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Histones constitute the primary protein building blocks of the chromatin
and play key roles in the dynamic control of chromatin compaction and
epigenetic regulation. Histones are regulated by intricate mechanisms that
alter their functionality and stability, thereby expanding the regulation of
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tone degradation by cellular proteasomes.

Introduction

The chromatin is a highly organized molecular com-
plex whereby the DNA is wrapped around histones to
form nucleosomes, the basic units responsible for com-
pacting and safeguarding the DNA [1-3]. Canonical
nucleosomes consist of two copies of each of the his-
tone proteins H2A, H2B, H3, and H4, which can be
further bound by the linker histone H1 that protects
the internucleosomal DNA. The association of HI1
with nucleosomes forms the chromatosome, which can
compact the chromatin into higher-order forms [4-7].
This complex organization is key for controlling cellu-
lar processes that require chromatin modulation in a
specific and temporally restricted manner, such as reg-
ulation of cell division, DNA damage response, gene
expression, and cell fate [8—11]. Nucleosome-dependent
chromatin modulation is also controlled by the
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regulation of histones’ transcriptional expression [12],
mRNA stability [13], translation efficiency [13], and
different post-translational modifications (PTMs) [14].
Together, these processes endow histones with a
tremendous plasticity for controlling the structure and
function of the chromatin.

Another crucial layer of histone regulation is their
proteolysis, which allows to control and alter histone
abundance to meet the dynamic cellular demands
[15,16]. A key example is the degradation of
chromatin-unbound histones, which are extremely
toxic to the cellular environment, due to their basic
biochemical nature [17]. Accumulation of an unbound
histone pool may occur under various conditions
including hyperactive chromatin-transacting processes
that involve histone eviction like transcriptional
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changes, developmental transitions, response to DNA
damage or damage to histones themselves, and imbal-
anced histone levels during S-phase [15,16]. Further,
histone degradation is emerging as a main regulatory
step in the fine-tuned reorganization of chromatin
architecture in response to developmental and environ-
mental cues, and in response to cellular stress [18-24].
Taken together, tight regulation of the histone pool by
degradation serves to both balance the changes in his-
tone levels and chromatin binding to prevent toxicity,
as well as to modulate the chromatin by tweaking his-
tone levels.

Histone degradation has been shown to be medi-
ated by essentially every cellular degradative machin-
ery, including proteases, autophagy-lysosomes system,
and the proteasome complex [15]. These different
types of degradation underlie the versatile mecha-
nisms required to maintain histone proteostasis in
light of different functions and under distinct cellular
conditions. Historically, the first observation that his-
tones can undergo proteolysis was documented
already in 1964 by Reid and Cole [25]. In the three
subsequent decades, numerous papers reported the
identification of different trypsin-like and neutral pro-
teases in the chromatin and cytoplasm that catalyze
histone degradation [26], as well revealed proteasome-
dependent degradation of histones [27,28]. Yet, these
seminal studies did not fully delineate the cellular
contexts and significance of such degradation events
[15,29]. These were followed by a latent era in the
field until the discovery of protease-dependent histone
clipping and their potential involvement in epigenetic
regulation [30-32], which reinvigorated the impor-
tance of histone proteolysis. Since then, major
advances were achieved in the understanding of regu-
lated histone degradation in cellular contexts by the
two major selective degradation pathways of intracel-
lular proteins, namely the proteasome and lysosome
systems [18-24,33,34], which provide high specificity,
selectivity, and fine-tuning capabilities of protein
abundance [35].

In this review, we will focus on proteasome-
dependent histone degradation (for a short review
about autophagy-mediated histone degradation please
see Box 1). We will discuss the imperative role of dis-
tinct proteasome compositions in facilitating different
types of histone degradation and highlight differences
between ubiquitin-dependent and ubiquitin-
independent processes. We will further describe mecha-
nisms that allow for restriction and specificity in the
targeting of subpopulations of histones to degradation,
and the biological significance of such multilayered
regulation. Finally, we will review histone degradation
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Box 1. Histone degradation by autophagy

