in a gene-dependent
manner. Experiments made with ESCs differentiated to neuronal
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precursors (NPC) showed that when the expression of
pluripotency genes decreases, such as Nanog and Oct4, the
H3.3 enriched in the gene bodies is lost (Goldberg et al,
2010); while tissue-specific body genes are enriched with this
variant (Banaszynski et al., 2013; Maze et al., 2015). Furthermore,
in bivalent genes that evolve to become transcriptionally active,
H3.3 is kept around the TSS and is incorporated into the gene
body and in those that become transcriptionally inactive, the
H3.3 is lost around the TSS (Goldberg et al., 2010). Additionally,
haploinsufficiency of HIRA leads to abnormal defects involved in
the regulation of neuronal differentiation and maturation
(Jeanne et al, 2021). This places histone variants and their
chaperones as important regulators of neuronal development
and maturation.

In mature cortical neurons, activity-dependent
modifications of chromatin contribute to changes in their
circuitry by activating genes such as Bdnf Exon IV, c-Fos,
Dusp6, among others. These genes, which are known as
immediate early genes (IEGs) because they are transiently
and rapidly activated upon neuronal activation, need a rapid
chromatin remodeling, in part mediated by DAXX, which loads
H3.3 at their regulatory elements (Michod et al., 2012), while
other mechanisms are responsible for evicting H2A.Z at the
TSS-flaking sites (Zovkic et al, 2014; Dunn et al, 2017;
Stefanelli et al., 2018). Upon DAXX silencing, depolarization
of neurons could not increase H3.3 in the regulatory regions
and led to a diminished mRNA transcription of these IEGs.
Interestingly, H3.3 KD experiments made in neuronal cultures
show a reduction of dendritic spines and in the adult mice the
miniature excitatory postsynaptic currents, that reflect synaptic

maintenance, were diminished (Maze et al, 2015).
Furthermore, H3.3 KD experiments made in primary
astrocytic  cultures showed that, even after adding

H3.3 again, the gene-specific regulation was recovered (Maze
et al., 2015). These experiments suggest that in proliferating
cells, like astrocytes, other H3 variants (H3.1 or H3.2) can
rescue the function; while in neurons the H3.3 variant is
extremely important to regulate neuronal activity and circuitry.

Compared to H3.3, H2A.Z, though it is enriched in aging
neurons and remains responsive, serves as a negative regulator
of gene expression associated with learning and memory
(Zovkic et al, 2014). Interestingly, H2A.Z dependent-
memory formation seems to be sex-specific since it has a
higher binding in female vs. male mice and the conditional
knock-out (KO) enhanced fear memory in male, but not in
female mice (Ramzan et al., 2020). These experiments strongly
suggest that, even though H3.3 and H2A.Z accumulate in
neuronal chromatin altering the nucleosome composition,
both the
proliferating cell type-specific gene expression associated to

remain highly dynamic to regulate non-
neuronal plasticity and cognition.
When using transgenic mice harboring an H3.3-HA tagged

variant, overexpression of this histone variant leads to an
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impaired contextual fear memory and motor learning
(McNally et al., 2016). Furthermore, in a mouse model of
depression under a chronic stress paradigm, the quantification
of one of the two genes encoding H3.3, H3F3B, shows an
upregulation of the mRNA altering transcriptional programs
(Lepack et al, 2016), possibly associated with aberrant
synaptic plasticity. The H3F3B gene overexpression was also
seen in the nucleus accumbens (NAc) of human postmortem
brains diagnosed with major depressive disorder (Lepack et al.,
2016). On the contrary, mice exposed to an enriched
environment show an increased H3.3 turnover, suggesting
that in H3F3B
transcription and its H3.3-encoded variant deposition (Maze
et al,, 2015). Additionally, H3.3 was found to be enriched in the

genomic regulatory regions of four genes associated with chronic

environmental stimuli are implicated

cocaine consumption in the NAc in mice (Wimmer et al., 2019),
further confirming the importance of H3.3 in barcoding
transcriptional sites. Although additional experimental data is
necessary to prove why particular genes and regulatory regions
are affected, these studies suggest that accumulation of H3.3 may
have detrimental effects on specific brain structures that are
associated with the performance of certain behavioral tasks or
with the development of neuropsychiatric disorders and
addictions.

