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Abstract: Replication-dependent histone H3.1 and replication-independent histone H3.3 are nearly
identical proteins in most multicellular eukaryotes. The N-terminal tails of these H3 variants, where
the majority of histone post-translational modifications are made, typically differ by only one amino
acid. Despite extensive sequence similarity with H3.3, the H3.1 variant has been hypothesized to
play unique roles in cells, as it is specifically expressed and inserted into chromatin during DNA
replication. However, identifying a function that is unique to H3.1 during replication has remained
elusive. In this review, we discuss recent findings regarding the involvement of the H3.1 variant in
regulating the TSK/TONSL-mediated resolution of stalled or broken replication forks. Uncovering
this new function for the H3.1 variant has been made possible by the identification of the first
proteins containing domains that can selectively bind or modify the H3.1 variant. The functional
characterization of H3-variant-specific readers and writers reveals another layer of chromatin-based
information regulating transcription, DNA replication, and DNA repair.

Keywords: DNA repair; DNA replication; histone H3.1 variant; homologous recombination;
genome stability

1. Introduction

Histones are the core protein components of chromatin. An octamer containing two
copies of histones H2A, H2B, H3, and H4 organizes approximately 147 bp of DNA into a
nucleosome, which forms the basic structural unit of chromatin [1]. Although nucleosomes
are always composed of the same four classes of histones, multiple non-allelic isoforms, or
histone variants, were described, primarily in the H2A, H2B, and H3 protein families [2—4].
These variants can be conserved over extensive evolutionary distances, or specific to certain
phylogenetic clades [5].

Amino acid differences between histone variants of the same family have long been
proposed to have functional implications. The H3 barcode hypothesis put forward by Hake
and Allis in 2006 formalized this idea by proposing that H3 variants could be subjected to
distinct post-translational signatures. In this framework, the enrichment of a particular H3
variant at specific regions of the genome would define epigenomic domains and determine
the chromatin-based functions at these loci [6]. Testing this hypothesis has been challenging,
in part due to the high level of similarity between some histone variants. For example, the
two main non-centromeric H3 variants of multicellular eukaryotes, H3.1 and H3.3, differ by
only one (e.g., in animals) or two (e.g., in vascular plants) amino acids in their N-terminal
unstructured tail. The observed sequence similarity brings the very important question of
whether a few amino acid differences between H3.1 and H3.3 can be sufficient to regulate
the catalytic activity of histone-modifying enzymes or the binding of histone readers.

Over the past 10 years, histone-variant-specific readers and writers have started to
be identified, thus confirming the direct roles of histone variants in regulating chromatin-
based activities, including transcription, DNA replication, and DNA repair. These initial
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findings may represent the tip of the iceberg in terms of how histone variants function in
cells to shape different epigenetic states in eukaryotic systems. In order to incite further
investigations of histone variants, this review highlights the main findings from the past
few decades of research on the conserved H3.1 variant. Recent advances in elucidating a
specific role for H3.1 in promoting replication fork progression are also discussed.

2. Discovery of the Replication-Dependent H3.1 Variant

The H3.1 variant was first identified in 1977 by Franklin and Zweindler, who used
gel electrophoresis to distinguish different histone proteins extracted from mammalian
tissues [7]. Many years after, it was shown that, in multicellular eukaryotes, H3.1 is inserted
into chromatin in a replication-dependent manner (Figure 1A) [8,9]. The specific use of
H3.1 during replication has led this histone variant to be named the replication-dependent
histone H3 variant. A few years later, it was shown that H3.1 can also be inserted into
chromatin in response to UV irradiation at damaged genomic loci in human cells [10].
The other major H3 protein, the non-centromeric histone H3.3 variant, is inserted into
chromatin in a replication-independent manner (Figure 1A) [8,9]. Comparative analyses
suggested that the H3.1 variant evolved from the more ancestral H3.3 [11]. The differential
insertion of H3 variants into chromatin is regulated at the transcriptional level, with the
expression of H3.1 peaking specifically during DNA replication, while H3.3 is constitutively
expressed throughout the cell cycle [12,13]. In addition, the deposition of H3.1 and H3.3
onto chromatin is mediated by distinct histone chaperones [14]. The heterotrimeric CAF-1
complex loads H3.1 at replication forks to maintain nucleosome density genome-wide
during replication (Figure 1A) [15]. CAF-1 can directly interact with the sliding clamp
proliferating cell nuclear antigen (PCNA), which contributes to H3.1 incorporation [16].
In contrast, the H3.3 variant is inserted into chromatin by two other histone chaperones:
HIRA and DAXX (Figure 1A) [15,17-19]. HIRA mediates the replacement of H3.1 with H3.3
during transcription, a process facilitated by the interaction of HIRA with many factors
involved in RNA synthesis [20-22]. As a result, H3.3 is mostly found in transcriptionally
active regions of the genome in proliferative cells [18]. However, H3.3 is also present in
several regulatory regions of the genome [18] and genome-wide in post-mitotic cells [23-26]
and the chromatin of reproductive cells in Drosophila (Drosophila melanogaster), mouse
(Mus musculus), and Arabidopsis (Arabidopsis thaliana) [27-30]. Studies on the histone
chaperone DAXX have shown that it deposits H3.3 at the telomeres and specific regions of
the pericentromeric heterochromatin in embryonic stem (ES) cells [17,18]. In proliferative
cells, the active replacement of H3.1 with H3.3 at specific loci results in a genome-wide
enrichment of the H3.1 variant in heterochromatic, transcriptionally silent regions of the
genome [31,32].