While cellular autophagy is considered to target insol-
uble protein aggregations, long-lived proteins, protein
complexes, or organelles, to degradation, proteasomal
degradation is thought to target short-lived or soluble
proteins. Histones are generally considered to be extre-
mely stable proteins with half-lives in the order of sev-
eral months in mammalian cells [36]. However, the
half-live is representative of the contribution of
chromatin-bound histones, while non-chromatin
bound histones are rapidly degraded with a half-life of
30-40 min in yeast cells [17,37]. These data exemplify
the need to regulate histone levels, both in their
chromatin-bound and unbound forms, in parallel by
both the proteasomal and lysosomal systems [38,39].
Chaperon-mediated autophagy (CMA) was suggested
to degrade histones to counteract histone chaperones,
such as NASP which increase histone availability for
immediate use in case of an unexpected demand [27].
Importantly, excess histones are rapidly degraded.
Recently, it was shown that histone E3 ligases such as
Hel2 and Pep5, which are localized to the cytosol, are
able to degrade the excess histone in the cytoplasm
[40]. A second lysosome-dependent mechanism was
shown to control the degradation of aberrant cyto-
plasmic chromatin fraction, a phenomena which is
exacerbated in senescence [41].

Definitions:

Histone degradation/proteolysis: denotes the par-
tial/full degradation of histones via the lysosome or
proteasome.

Histone clipping: describes a process by which only
part of the histone is degraded/clipped.

Histone turn-over: this often implies turnover in
chromatin-binding or nucleosome-binding rather than
a change in total abundance of the protein.

in the context of specific cellular and developmental
conditions and human pathology.

Histone degradation in cellular
homeostasis

Ubiquitin-dependent proteasomal degradation of
histones

Ubiquitination is the most prevalent way by which
proteins are targeted for degradation by the
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proteasome. Ubiquitin-dependent degradation involves
an El-activating, E2-conjugating, and E3-ligating
enzymes that work in concert to modify substrates
[42]. Subsequent ubiquitination events can occur repet-
itively on the same ubiquitination site to form polyu-
biquitin chains (i.e., polyubiquitination), or on
different acceptor lysine residues (i.e., multi mono-
ubiquitination), both can serve for the binding of the
substrate to the ubiquitin receptors on the proteasome
[43—46]. Canonically, a ubiquitinated target protein is
recognized and unfolded, in an ATP-dependent man-
ner, by a proteasome regulatory particle (RP; [47]).
Then, the target protein gets translocated into the cat-
alytic particle (CP) where it gets degraded into small
peptide fragments [47]. The CP, also known as the 20S
core of the proteasome, consists of four stacked rings.
The outer rings contain seven o-subunits while the
inner rings contain seven B-subunits, among them are
the catalytic subunits, B1, B2, and B5 [47]. The 20S
core of the proteasome may be further capped by dif-
ferent types of RPs that control substrate recognition
delivery to the catalytic core, and include the 19S sub-
units [48], the 11S formed by PA28a, PA28B, or
PA28y, ECM29, PI31 [49], and PA200 [50], the latter
is mostly associated with ubiquitin-independent degra-
dation and is discussed in the relevant section below.
The 19S cap is the most common activator, and
together with the 20S core, they form the 26S protea-
some (reviewed extensively in [51,52]). Interestingly,
the different proteasome RPs vary in their intracellular
localization. Whereas PA28y and PA200 have been
mostly associated with the nucleus, PA28a and B are
mainly localized to the cytosol, and the 19S was shown
to be abundant in all cellular compartments, including
the nucleus [53-55]. Therefore, by assembling with dif-
ferent regulatory subunits, proteasomes may form
compartment-specific complexes that via distinct com-
positions may affect function and substrate selectivity
(e.g., ubiquitination-dependency, localization, specific
protein preferences).

Notably, however, not all ubiquitination events result
in degradation of proteins, as numerous other signaling-
related functions have been associated with ubiquitina-
tion (see [56] for extensive review on ubiquitination
code). In fact, ubiquitination of histone H2A, which was
the first ubiquitination event to be reported in the litera-
ture [57], is not associated with degradation but rather is
associated with transcriptional repression through the
polycomb-repressive complexes PRC1&2 [56]. Due to
the scope of this review, we will focus on degradation-
related events in regulation of histones (relevant infor-
mation on histone ubiquitination activities which are
not covered herein may be found here [58]).