Furthermore, since non-proliferative cells, like neurons,
longer divide and replicate their DNA, the
substitution of the H3.3 variant deposited during DNA
damage repair by HIRA (Adam et al., 2013; Frey et al,
2014) by the replication dependent canonical H3 is not

will no

possible. This can be another reason H3.3 accumulates in
neuronal chromatin throughout life. Even though senescent
neurons maintain highly dynamic chromatin through the
deposition of newly synthesized histone variants, its
accumulation might be a reason the neuronal transcriptional
program starts to fail as the organism ages. Figure 3 summarizes
some of the changes described previously and characterized up
until now in neurons.

Histones and their chaperones are naturally affected through
aging, and the organism finds a way to surpass these changes.
Nevertheless, inborn errors in these mechanisms have been
characterized, and are important to address in the following

section.

Chromatin remodelers and histone
chaperones as targets in syndromes

Only a few so-called “chromatin remodeling syndromes” and
the
(“associated-like”

pathologies where function of the chaperones is

compromised syndromes) have been
described (Table 2). These are syndromes that harbor
alterations affecting histone variants, their chaperones and

chromatin remodelers. Furthermore, probably due to the lack
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TABLE 2 General aspects of known chromatin-remodeling and associated-like syndromes.

Syndrome Altered histone/chaperone  Gene
Di-George syndrome H3.3/HIRA HIRA

Fanconi Anemia-ATRX H3.3/DAXX FANCD2, ATRX
Kabuki syndrome H3 KMT2D, KDM6A
Rett syndrome H3 MECP2
Rubinstein-Taybi syndrome ~ H3 CREBBP
Coffin-Lowry syndrome H3 RSK2

of proper technology to study the variants and chaperones
involved in the syndromes, the information is scarce.
However, there is evidence worth mentioning and highlighting
in the next sections.

Although the information is limited, it is known that
alterations indirectly affecting histones can be an important
characteristic of some known syndromes. This is because the
deposition of PTMs is compromised due to mutations in
enzymes in charge of this activity. For example, Kabuki
syndrome is caused by a mutation in KMT2D, a
methyltransferase of lysine 4 (K4) histone H3 (H3K4),
leading to reduced histone methylation (Boniel et al,
2021). Another example are the mutations in the CREB
binding protein, an H3 acetyltransferase altered in
Rubinstein-Taybi syndrome (Attar and Kurdistani, 2017);
or in the rsk-2 gene in Coffin-Lowry syndrome, affecting
phosphorylation of histone H3 (Ausié et al., 2003). As
mentioned, these are not histone or chaperones alterations
per se; however, they all end up altering the epigenetic histone
landscape, leading to an impaired function of these proteins.
Additionally, these affections may end up modifying not only
marks on H3, but also on its variants. This phenomenon was
described in pediatric glioblastoma, where a reduction in the
H3K27me3 might reflect an alteration in the deposition of
H3.3K27me3, which has been proposed as a dominant-
negative effect of the mutant H3.3 (Bender et al., 2013).
This suggests that similar mechanisms might happen in
some syndromes that we are classifying as “chromatin
remodeling associated-like syndromes.” Additionally, there
are some other syndromes that are emerging research areas in
the histone chaperone field. For example, for the H2A
variants, mutations of LSH/HELLS gene, a chromatin
remodeler known to interact with MacroH2A, causes
Immunodeficiency Centromeric
Anomalies (ICF) 4
immunodeficiency, neurologic defects, and reduced growth
(Xu et al, 2021). Therefore, histone variants and their
chaperones are a potential field of study to understand

Instability Facial

syndrome, characterized by

their role in gene regulation and their involvement in
pathologies.