One of the most striking aspects of the H3.1 and H3.3 variants is how similar they are
at the primary sequence level. In vascular plants, only 4 out of 135 amino acids (positions
31, 41, 87, and 90) vary between H3.1 and H3.3 (Figure 1B) [12]. Research focusing on
the rDNA arrays of Arabidopsis determined that amino acids 87 and 90 of H3.3 regulate
its deposition at active loci, while residues 31 and 41 guide nucleosome disassembly
after rDNA transcription is interrupted [33]. Another study in Arabidopsis demonstrated
that the H3.1-specific residue phenylalanine 41 (Phe41 or F41) plays an important role in
regulating the genome-wide distribution of H3.1 [34]. In animals, H3.1 and H3.3 also differ
at four positions (31, 87, 89, and 90). Variations at amino acids 87 and 90 were shown to
be required for the variant-specific interaction of H3.3 with its histone chaperones HIRA
and DAXX [35-37], thus providing a molecular mechanism for the differential mode of
deposition of H3 variants onto chromatin. Interestingly, mammals (but not other metazoans)
contain another replication-dependent H3 variant, H3.2, which differs from H3.1 in only
one position (596 instead of C96) (Figure 1B). The effect on chromatin of variation at position
96 of H3 is not well-understood.
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Figure 1. The distinct deposition pathways and sequences of histone H3.1 and H3.3 variants: (A) The
deposition of H3.1 and H3.3 by their dedicated histone chaperones at different genomic loci. The
CAF-1 complex directly interacts with the PCNA clamp and deposits H3.1 at replication forks
during DNA replication. In contrast, HIRA inserts H3.3 at active gene regions (i.e., euchromatin)
during transcription, while DAXX deposits H3.3 mainly at various heterochromatic loci, including
pericentromeric regions and telomeres. Nucleosomes with parental H3.1 or H3.3 histones are shown
in gray; nucleosomes with newly synthesized H3 proteins are highlighted in blue (H3.1) or red
(H3.3); (B) sequence alignment of histone H3 variants (H3.1/H3.2 and H3.3) from human and
Arabidopsis. The sequence folding into the globular domain of H3 is marked by a blue rounded
rectangle. Functionally important lysine residues (i.e., K4, K9, K27, and K36) in the N-terminal tails
of H3 variants are highlighted in red. Sequence variations between H3.1, H3.2, and H3.3 in humans
and Arabidopsis are indicated in pink and green, respectively, with positional information for these
variable amino acids indicated above the alignment.

Most post-translational modifications (PTMs) deposited on histones occur in their
unstructured N-terminal tails [38]. As only a single amino acid residue (position 31) con-
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servatively varies between H3.1 and H3.3 in the tail of all eukaryotes (Figure 1B), it had
been unclear whether H3.1 and H3.3 variants could be marked by distinct PTMs, and if so,
what would be the underlying mechanisms. Initial studies identified differential patterns
of PTMs on H3 variants [39-44]. These patterns typically showed that active marks were
enriched in H3.3, while repressive marks were predominantly located on H3.1. These
observations of H3-variant-specific PTMs raised the question of whether H3 variants could
have a direct impact on the deposition of these PTMs. An alternative explanation would be
that the H3-variant-specific patterns of PTMs are simply a consequence of the enrichment
of particular H3 variants in different regions of the genome. To test these two hypotheses,
which are not mutually exclusive, studies were initiated to identify histone writers that
could selectively modify H3.1 or H3.3. In addition to potentially regulating histone H3
writers, other molecular mechanisms could be mediated by H3.1 and H3.3 to provide func-
tional specificity to chromatin loci containing these H3 variants. For example, differential
binding by histone readers to a histone PIM present on H3.1 and H3.3 could provide a
way to generate functional differences for H3.1 and H3.3. Similarly, amino acid variations
between H3.1 and H3.3 could be sufficient (without the associated PTMs) to directly affect
H3 binding by histone readers. For all of these reasons, finding H3-variant-specific readers
and writers became an important endeavor in the field of chromatin biology.