M. D. Shmueli et al.

While all canonical histones were shown to be regu-
lated by ubiquitin, mechanistic understanding regard-
ing the effect of ubiquitination on histone stability was
largely limited to H3 and more recently was expanded
to H2B [19-22,33,40] (Fig. 1, Table 1). In a seminal
study describing regulated degradation of histones,
surplus nonchromatin-bound histone H3 was shown to
undergo polyubiquitination that leads to its degrada-
tion by the proteasome [33]. Importantly, it was shown
that this ubiquitination is partly mediated by the E2
ubiquitin-conjugating enzymes Ubc4/5 and the HECT
domain-containing E3 ligase, Toml. Notably, yeast
strains lacking those enzymes were sensitive to histone
overexpression and inhibition of replication due to the
resultant massive excess in histones levels [33]. Few
years after this study, four additional E3 ligases that
are involved in histone H3 degradation were identified
in yeast [40]. These were Pep5, Snt2, and Hell and
Hel2. Yeast strains mutant in these enzymes were also
sensitive to replication inhibitors and ectopic overex-
pression of histones.

A recent study provided an elegant description of
ubiquitin-dependent proteasome-mediated degradation
of histones in multicellular organisms and demon-
strated how this directly affects cell programming dur-
ing differentiation [20]. Specifically, the authors
demonstrated that polyubiquitination and degradation
of H3 are mediated by the ubiquitin-conjugating
enzyme Ube2k in both human embryonic stem cells
and Caenorhabditis elegans germ cells [20]. Knock-
down of Ube2k was shown to result in a global
increase in the levels of histone H3, as well as of criti-
cal histone marks, including the repressive marks
H3K9me3. Finally, aberrant H3K9me3 following
Ube2k knockdown in embryonic stem cells was shown
to revoke the upregulation of neuronal genes during
differentiation. Further exploration might allude to
whether beyond the change in H3K9me3, loss of
Ube2k drives additional mechanisms that affect the
transcriptional cellular program, and the nature by
which H3 levels affect the histone modifications or vice
versa.

Protein ubiquitination is often preceded by a prim-
ing removal or addition of other modifications on the
same protein, such as phosphorylation, acetylation,
methylation, and SUMOylation [59-61]. Phosphoryla-
tion provides substantial specificity for targeting dis-
tinct pools of histones to degradation. For example,
phosphorylation of tyrosine 99 (Y99) in H3 by Rad53,
which is required for efficient degradation of the H3
protein, serves to target only the nonchromatin-bound
excess H3 for degradation, while the nucleosomal H3
is spared from any inadvertent degradation [33]. This
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Fig. 1. Ubiquitin-dependent and independent degradation of histones. Schematic of histone degradation via (1) ubiquitin-dependent or (2)
ubiquitin-independent pathways. PDB solved structures were used to generate this figure; 6KWY (PA200), 6RGQ (20S), 6FVW (19S) and

1AAR (Ubiquitin). Created with BioRender.com.

Table 1. Summary of known and validated PTM events on histone proteins, which leads to ubiquitin-dependent and ubiquitin-independent

degradation.

Histone Pre-event Site PTM Regulatory subunit  References
Ubiquitin-dependent  Canonical H3 Phosphorylation of N/A PolyUb N/A [33,40]
Y99
Canonical H3 Phosphorylation of K4 PolyUb N/A [21]
T
H3.3 N/A N/A PolyUb N/A [22]
H2A.Z Deacetylation of K15 K115 PolyUb N/A [64,65]
H2A.Z Deacetylation of K15 K121 PolyUb N/A [64,65]
H2B Multiple PolyUb [19]
sites
Ubiquitin- H4 R3 De-methylation by PA200 [23,75]
independent PRMT1
H4 K16 Acetylation PA200 [69,71]
H3 (H3.3, K16 Acetylation PA200 [69,71]
H3.1)
H (all) N-terminal Acetylation N/A [72]
tail
H (all) Oxidized histones ADP-ribosylated [113]

20S

is achieved as Y99 is buried in the nucleosome and is
thus not accessible for phosphorylation in a nucleoso-
mal context [62]. In fact, the H3 Y99 residue is located
in the binding site between the H3-H4 dimer and it
stabilizes the heterodimer via a ring stacking interac-
tion with the F61 residue of histone H4. This strongly
implies that phosphorylation of Y99 not only primes
unbound H3 for ubiquitin-dependent degradation, but
further facilitates this process by disrupting the ring
stacking interaction and precluding H3-H4 dimer for-
mation, leaving excess H3 susceptible for phosphoryla-
tion. Phosphorylation of Y99 then recruits the E2 and
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E3 enzymes (Ubc3, Ubc5, and Toml) to H3, thereby
inducing its ubiquitination and subsequent degradation
[33,63].