Frontiers in Genetics

Altered mechanism References

Restriction to chromatin Chen et al. (2020a)

Chaperone activity, promotion of replication forks ~ Dyer et al. (2017)
Histone methylation and demethylation Wang et al. (2019)
Amir et al. (1999)

Murata et al. (2001)

Hyperacetylation
Histone acetylation

Histone phosphorylation Delaunoy et al. (2001)

DiGeorge syndrome

DiGeorge syndrome, also known as 22ql11.2 deletion
syndrome, is the most common chromosomal microdeletion
disorder (McDonald-McGinn et al, 2015) in which a 5-
3 megabase (Mb) portion is deleted. Among the genes lost in
this deleted region, HIRA is included. As it was previously
mentioned, HIRA chaperone, when forming a four-subunit
complex, is in charge of the deposition of H3.3 in many
regions of the genome; for example, DNA damage sites and
also bivalent genes in ESCs. For hematopoietic stem cells (HSCs)
to function properly, epigenetic regulation needs to be carried
out, including chromatin remodeling and histone PTMs.
Therefore, aberrant epigenetic modifications may lead to
impaired HSC development (Chen C. et al., 2020).

Even though HIRA is described as an important contributor
for hematopoietic development, its whole function and role has
not been completely elucidated. However, HIRA KO
experiments cause a massive loss of bone marrow HSCs,
derailing the generation of the hematopoietic lineage.
Additionally, through the assay for transposase-accessible
chromatin with sequencing (ATAC-seq), it was proven that
HIRA KO restricts the access to chromatin affecting regions
crucial for the transcription of HSC-specific genes. Meis, Mecom,
Fos, Jun, and Hoxa9 are among the genes that were found to be
downregulated in the absence of HIRA, and some of them play a
key role in HSCs development. For this reason, it is known that
HIRA is necessary for the opening of chromatin sites to maintain
the correct development of bone marrow HSCs, as well as a
proper transcription of their genes (Chen C. et al., 2020).

The phenotype seen in these patients is very heterogeneous,
including heart defects, parathyroid hypoplasia, immune
deficiency, and hypocalcemia (Jeanne et al., 2021). Given this,
the altered mechanisms that lead to its heterogeneous
pathogenesis might depend on the cellular type analyzed,
whether it is a neuronal or a hematopoietic stem cell defect.
Currently, only a few authors have addressed alterations on
histone variants as an etiology (Roberts et al, 1997; Farrell
et al, 1999; D’Antoni et al, 2004). Further investigation is
required to completely understand the whole landscape of this
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syndrome, especially the full implications of the absence of HIRA
in this disorder.

Alpha-thalassemia X-linked intellectual
disability syndrome and Fanconi anemia

after the
developmental syndrome on which it was found mutated,

ATRX is a chromatin remodeler named

the a-thalassemia/intellectual disability syndrome, X-linked
(Dyer et al., 2017). Through its N-terminal PHD/Zinc finger
domain, which consists of a GATA-like zinc finger and a PHD
finger, the last one shared with the DNA methyltransferases
DNMT3A, DNMT3B, and DNMT3L; ATRX recognizes
H3K9me/me2/me3. As methyl groups are added to H3KO9,
the binding affinity between histone H3 and ATRX increases
(Dash et al.,, 2018). Therefore, when this region is mutated,
this property is affected, meaning that accessibility of several
DNA methyltransferases to chromatin is lost (Ausio6 et al.,
2003). Besides forming a complex with SWI/SNF2, whose role
has been well characterized as a chromatin remodeling
complex, ATRX associates with DAXX, and they are in
charge of H3.3 deposition. Given this, any alteration in
ATRX will affect this
chromatin incorporation,

replication-uncoupled histone
the this
syndrome is considered a chromatin remodeling syndrome.

which s reason
Fanconi anemia (FA) is a chromosome instability syndrome
(Dyer et al., 2017) which occurs following germline mutations
that result in high predisposition to cancer (Nepal et al., 2017).
The FA core complex is constituted of eight proteins, and it is
recruited to chromatin during replication fork stalling by
FANCM. FANCD2 is the central protein in the FA
pathway, which is responsible for genome stability during
DNA replication (Chaudhury et al.,, 2013). Recently, new
functions of ATRX were described, such as a physical and
functional interactor with FANCD2, promoting its stability,
and also as a protector of hydroxyurea (HU)-stalled
replication forks and the promotion of replication fork
restart. This led to question if DAXX along with ATRX,
could associate with this newly described complex and
what role it might have here.