3. Identification of Readers and Writers of H3 Variants

In searching for evidence about the specificity of H3 variants in regard to the deposition
of histone PTMs, phosphorylation at serine 31 (531ph) of H3.3 was a logical modification
to investigate first, as non-phosphorylatable alanine replaces serine/threonine at position
31 in the H3.1 variant (Figure 1B). Earlier studies have shown that different regions of the
genome contain H3.3531ph during mitosis and meiosis, although these regions vary by cell
type and organism [45-48]. Currently, the precise role of H3.3531ph at these stages of the
cell cycle remains unclear. More recent studies have demonstrated a role for H3.3531ph in
gastrulation [49], embryonic stem cell differentiation [50], and the regulation of stimulated-
gene expression [51]. H3.3531ph has been shown or proposed to regulate binding to H3.3,
by either favoring or preventing the interaction of the reader proteins JMJD3/KDM6B and
PHF1 [51,52]. Symmetrically, the absence of phosphorylation at H3.3531 can also direct
variant-specific interactions, as the transcriptional regulator ZMYND11 binds H3K36me3
specifically on H3.3 by reading unmodified S31 [53,54].

In regard to H3.1-specific readers and writers, aside from the early discoveries that iden-
tified CAF-1 as being the H3.1 chaperone, most of the new findings have come from studies
in the model plant Arabidopsis. The H3K27 monomethyltransferases ATXR5 and ATXR6
(ATXR5/6), which are represented in all land plants and Tetrahymena thermophila [55,56] but
are absent in animals, were the first histone-modifying enzymes shown to specifically methy-
late the H3.1 variant [56]. A recent follow-up study related to ATXR5/6 has revealed a univer-
sal H3.1 reader domain in the protein TONSOKU (TSK) (known as TONSOKU-LIKE/TONSL
in animals), which participates in the regulation of DNA repair during replication [57]. The
discoveries of proteins that can write or read H3.1 are presented in greater depth in the
next sections.

3.1. H3.1-Specific Deposition of H3K27mel by ATXR5 and ATXR6 in Plants

ATXR5/6 were initially characterized as SET-domain proteins capable of directly inter-
acting with PCNA, a central regulator of replication and DNA repair [58], via a conserved
PCNA-interacting protein (PIP) motif [59]. In the same study, ATXR6 was shown to be
expressed at the transition between the G; and the S phase of the cell cycle, while ATXR5 is
constitutively expressed in cycling cells. A comparative analysis of all SET-domain proteins
in Arabidopsis initially classified ATXR5/6 as H3K4 methyltransferases [60], but a subse-
quent study established that they are in fact part of a distinct class of SET-domain proteins
conserved in land plants [61]. In vitro and in vivo enzymatic assays demonstrated that
ATXR5/6 monomethylate H3K27 (H3K27mel) [62]. This finding thus defined ATXR5/6
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as a new class of H3K27 methyltransferases in plants, in addition to the one formed by
the widely conserved PRC2 enzymes [63]. The loss of H3K27mel in atxr5 atxr6 (atxr5/6)
double mutants results in the transcriptional derepression of repetitive sequences and
heterochromatin decondensation [62], which is in line with the enrichment of H3K27mel
in transcriptionally silent regions of the genome [64,65]. Additional work identified a
role for ATXR5/6 in maintaining genome stability in plants, as atxr5/6 mutants show a
genomic amplification of heterochromatic sequences (hereafter referred to as heterochro-
matin amplification) [64]. The role of ATXR5/6 in preserving heterochromatin stability and
silencing was shown to be dependent on their interaction with PCNA and their catalytic
SET domain, thus indicating that the deposition of H3K27mel during replication is critical
to maintaining genomic stability in plants [64].

While trying to understand the molecular role played by H3K27mel in safeguarding
against heterochromatin defects, it was found that the K27 monomethyltransferase activity
of ATXR5/6 is specific for the H3.1 variant (H3.1K27mel) (Figure 2) [56]. The selective
methylation of histone H3 variants by different histone methyltransferases was tested based
on the idea that sequence variation between different histone variants near a target substrate
(e.g., K27) may promote or interfere with enzymatic activity. This idea was initially assessed
for H3.1 and H3.3 at position K27 due to the nearby variation at position 31 between these
H3 variants (Figure 1B), and results showed that ATXR5/6 were in fact only active on
the H3.1 variant. In contrast, different PRC2 complexes containing the catalytic subunits
CURLY LEAF (CLF), SWINGER (SWN), or MEDEA (MEA) can equally methylate K27 on
H3.1 and H3.3 variants in vitro (Figure 2) [56] (Y. Jacob, unpublished data). More recent
work has shown that CLF, MEA, and ATXR5/6 are incapable of methylating the male-
gamete-specific histone H3.3-like variant MGH3 (also known as HTR10) in Arabidopsis,
with functional consequences for germ cell reprogramming (Figure 2) [66]. Even though
MGHS3 contains a K27 residue, this variant differs from the canonical H3.3 by a stretch
of ~5 highly divergent amino acids located immediately downstream of K27 [12]. The
functional characterization of H3K27 methyltransferases from Arabidopsis demonstrates
that the modulation of chromatin writer activity by H3 variants can regulate different
cellular processes in plants.