Phosphorylation is a hallmark of signal transduction
pathways, translating extracellular signals to gene
expression changes. A noteworthy example demon-
strates how phosphorylation may induce transcrip-
tional changes in response to growth factors by
priming for histone degradation. Specifically, epider-
mal growth factor (EGF) was shown to induce the
phosphorylation of H3 on TI1 by PKM [21].
Phospho-T11 on H3 serves as a docking site for the
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E3 ligase RNF8, which was shown to ubiquitinate K4
of H3. This ubiquitination event of H3 was shown to
induce its proteasomal degradation. While a direct
effect of RNF8 was demonstrated on H3 only, RNFS8
activity also led to the proteasome-dependent destabi-
lization of H2A, H2B, and H4, further promoting the
disintegration of nucleosomes. Notably, this cascade of
events was suggested to occur on the promoters of
MYC and CCNDI (Cyclin D1), leading to a transcrip-
tional activation of their genes. By altering the expres-
sion of ¢-MYC and Cyclin D1, RNF8 promoted
glycolysis and tumorigenesis in brain tumor models
[21]. These findings provide substantial insights con-
necting signaling by extracellular growth factors to
nuclear changes in chromosome structure and gene
expression, which are mediated via the ubiquitin-
proteasome system. Specifically, this work suggested
that the ubiquitin-proteasome system can directly
upregulate transcription in a locus-localized fashion by
facilitating histone degradation, thus allowing the
binding of transcriptional machinery, including RNA
polymerase II (Pol II) [21]. Indeed, a recent work by
Rape et al. [19] has provided further evidence linking
chromatin-associated histone ubiquitination that leads
to degradation by the proteasome, to transcriptional
upregulation. In this elegant work, it was shown that
histones undergo K48/K11-branched ubiquitination by
APC/C-WRDS at transcription start sites (TSSs) in
human embryonic stem cells throughout mitosis, where
transcription is largely halted. This ubiquitination was
suggested to facilitate histone degradation at TSSs of
pluripotency genes, thus leading to a rapid a faithful
reactivation of their genes and cellular identity upon
mitosis exit. This locus-specific histone degradation
was proposed to render the locus more accessible to
the transcriptional machinery, which is otherwise iso-
lated by nucleosome. Notably, this holistic regulatory
mechanism was shown to occur specifically for H2B,
and it remains to be determined if it occurs on other
histones, like H3, and which sites are involved. Fur-
ther, it remains to be examined whether these degrada-
tion events occur on the loci themselves, or
alternatively they happen only after ubiquitinated his-
tones are evicted from the locus.

Another example where a priming event leads to
ubiquitin-dependent proteasome degradation of his-
tones is the deacetylation of the histone variant
H2A.Z [64], which is targeted for ubiquitin-dependent
proteasomal degradation by a yet unknown E3 ligase
[64,65]. Deacetylation of K15 in H2A.Z by the
deacetylase Sirtuin 1 (SIRTI1/ Sir2a) triggers subse-
quent ubiquitination of the K115 site as well as K121
in H2A.Z and its subsequent degradation. Indeed,
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downregulation of SIRTI leads to increased levels of
H2A.Z. Notably, abnormally high levels of H2A.Z
were suggested to result in cardiac hypertrophy in a
human cell line model [64], while SIRT1 was suggested
to have a dual role, depending on the interaction with
other factors [66,67]. It remains to be determined
whether the effect of SIRT1 on cardiomyocytes is
mediated by H2A.Z to confer protection from hyper-
trophy. However, we still lack a complete understand-
ing on how these two modifications are related to each
other in space and time. Likewise, it remains to be
determined whether and how other modifications func-
tion in concert with ubiquitination to regulate histone
degradation.

The examples described herein highlight the intricate
ubiquitin-dependent regulation that is involved in tar-
geting specific histones, on demand, to degradation.
Notably, while some of the works argued that the his-
tone ubiquitination events occur on the chromatin,
other works showed that ubiquitination occurs only
after histones are evicted from the chromatin. It seems
that this key difference in the localization of ubiquiti-
nation could underlie differential mechanisms of regu-
lation. While the chromatin-localized ubiquitination of
histones may expedite direct and specific epigenetic
alterations in a locus-dependent manner, the
chromatin-unbound ubiquitination of histone might be
only passive yet, an important event, in preserving low
levels of unbound harmful histones.