With a DNA fiber analysis after HU-mediated replication
fork stalling, one study evaluated the proportion of restart-
competent replication forks between DAXX, FANCD2 and
DAXX/FANCD?2 double-deficient cells and found out they
were similarly reduced. These results suggest that, when
replication stress occurs, FANCD?2 is ubiquitinated and locates
to stalled replication forks to recruit homologous recombination
factors and promote a replication fork start, while suppressing
new replication origins; cooperating with the ATRX/DAXX
complex, most likely including its H3.3 chaperone activity
(Dyer et al,, 2017).
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Challenges in the approaches to
study histones and their chaperones

The study of histones, their variants, and their role in
different cellular processes has been challenging due to the
complex nature of these proteins. For instance, at the protein
level they can share a high degree of similarity, being different in
a few amino acids and at the gene level in most organisms their
genes are encoded in multiple copies arranged in clusters. The
use of traditional KO and KD technologies to study the effect of
their absence is challenging not only for their gene distribution
and mRNA stability, but also because of their relevance in several
biological processes, as reviewed here. An ingenious way to come
around this is to downregulate the expression of key elements
involved in the unique biogenesis of the histone’s mRNA. One of
these approaches includes the silencing of the Stem-loop binding
protein (SLBP) (Sullivan et al., 2009). This protein binds the 3’
stem-loop mRNA end, it is involved in all the mRNA processing
steps and its unique known target are these histones (Marzluff
and Koreski, 2017). By generating a stable cell line that expressed
an inducible small hairpin RNA (shRNA) to silence this factor,
Jimeno-Gonzélez et al. (2015) performed a genome-wide analysis
on the effect of transcription when only low levels of canonical
histones are available. The downside of this approach is that it is
not able to distinguish between histones, therefore future targeted
mechanisms could improve this if different components in
mRNA processing are found within the core histones
canonical mRNA. For example, in Drosophila it was found
that the clusters of genes of the linker histone H1 and the
core histones (H2A, H2B, H3, and H3) could be distinguished
by the transcription factors that bind to the respective promoters.
While TBP (TATA-box-binding protein)-related factor 2 (TRF2)
regulated the H1 gene promoter, the core histones genes were
controlled by TBP/TFIID (Isogai et al., 2007). This differential
mechanism of transcriptional activation within the histone
cluster, provides the first steps in targeted canonical histone
specific silencing. However, to our knowledge, in mammals this is
yet to be explored. Compared to replication-coupled histones, the
genes encoding histone variants and histone chaperones are
encoded by independent non-clustered genes, their expression
is not limited to cell cycle regulation, and their mRNAs have 3
polyA tails, therefore traditional KO and KD technologies are
suitable for their study.

At the protein level, a collection of methods and techniques
have evolved to study the interactions of histones and
chaperones. For a detailed revision on this topic, based on
H3 but applicable to all histones, please refer to Scott and
Campos (2020). However, here we would like to highlight a
few of the golden standard techniques still used nowadays for the
study of histones and their chaperones, as well as one that has
gained adepts in the field that allows the label and following
histones in vivo: SNAP-tag System.
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One of the first methods to isolate histones was through acid
extraction of whole protein extract (Murray, 1966). This method
relies on the nature of histones, since they are highly basic and do
not precipitate easily under acid conditions. The most frequent
acids employed for this are hydrochloric acid or sulfuric acid.
However, some issues with this type of extraction are that for
further analysis of the histones, pH must be neutralized, and
certain PTMs are prone to be lost due to the acidity during the
sample extraction. Another method that has efficiently extracted
histones is the high-salt concentration method, where the
composition of amino acids of the histones influences the
strength of the bonds with DNA. The stronger the bond, the
higher the concentration of salt required to dissociate the
histones from the DNA. Therefore, this method, apart from
extracting histones, can also function to measure the stability of
the nucleosome composed by different histones and their
variants. Shechter et al. (2007) detail standard protocols to
isolate histones, as well as further purification techniques.