Structural work revealed that the H3.1 specificity of ATXR5/6 is conferred by their
conserved nSET region, which folds into a cage-like structure around the canonical SET
domain [56]. The nSET-SET arrangement generates a selectivity pocket in the catalytic
domain of ATXR5/6 that can accommodate residue A31 of H3.1, but not T31 of plant
H3.3 variants. Plants expressing H3.1 variants with alanine 31 replaced with threonine
(H3.1A31T) displayed a loss of H3.1K27mel in vivo [56]. Interestingly, ATXR5/6 are able
to methylate a mutant H3.1 variant containing serine at position 31 as efficiently as the
wild-type H3.1 [67]. The fact that T31, but not S31, can inhibit ATXR5/6 activity provides
an explanation as to why plant H3.3 variants differ from their mammalian orthologs at this
position (Figure 1B). The ATXR5/6 ortholog in T. thermophila (i.e., TXR1) does not appear to
preferentially methylate H3.1 over H3.3 [68], and this observation is in line with the fact
that both H3.1 and H3.3 variants participate in replication-coupled histone deposition in
that organism [69].

The specificity of ATXR5/6 for H3.1 in plants suggested a unique role for this H3
variant in maintaining genome stability and transcriptional silencing. However, it was
unclear whether or not such a role for H3.1 would be conserved in animals. The recent
identification of the DNA repair protein TSK/TONSL as an H3.1 reader protein provides
new insights into these questions [57].
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Figure 2. Activity of plant H3K27 methyltransferases on different H3 variants. ATXR5 and ATXR6
catalyze K27 monomethylation on H3.1 variants. PRC2 complexes containing either CLF, MEA, or
SWN (catalytic subunits of Arabidopsis PRC2 complexes) trimethylate K27 on H3.1 and H3.3 variants.
In contrast, ATXR5, ATXR6, and PRC2 complexes cannot methylate the male-gamete-specific histone
variant MGH3, which contributes to reprograming the paternal epigenome in pollen of Arabidopsis.

3.2. TSK/TONSL Acts as an H3.1 Reader via its TPR Domain

TONSOKU (TSK), also known as BRUSHY1 (BRU1) or MGOUN3 (MGO3), was ini-
tially characterized in plants as a putative DNA repair protein, as tsk mutants were shown
to be hypersensitive to genotoxic stress [70]. In addition, other cellular and developmental
phenotypes associated with fsk mutants, including fasciation, disorganized shoot, and root
apical meristem, stochastic loss of gene silencing, and altered heterochromatin organization,
suggested a possible role for TSK in the establishment and /or maintenance of epigenetic
states [70-72]. A few years later, multiple studies revealed that the mammalian ortholog
of TSK, known as TONSOKU-LIKE (TONSL), plays a critical role in repairing broken
forks via homologous recombination during DNA replication [73-76] (see next section).
TONSL was demonstrated to associate with soluble non-nucleosomal H3/H4 heterodimers
in vivo [73,77], and further work identified a direct interaction between full-length TONSL
and H3 peptides in vitro [77]. In addition, mammalian TONSL was shown to directly inter-
act with H4K20me0 via its ankyrin repeat domain (ARD), which plays an essential role in
recruiting TONSL to chromatin to mediate DNA repair during replication (Figure 3A) [78].
Interestingly, the ARD domain is absent from the plant TSK proteins [57,73], thus suggesting
that TSK and TONSL are recruited to chromatin through different mechanisms.
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Mus museulus 459 LSMAKD--TEEEEEEEEEEEEEASEAPETSELELSESEDDADGL 500

Danio rerio 450 LCERDGLSLDQSEDED] DEVDONSEPLEDS YSES EDL-- 500
Drasophila melanogaster 457 NLEADATAKGIDLBQEESWGDDEEESDGGETAVQQNTPBWDDDF 500