Ubiquitin-independent proteasomal degradation
of histones

Numerous examples of ubiquitin-independent degrada-
tion have been described to date (Fig. 1, Table 1) [68].
Such degradation is usually linked to noncanonical
proteasome complexes that do not harbor ubiquitin
receptors (i.e., not 26S proteasome), but are rather reg-
ulated by other types of modifications. Indeed, Qiu
and colleagues showed that a special type of protea-
somes, containing the PA200 activator bound to the
20S particle, is inefficient at degrading polyubiquiti-
nated proteins [18,50]. Interestingly, PA200-containing
proteasomes were shown to be localized to the nucleus
and degrade acetylated core histones during DNA
repair and replication stress, in a ubiquitin-
independent manner [18,50,69,70]. Accordingly, cells
depleted of PA200 are more sensitive to DNA damage
[69,71]. Acetylation of histone N-terminal tails facili-
tates transcriptional activation by neutralizing the
charge of the tails, thereby disrupting the interaction
with DNA, or by forming a binding site for
bromodomain-containing transcription factors, some
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of which can remodel nucleosomes [8,72]. Such associ-
ation of acetylated histones with open regions of the
chromatin can perhaps account for their susceptibility
to degradation. Indeed, the degradation of acetylated
histones by PA200-capped proteasomes was suggested
to be coupled to transcription and to affect the stabil-
ity of the total populations of histone variant H3.3
and core histone H4, probably during histone
exchange [23]. Yet, it is still unclear what initiates this
process and to what extent PA200 plays an active part
in it. Finally, despite the fact that other proteasome
RPs such as PA28 (a/f and y) have been reported to
promote a ubiquitin-independent degradation [73,74],
these were not shown thus far to participate in histone
degradation.

In addition to acetylation, methylation has been
implicated in determining the stability of histones. For
example, under normal conditions, the arginine methyl
transferase PRMT1 mediates symmetrical dimethyla-
tion of H4 on arginine in position 3 (H4R3me2as),
which maintains histone H4 stability. Exposure of cells
to oxidative stress, DNA damage, or hyperoncogenic
signaling pressure (associated with senescence) leads to
a reduction in PRMTI1-mediated H4R3me2, promoting
the ubiquitin-independent degradation of H4 by
PA200-capped proteasomes [23,75]. Degradation of
H4 thereby reduces nucleosomal occupancy and affects
cell proliferation by promoting the transcription of cell
cycle inhibitors, senescence-associated genes, and regu-
lators of apoptosis [75]. Interestingly, methylated his-
tones, which are also often associated with open
chromatin [76,77], were shown to be further modified
by nondegradative ubiquitination. It would be intrigu-
ing to explore whether methylated histones may also
be targeted to degradation, in a ubiquitin-dependent
or ubiquitin-independent manner, and compare the
turnover rates of histones modified by different modifi-
cations in vitro and in cellular contexts.

Taken together, the diversity in ubiquitin-dependent
and ubiquitin-independent mechanisms, which function
in concert with additional post-translational modifica-
tions, allow for precise regulation of histone degrada-
tion by different proteasome complexes to ensure
context-dependent action (Table 1). Notably, although
several papers described the association of both 26S
and PA200-20S proteasome with the chromatin, it is
still unclear whether the degradation of histones is spa-
tially controlled on the chromatin itself or even at
specific genomic regions, or whether degradation
occurs only after histones are dissociated from the
chromatin. Since chromatin-bound proteasomes were
shown to degrade transcriptional factors on chromatin
in a localized manner [78,79], we speculate that this

Histone degradation by the proteasome

will be the case for histones as well. Such mechanism
might facilitate fast and precise degradation on loci
that require an immediate response, for example, in
response to certain cues. The heterogeneity in protea-
some complexes further extends and enables the multi-
layered regulatory network that balances histone levels
and the associated chromatin marks, to maintain
homeostatic conditions or respond to stress stimuli.

Histone degradation under perturbed
cellular and systemic states

Changes in cell state, be it due to developmental pro-
cesses, transient stress exposure, or pathology, involve
high levels of chromatin-transacting activities that
challenge cells with the need for histone eviction and
the resultant excess of free histones. It is therefore crit-
ical to understand the effect of histone degradation
under perturbations of cellular programs or states, to
comprehend how histone destabilization is implicated
in pathogenesis. While the open questions still far
exceed the current understanding of histone degrada-
tion in human pathology, we will describe below
examples of the involvement of histone degradation in
various physiological conditions (Fig. 2) and discuss
potential prospects in this regard.