To study the deposition pattern of histones and their
chaperones in chromatin, one of the gold standard methods is
ChIP (Kuo and Allis, 1999). This technique allows us to determine
the distribution and enrichment of proteins in genomic regions, in
this case, histones or their chaperones. When coupled with
sequencing, the distribution, biological effects, as well as
chromatin states can be studied at a genome-wide level. Truch
et al. (2018) provide a ChIP-seq protocol specially optimized for
proteins that interact with chromatin through protein-protein
interactions, for example, ATRX. One of the downsides of this
technique is the requirement of specific antibodies to immunolabel
histone variants and their chaperones. If we consider that most of
the histone variants are understudied, the availability of
commercial antibodies can become a barrier. For example, in
the case of H2A.B although a couple of commercial antibodies are
available, they have not been validated for ChIP. Given this, the
one study that has evaluated H2A.B enrichment through ChIP-seq
produced its own antibody (Soboleva et al., 2017). In addition, even
when antibodies are available, specificity and affinity should also be
taken into consideration, because the production of specific
antibodies for a variant becomes an issue if the differences
between histones are only a few amino acids, making the
epitopes fairly indistinguishable from one another. In addition,
usually it is necessary to use a high quantity of antibody per
immunoprecipitation to properly immunodetect the protein of
interest in the samples. This limits the number of assays that can be
performed per antibody vial, raising the monetary costs per
experiment. Another setback of ChIP is the quantity of the
sample. Generally, it requires large amounts of cells or tissue,
and when the original sample is limited, it becomes an issue.
Nonetheless, there are improvements in the technique that allow
the use of small quantities of the sample, lowering the input
requirements (Dahl and Gilfillan, 2018). Nevertheless, the
widespread usage of ChIP ranges around 1 x 107 cells.
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Nowadays, there are also several variations of the technique
that grants different approaches, like the chromatin
immunoprecipitation followed by selective isolation of
chromatin-associated proteins (ChIP-SICAP). This ChIP-
based technology allows differentiating stable from labile
protein interactions and capture the stable ones using DNA
biotinylation (Rafiee et al., 2016). Chromatin occupancy after
replication with sequencing (ChOR-seq) and sister chromatids
after replication with sequencing (SCAR-seq) may be employed
for the study of replicating chromatin (Petryk et al., 2021), raising
the possible techniques that can be used to study chromatin in
different cellular contexts; in this case how histone variants and
their chaperones are recruited and engage during S phase.

Finally, another technique that has been widely used to study
histones and chaperones is the SNAP-tag system developed by
Keppler et al. (2003) as a technique for labeling and tracking
proteins. This technique uses a mutant DNA repair protein (O6-
alkylguanine-DNA alkyltransferase) that binds to benzylguanine
irreversibly. Benzylguanine can be coupled to different
molecules, including fluorophores, allowing an in vivo
tracking of newly synthesized proteins via a fluorescent
microscope. Based on this method, the “quench-chase-pulse”
assay was developed to follow and distinguish between new and
old histones. Bodor et al. (2012), Clément et al. (2016), and Torné
etal. (2018) provide protocols based on this technique focused on
the study of histones as well as their chaperones. The
development of this assay has drastically changed the way
histones are studied. Allowing not only to differentiate
between them, but also to follow the in vivo dynamics, order
of deposition, chaperones involved, and the distribution pattern
in the nucleus. All of which provide a better understanding of
these essential proteins.

Concluding remarks

During the last few years, the study of histone variants and
their chaperones has increased considerably. However, most of
these studies have focused on only a few variants and chaperones,
resulting in scarce information. Aside from H3, H2A, and its
variants, further studies addressing the rest of the histones are
needed to have a bigger picture of how they influence chromatin
regulation. Nevertheless, new emerging technologies are
improving the experimental approaches for their study. Given
this, we highlight the importance of further research about
histone variants and their chaperones in the associated
syndromes, physiological processes like aging, and their role
in molecular processes, such as replication, transcription,
DNA damage and their contribution to the regulation of
transposable elements. This will further shed light on their
involvement as important regulators of the ever-changing
chromatin.
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