KET---IlQNLKESEHAEKAECS 500
QEK---IDN KE - —--- 500
QHE- - - IDKLKESKSEBLEAY - 500

Figure 3. The TPR domain of TSK/TONSL functions as an H3.1 reader: (A) Domain architecture of
human and Arabidopsis TONSL/TSK. TPR: tetratricopeptide repeats, ARD: ankyrin repeat domain,
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UBL: ubiquitin-like, LRR: leucine-rich repeats. The domains in TSK/TONSL responsible for binding
specific histones are marked by dashed rectangles; (B) alignment of TPR domains from multiple
animal and plant TSK/TONSL orthologs. NCBI reference sequences: NP_038460.4 (Homo sapiens),
NP_898914.3 (Mus musculus), NP_001104618.1 (Danio rerio), Q9VSA4.1 (Drosophila melanogaster),
NP_188503.2 (Arabidopsis thaliana), PWZ29356.1 (Zea mays), and GAY58445.1 (Citrus unshiu). Residues
in the alignment are colored according to the Clustal X color scheme. The « helices of the animal
and plant TPR domains of TONSL/TSK, respectively, shown as pink or violet rectangles above
the alignment, were predicted by AlphaFold (animals) or based on the crystal structure of the TPR
domain of C. unshiu TSK (plants). Red asterisks indicate the residues of the TPR domains shown
(plants) or predicted (animals) to mediate specific binding to H3.1 via recognition of residue A31;
(C) top view of the TPR domain of TSK (violet) from C. unshiu co-crystalized with the histone H3.1
N-terminal tail (green) (PDB accession number: 7T7T); (D) (Left panel) structural superposition of the
solved TPR domain (violet) of plant TSK (C. unshiu) and the AlphaFold-predicted TPR domain (pink)
of TONSL (human), with a focus on the histone H3.1A31-binding pocket. The amino acid residues
from the TPR domain of plant TSK or animal TONSL interacting with H3.1A31 (green) are shown.
(Right panel) Surface representation of the predicted H3.1A31-binding pocket from the TPR domain
of human TONSL.

The identification of TSK/TONSL as DNA repair proteins rescuing broken replication
forks, the reported interaction between TONSL and histone H3, and the role of ATXR5/6 in
maintaining genome stability in plants via H3.1K27mel during replication all pointed to a
possible link between these proteins. The functional relationship between H3.1, ATXR5/6,
and TSK/TONSL was confirmed in a recent study that showed that TSK acts as an H3.1
reader protein via a conserved tetratricopeptide repeat (TPR) domain [57]. The TPR domain
in TSK is composed of 11 repeated TPR motifs (hairpins of antiparallel c-helices) that fold
into a channel-like solenoid (Figure 3B) [57]. The N-terminal tail of the H3.1 variant (amino
acids 1-40) fits in this domain by folding back inside the structure (Figure 3C). A small
binding pocket, strictly conserved across plant TSK orthologs, selectively reads the unique
residue A31 of H3.1 [57]. Importantly, the TPR domain of mammalian TONSL also displays
a preference for binding the H3.1 variant over H3.3 in vitro [57]. The AlphaFold model
for the TPR domain of TONSL predicts a similar organization of the x-helices forming
the interacting pocket with H3.1A31 compared with plants [79] (Figure 3D). Interestingly,
there are variations in some of the main residues contributing to reading A31 between
plants and animals (Figure 3B,D). This observation may reflect the need to differentiate
against H3.3531 in animals, as this residue is replaced with T31 in plant H3.3 (Figure 1B).
Additional structural studies are needed to fully understand the similarities and differences
in the way plant TSK and animal TONSL selectively interacts with H3.1.

Overall, these studies identified the first H3.1-specific reader domain, which appears
to be universally conserved in multicellular eukaryotes. The specificity of both ATXR5/6
and TSK for the H3.1 variant suggests that these proteins are part of a common pathway
in plants. The functional characterization of TONSL as a mediator of replication-coupled
DNA repair in mammals suggests a similar function for TSK in plants.

4. Role of the TSK/TONSL-H3.1 Pathway in DNA Repair

Most of the work on the role of TSK/TONSL in DNA repair has been performed in
mammalian cells. TONSL has been shown to interact with multiple proteins, including
ASF1, MCM2/4/5/6/7, and most importantly, MMS22L [73-77]. TONSL and MMS22L
form a stable complex in vivo, which is mediated by the C-terminal LRR domain of TONSL
(Figure 3A) [73,75]. Depleting the mammalian cells of TONSL or MMS22L generates similar
phenotypes, such as hypersensitivity to the genotoxic drug camptothecin, activation of
ATR-dependent signaling, the formation of 53BP1/yH2AX/phospho-RPA-positive foci,
a delay in inactivating DNA damage response (DDR) signaling after DNA damage, and
defects in homologous recombination (HR) [73-76]. TONSL-MMS22L has been shown to
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colocalize with RPA and the histone H2A.X variant in vivo, and initial results indicated a
role for the complex in facilitating the loading of the recombinase RADS51 [73,75]. Further
experiments showed that, while the TONSL-MMS22L complex is present at unperturbed
replication forks, it is enriched at collapsed forks containing resected DNA [80]. MMS22L
was shown to directly interact with RPA-coated ssDNA, and also with RAD51, which
directly links the HR repair machinery to the TONSL-MMS22L complex [80]. In vitro and
in vivo experiments suggested that TONSL can rescue perturbed replication forks via two
different mechanisms relying on RAD51: replication fork reversal and the homologous
recombination-mediated repair of dsDNA breaks [80]. Interestingly, although the TONSL-
MMS22L complex directly binds to RAD51 and contributes to RAD51-mediated strand
exchange required for HR in vitro, it does not catalyze the assembly of RADS51 filament
on ssDNA coated with RPA. These findings suggest the presence of additional, unknown
proteins working with TONSL-MMS22L [80].