Autoimmunity
SLE

Transcription

Development
Spermatogenasis

Senescence

Fig. 2. Proteasome-mediated histone degradation under perturbed
cellular and systemic states. PDB solved structures were used to
generate this figure; 6RGQ (20S) and 3L3L (nucleosome). Created
with BioRender.com.
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Histone degradation in response to DNA damage

Cellular genomes are exposed constantly to different
sources of DNA damage, requiring their repair system
to disrupt and restore chromatin structure [80-82].
DNA damage challenges both genome organization
and the integrity of histone proteins into the chro-
matin, with prominent alterations in histone variant
dynamics and histone modifications. Heterochromatic
chromatin has a tendency to block protein access to
repair sites. Moreover, DNA double-strand breaks
(DSBs) found in heterochromatin relocate to the edge
of such domains [83-85], a phenomenon that requires
a certain degree of physical mobility. In response to
DNA damage induced via UV radiation or zeocin, the
histones are released from the chromatin and are con-
comitantly degraded in a proteasome-mediated manner
following phosphorylation by the DNA damage check-
point kinase Rad53 [24,37]. Therefore, cellular levels
of histones drop by 20-40%, consequently rendering
the chromatin less compacted and more flexible, which
in turn enhances repair by recombination-mediated
mechanisms.

Removal of core histones is critical for efficient
response to DNA damage by allowing the decom-
paction of the chromatin and DNA repair [24,86].
Under DNA damaging conditions, PA200 is recruited
to DNA damage sites in a manner that is dependent
on the activity of DNA-PK, a PI3-related kinase that
phosphorylates key DNA repair proteins in response
to DNA damage [71]. PA200-capped proteasomes then
facilitate the degradation of acetylated histones and
were implicated in enabling efficient DNA repair
[50,69-71,87,88]. Yet, the principles underlying the
specificity of recognition of acetylated histones by
PA200 are unclear, and it is not known what determi-
nes which acetylated histones will be targeted to degra-
dation. In this regard, it is possible that the
recruitment to specific DNA damage foci, for example,
by histone marks that are associated with DNA dam-
age such as phosphorylation of H3 or H2AX [89,90],
enable restriction of PA200-dependent degradation. It
will be further intriguing to explore whether PA200
facilitates the degradation of histones marked by addi-
tional modifications, such as these phosphorylated his-
tone forms, under DNA damage.

Histone degradation in development and aging

Histone turnover plays important roles at both devel-
opment and aging. In developing cells, intensive DNA
replication and rapid transcriptional changes demand
tight regulation of the chromatin. Indeed, during
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spermatogenesis, the majority of histones are tran-
siently replaced from the chromatin of developing
spermatids, by transition proteins and subsequently by
protamines in postmeiotic cells, allowing flexibility of
chromatin remodeling during the immense ongoing
morphological changes in these cells [91]. This process
was shown to be mediated by ubiquitin, which is
highly abundant in the testis, with the demonstration
of ubiquitination of H2A prior to its release from
chromatin and replacement [92,93]. Further, the HR6B
ubiquitin-conjugating DNA repair enzyme was shown
to be required for spermatogenesis and inactivation of
this protein led to male infertility in mice [94]. More-
over, the ubiquitin ligase RNF8 was shown to facili-
tate acetylation of histone H4 on K16, which might be
an important step in nucleosome removal from the
chromatin during spermatogenesis, though it is not
clear whether this mechanism is facilitated through the
proteasome [95].

Interestingly, PA200 is a major regulator of sper-
matogenesis and loss of PA200 in mice leads to
delayed clearance of core histone and the formation of
abnormal elongated spermatids [18]. As a result,
PA200 knock-out mice have impaired spermatogenesis
and male infertility. Given the critical role of PA200-
capped proteasomes in histone degradation, these data
suggest that PA200-mediated degradation of histones
may serve as an essential mechanism for sperm forma-
tion [96]. In support, other proteasome regulators such
as PA28a,B or y [97], which do not facilitate histone
degradation, also do not affect spermatogenesis, high-
lighting a nonredundant role of PA200 in this context.

Investigation of end-of-life processes, such as aging
or age-related diseases, revealed another level of chro-
matin dynamics, which includes the exchange of
canonical histones with histone variants. Histone vari-
ants are expressed throughout the cell cycle and can be
incorporated into chromatin in a highly dynamic man-
ner that is independent of replication. Such substitu-
tion of histones affects chromatin organization,
thereby allowing for diverse regulation of transcrip-
tional processes. In aging, histone variant levels were
shown to change whereby in some cases, variants such
as H2A.1 and H3.1 are downregulated [98] and in
other cases variants accumulate and replace canonical
histones, such as replacement of H2A by H2A.2 and
canonical H3.1/H3.2 by H3.3 by the age of 18 months
in mice [99]. In fact, in mouse neuronal chromatin,
H3.3 constitutes only a small fraction of the histone
H3 pool in embryonic stages, whereas it accumulated
to 94% of the H3 pool within old age. In humans,
postmortem brain analysis revealed that accumulation
of H3.3 occurs through the first decade of life,
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reaching near saturation by mid-adolescence [22]. The
histone variant H3.3 is polyubiquitinated by an
unknown E3 ligase and is degraded by the protea-
somes in mouse embryonic neurons and glia cells [22].
It has been suggested that the polyubiquitination and
proteasomal degradation of H3.3 allow for its eviction
from chromatin and induce transcriptional remodeling
during periods of intense neuronal activity [22]. Thus,
ubiquitin-dependent regulation of H3.3 incorporation
maintains the “openness” and flexibility of the chro-
matin even in later stages of development and life.
With numerous different E3s that have been associated
with nuclear localization, deciphering the regulatory
principles underlying histone-mediated neural plasticity
will require further investigation.

Human diseases with aberrant histone
degradation: from Systemic Lupus
Erythematosus to cancer

Lupus

Recently, a novel signature of aberrant proteasomal
degradation of histones was suggested in the context
of systemic lupus erythematosus disease (SLE), an
autoimmune disorder characterized by autoreactive T
and B cells and the production of autoantibodies
against self-epitopes. Specifically, a proteasomal profil-
ing approach of MS analysis of proteolytic peptides
(MAPP) revealed marked degradation of histones in
PBMCs of SLE patients [100]. This signal was almost
completely absent from PBMCs of healthy individuals,
suggesting a role for aberrant proteasomal degradation
in the pathophysiology of SLE. Notably, autoantibod-
ies against histone-associated epitopes were identified
in SLE [101]. As proteasome-dependent degradation is
one of the first steps in antigen presentation [102],
required to generate the primary epitopes that are pre-
sented on MHC class I, the identification of increased
histone degradation in SLE suggests that proteasome-
dependent presentation of histone epitopes may be an
early event in the pathogenesis of SLE [100].

Targeting of histones to degradation may be driven
by various signals such as the active cellular programs,
chromatin remodeling, and post-translational modifica-
tions, as discussed in this review. One intriguing exam-
ple to consider is the proteasomal degradation of
oxidized histones [27]. Since oxidative stress is typical
in SLE patients [103], it could potentially be impli-
cated in the observed increased histone degradation. It
will be intriguing to examine other diseases that are
associated with oxidative stress and their impact on
histone degradation.