A major leap in our understanding of the regulatory mechanisms affecting TONSL
activity came from the discovery that its ARD domain mediates the interaction with
H4K20me0 [78]. In vitro and in vivo experiments demonstrated that the recruitment of
TONSL to chromatin, and its DNA repair activity, are dependent on the ARD domain [78].
In animals, H4K20meO is a signature of post-replicative chromatin, which lasts until late
G2 during the cell cycle [78]. The maturation of post-replicative chromatin is then accom-
plished via SET8/PR-Set7/SETDS, which monomethylates H4K20 (H4K20me1l) and, thus,
blocks TONSL from binding chromatin [78]. The regulation of TONSL via SET8 ensures
that TONSL activity is temporally and spatially restricted. Based on these findings and
previous work, the authors proposed a model where TONSL is delivered during S phase to
nascent chromatin in a pre-deposition complex with ASF1, MCM2, and H3/H4 tetramers
(Figure 4A). The replication-dependent insertion of TONSL promotes its localization at repli-
cation forks and post-replicative chromatin, which facilitates DNA repair via HR at broken
forks. One question resulting from the discovery that TONSL interacts with H4K20me0 was
whether the TONSL-MMS22L complex can also be recruited to chromatin when H3.3/H4
complexes are deposited by the HIRA and DAXX chaperones. There is no evidence suggest-
ing that H4 is specifically methylated at K20 before the replication-independent insertion
of H3.3/H4 to prevent the recruitment of TONSL. However, the recent discovery that
TSK/TONSL specifically interacts with H3.1 via its TPR domain provides a mechanism
to shuffle TSK/TONSL away from H3.3/H4 and replication-independent histone depo-
sition [57]. A study using human cell lines has shown that TONSL activity requires the
H3.1 chaperone CAF-1, thus supporting a conserved role in multicellular eukaryotes for
the H3.1 variant in promoting TSK/TONSL activity [81].

Comparative functional analyses in plant and animal systems suggest a similar strat-
egy for regulating TSK/TONSL activity and post-replicative chromatin maturation via
histone methylation (Figure 4B). The absence of a SET8 ortholog in plants, combined
with the lack of an ARD domain in plant TSK (Figure 3A) [73], can be explained by the
activity of the plant-specific enzymes ATXR5/6, which appear to provide an analogous
function to SET8 in monomethylating post-replicative chromatin to prevent the recruitment
of TSK [57]. Genetic experiments in atxr5/6 mutants or in plants expressing H3.1528A
(which prevents ATXR5/6-catalyzed H3.1K27mel [82]) showed that heterochromatin am-
plification associated with the loss of H3K27mel is dependent on H3.1 and TSK, thus
suggesting that H3.1K27me0 positively regulates TSK activity in plants [57]. In addition,
plants that express H3.1A31T (alanine 31 replaced with threonine, as in plant H3.3 variants)
are hypersensitive to the replication blocking agent methyl methanesulfonate (MMS) [57],
which mimics the phenotypes of tsk and h3.1 mutants growing in the presence of this
chemical [70]. Taken together, these results reveal the importance of ATXR5/6-mediated
H3.1K27mel in repressing TSK and suggest that plants and animals employ similar mech-
anisms to regulate TSK/TONSL-mediated DNA repair and post-replicative chromatin
maturation. The precise regulation of TSK/TONSL appears to be critical in multicellular
eukaryotes, as genomic instability occurs when this DNA repair pathway is lost or extended
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Figure 4. Comparison of the chromatin-based mechanisms regulating TSK/TONSL activity between
mammals and plants: (A) In mammals, TONSL forms a heterodimer with MMS22L and initially
interacts with soluble H3.1/H4 using its TPR and ARD domains. After H3.1/H4 incorporation
into nascent chromatin, TONSL-MMS22L recruits HR repair proteins to resolve stalled or broken
replication forks. Post-replicative chromatin maturation relies on SET8 to monomethylate H4K20,
which prevents the binding of TONSL-MMS22L to mature chromatin; (B) plants lack a clear MMS22L
homologous protein, and TSK only contains a TPR domain to mediate the interaction with newly
synthesized H3.1/H4. In addition, H3.1K27, not H4K20, is monomethylated (via ATXR5/6) to
prevent TSK from interacting with mature chromatin. Parental H3/H4 histones are shown in gray;
newly synthesized histone proteins are highlighted in blue (H3.1), red (H3.3) or yellow (H4).

5. Differences between Plants and Animals in the TSK/TONSL-H3.1 Pathway

In spite of many similarities between plants and animals in regulating the TSK/TONSL
activity and post-replicative chromatin maturation, important mechanistic differences
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should still be considered. One striking difference between plant and animal systems is

the chromatin target used for regulating the TSK/TONSL binding to chromatin. In plants,
ATXR5/6 carry this function by selectively monomethylating H3.1K27 (Figure 4B) [56,57,62].
In animals, they rely on SET8 to monomethylate H4K20 (Figure 4A) [78,87-89]. This differ-
ence explains the presence of the ARD domain in TONSL, and its absence in plant TSK [73].
It also justifies why SET8 orthologs are absent in plants, and why ATXR5/6 orthologs are

not found in animals. These observations are in line with other DNA replication or repair

proteins that depend on H4K20 for their activity in animals [90-92] but not in plants, as the

orthologous proteins lack H4K20-binding domains. More work is needed to understand

the relative contributions of the TPR domain and the ARD domain of TONSL in mediating

the interaction with H3.1/H4 tetramers during chromatin replication. The crystal structure

of the ARD domain of TONSL with the H3/H4 tetramer could only be obtained by creating

an artificial fusion protein containing the ARD domain of TONSL and the H3-binding

domain of MCM2 [78]. The TPR domain of TONSL may, therefore, be required to allow for

stable H3.1/H4 binding in vivo. However, the coexistence of both TPR and ARD domains

in TONSL also raises the possibility that the TONSL interaction with H3.1/H4 may be

differentially regulated, for example, in various cells/tissues, stages of the cell cycle, and/or

regions of the genome.

Another area to explore for assessing possible differences between the TSK/TONSL-
H3.1 pathway in animals and plants is with regard to post-translational modifications on
H3.1 potentially regulating the DNA repair activity of TONSL. A study using mammalian
HeLa S3 cells showed that PRC2 complexes are recruited to nascent chromatin right after
the passage of the replication fork [93]. Furthermore, in vitro binding assays have shown
that the interaction of full-length TONSL with H3.1 peptides is sensitive to mono-, di-,
or trimethylation at lysine 27 [77]. Therefore, although no ATXR5/6 ortholog exists in
animals [63], it is possible that the PRC2-mediated H3K27 methylation participates, to-
gether with SET8-catalyzed H4K20mel, in post-replicative chromatin maturation to prevent
TONSL activity in animals. Similar to plants, most nucleosomal H3 proteins are methylated
at K27 in animals, with H3K27me?2 being the most abundant methylated state [94]. The
high levels of K27 methylation on chromatin-bound H3 proteins suggest that unmethylated
H3.1K27 variants may only be available at a specific moment during the cell cycle (i.e., at
replicating DNA) for the recruitment of TONSL to chromatin.

Experiments in plants have shown that H3.1K27mel levels do not appear to decrease
during DNA replication, which has been explained by the fact that ATXR5/6 are able to rapidly
methylate newly incorporated H3.1 variants as they are recruited at replication forks via their
direct interaction with PCNA [95]. This may indicate that the presence of TSK on chromatin is
restricted to regions near replication forks in plants. In contrast, TONSL has been shown to
remain bound to chromatin until the late G, phase of the cell cycle in mammals [78], which
coincides with the monomethylation of K20 in new H4 proteins [78,89,96]. Although both
plant ATXR5/6 and animal SETS directly interact with PCNA [59,84,97], this interaction has
been demonstrated to promote histone monomethylation in Arabidopsis [64] but to prevent it
in mammalian cells via S-phase-specific, CLR4(CDT2)-mediated SET8 degradation [98-102].
However, there are discrepancies regarding the effect of PCNA on ATXR5/6 activity in plants,
as in vitro data show that the interaction of ATXR5/6 with PCNA interferes with H3.1K27
monomethylation [103]. Therefore, more work is needed to resolve the potential differences
between plants and animals regarding (1) the role of PCNA in regulating histone methylation
during replication, and (2) how long TSK/TONSL can promote DNA repair during the
cell cycle.

The actual DNA repair mechanism mediated by TSK/TONSL may also vary between
plants and animals. In mammals, the MMS22L protein acts as a bridge between TONSL
and RAD51 and is, therefore, required for repairing dsDNA breaks during replication via
homologous recombination [73-76,80]. Although the C-terminal LRR domain of TONSL
responsible for binding MMS22L is conserved in plant TSK (Figure 3A) [73,75], no MMS22L
ortholog appears to be encoded in plant genomes. Experiments in Arabidopsis showed that



Int. J. Mol. Sci. 2022, 23,9029

12 0f 18

two different DNA repair pathways are dependent on TSK: homologous recombination and
polymerase theta-mediated end joining (TME]) [57]. These experiments were conducted in
the atxr5/6 mutant background, which artificially increases the TSK activity due to lower
levels of H3.1K27mel. One possible mechanism to explain all these results would be for
TSK in plants to directly promote DNA resection, an early step in DNA repair that is shared
by both the HR and TME] pathways [104]. In line with this hypothesis, RAD17, which loads
the MRE11-RADS50-NBS1 complex responsible for DNA resection in eukaryotes [105],
was shown to be required for TME]J-dependent heterochromatin amplification in atxr5/6
mutants and HR-mediated repair in wild-type Arabidopsis [106].