Histone degradation by the proteasome

Cancer

Chromatin remodeling is a key feature of tumorigene-
sis, allowing for intensive transcriptional activity and
the reshaping of the transcriptome. While alterations
in the patterns of histone PTMs have been extensively
linked to cancer [104-107], how histone degradation is
affected by oncogenic transitions, or whether dysregu-
lation of histone degradation is involved in tumor
development, is thus far not understood. Particularly,
it is intriguing to speculate how a fine-regulated desta-
bilization of specific histones may facilitate the balance
that cancer cells must maintain between extensive
remodeling of the chromatin and yet retaining the
original tissue’s transcriptional signatures. For exam-
ple, it is known that acetylation of histones allows the
decompaction of the chromatin, and accordingly, his-
tone acetylation is typically deregulated in cancer
[107,108]. Furthermore, the acetylated form of the his-
tone variant H2A.Z has been implicated in upregula-
tion of proto-oncogenes such as c¢-MYC and
neoplastic transformation [65]. However, whether
increased acetylation of histones in cancer leads to an
increase in their degradation has not been determined.
Interestingly, the expression of PA200, which facili-
tates the degradation of acetylated histones, is
observed to be upregulated in various types of cancer
[109], raising the possibility that, indeed, targeted
degradation of acetylated histones may contribute to
nucleosome turnover in cancer. In agreement with this,
inhibitors of histone deacetylases (HDACs) are being
considered in clinical studies as anti-cancer treatments.
Nevertheless, acetylation and deacetylation of histones,
and the function of HDACs, have pleiotropic effects
on the cellular transcriptome and nonhistone sub-
strates and may act as double-edged swords in cancer
[108]. For example, the HDAC sirtuin 1 (SIRT1) was
shown to target H2A.Z to degradation in both car-
diomyocytes and prostate cancer cells [64,65]. SIRTI is
upregulated in certain cancers and downregulated in
others, including prostate cancer where it is believed to
act as a tumor suppressor [65,108,110]. Therefore, in
the case of prostate cancer, and potentially other can-
cer types, activation of SIRTI, rather than inhibition,
will be beneficial as an anti-cancer treatment. Such
studies provide evidence for the therapeutic potential
of compounds, which enhance HDAC activity (such as
resveratrol) [l11], in combination with other
chromatin-remodeling compounds that increase
H2A.Z degradation by the proteasome, in cancer.

A direct connection between proteasome-dependent
degradation of histones and cancer was demonstrated
by the effect of H3 degradation on brain tumor
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development in mice and primary human brain cancer
cells. As discussed earlier, the E3 ligase RNF8 pro-
motes the ubiquitin-dependent degradation of H3 in
response to signaling through EGFR [21], a growth
factor receptor which is overexpressed or mutated in
close to 60% of human glioblastoma cases. The
RNF8-mediated degradation of H3 occurs in a
phosphorylation-dependent manner and then promotes
the expression of the proto-oncogenes ¢c-MYC and
Cyclin DI and increases cellular glycolysis. Strikingly,
ubiquitination of H3 on Lys4 by RNF8 was shown to
be required for brain tumor formation, and a mutant
of either H3 lacking this lysine acceptor site or lacking
the phosphorylation priming site, or a mutant of
RNF8 which cannot bind H3, all abrogated the
growth of brain tumors. It is intriguing to explore
whether RNF8 exerts a similar effect in other types of
cancer, and whether additional ubiquitin E3 ligases
mediate changes in the expression of tumor
suppressors or proto-oncogenes and thereby affect
tumorigenesis.

Outlook

Histones are the key elements that define chromatin
structure and the accessibility of DNA to the tran-
scriptional machinery. As such, their regulation is criti-
cal to maintain homeostasis on the one hand,
yet allow for flexibility on the other hand to respond
to changing cellular conditions and to alter the tran-
scriptional programs accordingly. Post-translational
modifications of histones have been extensively stud-
ied, and great efforts are invested in modulating and
controlling histone modifications for therapeutic pur-
poses, such as cancer treatment. Yet, though the pro-
spect of proteasomal degradation of histones as a
critical determinant in shaping the cellular transcrip-
tome is only emerging, it opens intriguing avenues for
investigation in both basic and translational research
aspects.

Mounting evidence suggests that proteasome-
mediated histone degradation occurs only after his-
tones are evicted from the chromatin. However, recent
works raise the possibility that proteasomes might be
to degrade histones while they are bound onto the
chromatin. In such case, we further speculate that
proteasomes might be qualified as bona-fide
chromatin-remodeling factors that are directly involved
in shaping the chromatin architecture. This unde-
scribed role might be complementary to their current
established role in countering excess of free histones
proteins. As such, controlling stability of histones and
other regulatory factors, in a localized manner, may

M. D. Shmueli et al.

afford a novel paradigm by which protein-targeting
chimeras (PROTACGCs [112]) may be coupled to induce
degradation of chromatin modulators, on demand, for
novel therapies in a diverse set of human dis-
eases. Moreover, with the advent of PROTAC:S,
revealing ubiquitin E3 ligases that function in the
proximity to chromatin may offer novel means to har-
ness endogenous ubiquitination activities for genetic
modulation. Together, untangling the crosstalk of
ubiquitin-dependent and ubiquitin-independent protea-
somal degradation, with the various histone modifica-
tions, will provide a comprehensive view of how cells
cope with varying conditions by dynamically control-
ling chromatin remodeling and gene expression.
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