6. Conclusions and Perspectives

The functional characterization of ATXR5/6 and TSK in plants has revealed many
new insights regarding the conserved H3.1 variant. The identification of the first protein
domains acting as an H3.1 reader (the TPR domain of TSK/TONSL) and writer (the SET
domain of ATXR5/6) should prompt researchers to look for other proteins capable of
selectively interacting with or modifying H3.1 or other histone variants. Aside from the
canonical H3.1 and H3.3 proteins, many lineage-specific H3 variants have yet to be fully
characterized. For example, plants contain many H3.3-like variants (e.g., HTR6, HTR10,
HTR14, and HTR15 in Arabidopsis) that are defined by amino acid variations (compared
with the canonical H3.3) located near modifiable residues [12,107]. Similarly, the human
genome encodes four other H3 variants (H3.4, H3.5, H3.X, and H3.Y) in addition to H3.1,
H3.2, H3.3, and CenH3 [108]. The activity of certain histone readers and/or writers
may be altered in the cells where these lineage-specific H3 variants are expressed, with
consequences in terms of chromatin regulation. In regard to the canonical H3.1 and H3.3,
much of the work in plants has focused so far on the impact of variable position 31 on K27
readers and writers. However, the modifiable residue K36 is also in close proximity to
position 31 and, therefore, represents a strong candidate for mediating differential activity
on H3.1 and H3.3, as observed already in animals with ZMYND11 specifically binding
H3.3K36me3 [53,54]. In addition, H3.1 and H3.3 vary at position 41 in vascular plants [34],
and one study has shown that this residue can provide H3K36 specificity for the activity
of a histone-modifying enzyme [109]. In terms of histone-variant-reading domains, it
will be interesting to investigate if TPR domains in other proteins also have the ability to
interact with histones and, more specifically, with histone variants. Thus far, the only other
reports of a TPR domain interacting with histones are the ones from the histone chaperone
sNASP/HIF1 [110,111], which interacts with the globular domain of different histone H3
variants (i.e., H3.1, H3.3, and CenH3). The presence of a TPR domain in other proteins
associated with chromatin-related functions (e.g., UTX and SMYD3) suggests that this
domain mediates the interaction of various proteins with histones [112,113].

Aside from investigating histone variants, many interesting questions remain to be
addressed regarding the TSK/TONSL-H3.1 pathway. For example, identifying the binding
partners of TSK will be essential to unravel the mechanism(s) used to resolve impaired
replication forks in plants. Assuming additional similarity in how this DNA repair pathway
operates in plants and animals, the functional characterization of the TSK pathway in
plants should contribute to a better understanding of TONSL-mediated DNA repair in
animals, and the etiology of human diseases linked to mutations in TONSL [114-116]. The
identification of the numerous genetic suppressors of heterochromatin amplification in
atxr5/6 mutants provides candidate proteins that may work closely with TSK to preserve
genome integrity [82,117-120], although multiple different mechanisms are likely involved
in suppressing amplification in this mutant background [121]. Another important research
direction will be to try to understand the developmental phenotypes associated with the
loss of TSK/TONSL. In Arabidopsis, tsk mutants generate developmental phenotypes that
are associated with epigenetic changes at key loci [122]. It will be important to determine if
these alterations are linked to defects in genome stability or other functions of TSK during
chromatin replication.
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The discovery that H3.1 can selectively regulate TSK/TONSL recruitment to chromatin
suggests that other proteins may similarly rely on H3.1 to regulate their activity during the
replicative phase of the cell cycle. Mutation or the transcriptional modulation of the genes
coding for these H3.1-interacting proteins could, therefore, directly affect other important
processes occurring at the time of chromatin replication, which, if disrupted, may lead to
diseases characterized by replication-dependent genomic and/or epigenomic instability.
Disease-associated genomic instability phenotypes may also arise from mutations in genes
that code for proteins involved in the deposition of H3.1 variants on chromatin. For
example, genome instability characterized by the loss of rDNA repeats and large tandem
genic duplications was recently observed in Arabidopsis plants containing a mutation in
the H3.1 chaperone CAF-1 [123], and many human malignancies have been characterized
as containing mutations in the subunits of this histone chaperone [124]. In addition, the
discovery of specific roles for H3.1 and H3.3 suggests that mutations in histone H3 genes
may generate distinct phenotypes depending on which specific H3 variant is mutated.
H3-variant-specific effects seem to be the case for the well-studied H3K27M oncohistone
mutation associated with pediatric diffuse midline gliomas [125,126], which completely
eliminate H3K27me3 if the mutation is present on H3.1 but only reduce H3K27me3 levels
when the mutation is located on H3.3 [127].

Clearly, more work lies ahead if we want to fully understand all the roles played by
the H3.1 variant, or any other histone variant, in regulating chromatin-based processes
in multicellular eukaryotes. However, the discovery of H3.1-variant-specific readers and
writers able to recognize even the slightest molecular determinant (e.g., a single amino acid
variation) to regulate their activity demonstrates that every amino acid matters in histones
and that sequence variation between closely related histone variants likely underpins many
functions in chromatin.
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