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Shaping the landscape: mechanistic consequences
of ubiquitin modification of chromatin

Sigurd Braun"** & Hiten D. Madhani'

'Department of Biochemistry & Biophysics, University of California, San Francisco, California, USA and “Butenandt Institute

of Physiological Chemistry, Ludwig-Maximilians-Universitit Miinchen, Munich, Germany

The organization of eukaryotic chromosomes into transcription-
ally active euchromatin and repressed heterochromatin requires
mechanisms that establish, maintain and distinguish these
canonical chromatin domains. Post-translational modifications are
fundamental in these processes. Monoubiquitylation of histones
was discovered more than three decades ago, but its precise func-
tion has been enigmatic until recently. It is now appreciated that
the spectrum of chromatin ubiquitylation is not restricted to mono-
ubiquitylation of histones, but includes degradatory ubiquitylation
of histones, histone-modifying enzymes and non-histone chroma-
tin factors. These occur in a spatially and temporally controlled
manner. In this review, we summarize our understanding of these
mechanisms with a particular emphasis on how ubiquitylation
shapes the physical landscape of chromatin.
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See the Glossary for abbreviations used in this article.

Introduction

In eukaryotic cells, chromatin is compartmentalized into
euchromatin—which is associated with active gene expression—
and heterochromatin—which is weakly transcribed and character-
ized by the presence of repetitive DNA, including transposons.
These domains are dynamic and respond to DNA, RNA and cell
cycle signals. This regulation is achieved by chromatin modifica-
tion mechanisms that include the exchange of canonical histone
proteins with histone variants, the repositioning of nucleosomes and
the post-translational modifications of histones. These modifications
often control intra- and intermolecular protein—protein and protein—
DNA interactions. For instance, histones are acetylated in chromatin
regions that are actively transcribed with the addition of a negatively
charged acetyl group, altering the net charge of the nucleosome and
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interfering with chromatin compaction, thereby facilitating access
to the transcription machinery. In addition, acetyl groups serve as
binding sites for bromodomain and other proteins that recognize
this histone mark. By contrast, methyl groups act as docking sites
for chromodomain and plant homeodomain finger proteins and are
associated with either active or repressed chromatin. Notably, these
histone modifications can be removed by specific deacetylases and
demethylases. In addition, many of the histone modifications influ-
ence each other through trans-histone cross-talk. We focus here on
a large post-translational modification of chromatin produced by the
conjugation of ubiquitin.

The 76-residue protein ubiquitin is covalently attached to an inter-
nal lysine residue of a substrate by an enzymatic cascade, which
includes an activating enzyme (E1), a conjugating enzyme (E2) and a
ubiquitin ligase (E3) that provides substrate specificity to the ubiqui-
tylation reaction. Whilst the E2 receives the activated ubiquitin from
the ET and mediates the transfer, the E3 provides specificity by bind-
ing to the substrate and recruiting it to the conjugation machinery
through protein—protein interaction with the E2 enzyme, as in the
case of RING domain E3 enzymes. Most organisms have only one
ET enzyme, but dozens of different E2 and hundreds of E3 enzymes,
reflecting the need to provide effective substrate specificity [1].

E3 enzymes are often composed of multimeric complexes.
Ubiquitin ligases, belonging to the evolutionarily well-conserved
family of cullin-RING ligases (CRLs), have a modular architecture
in which the individual domains for recruiting the E2 enzyme and
substrate are confined to separate subunits, which assemble into
large multimeric complexes [2]. Central to this type of E3 ligase is
a cullin moiety that acts as a scaffold for recruiting a RING finger
protein and, through an adaptor protein, a receptor for recognizing
the substrate. Most of the cullin subtypes recruit different adaptor
proteins that interact with a series of individual substrate receptors,
thereby providing a large spectrum of specific CRL complexes.

CRLs themselves are subject to post-translational modification
by the ubiquitin-like modifier Nedd8, which controls the activity
of the ligase. Conjugation of Nedd8 to the cullin moiety trig-
gers a conformational change within the scaffold, which allows
the carboxy-terminal-associated RING-E2 complex to be posi-
tioned in close proximity to the substrate receptor, bound at the
amino-terminal cullin domain [2]. Conversely, Nedd8 is removed
by a multimeric complex, the COP9 signalosome (CSN), thereby
adding another layer of regulation that controls CRL activity.
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Ams2
APC/C
BRCA1
Brel
Cdt1/2
CENP-A
chromodomain
Clr4
ClrC
COMPASS
COP9
CRL
Cse4
Ctk1

Cul
DCAF
DCDC
Ddb1
Dotl
DUB
EED
Epel
FACT
HMTase
Hubl
GAL1
JmjC
Mscl
MSL
N-CoR
Nedd8

PAF

PcG
PCNA
PHD finger
PIP box
Pofl
PRC1/2
PR-DUB
Pshl
Rad6
Raf1/2
rDNA
RING
RNAPII
RNF
RYBP
SCE

SET

Skp
Spp1/Cps40
Spt
SUMO
Swd2/Cps35
Swi6
SwrC
TFIIS
Ubp
UBR
Usp
YY1
ZRF1

CENP-A ts mutant multi-copy suppressor 2
anaphase promoting complex/cyclosome

breast cancer 1

brefeldin A sensitivity 1

chromatin licensing and DNA replication factor 1/2
centromere protein A

chromatin organizer modifier domain

cryptic loci regulator 4

Clr4 complex; H3K9 HMTase complex

complex proteins associated with Set1
constitutive photomorphogenic 9

cullin-RING finger ligase

chromosome segregation protein 4
carboxy-terminal domain kinase 1

Cullin, ubiquitin ligase scaffold protein
Ddb1-Cul4-associated factor

Dim-5/7/9, Cul4 Ddb1 complex

DNA damage-binding protein 1

disruptor of telomeric silencing 1

deubiquitylase

embryonic ectoderm development

enhancer of position effect 1

facilitates chromatin transcription, histone chaperone
histone methyltransferase

homologous to ubiquitin

galactose metabolism gene 1

Jumonji domain C

multi-copy suppressor of Chk1

male-specific lethal

nuclear receptor corepressor

neural precursor cell expressed, developmentally
downregulated 8

polymerase IT association factor

Polycomb group

proliferating cell nuclear antigen

plant homeo domain

PCNA interacting protein box

Pombe F-box 1

Polycomb repressor complex 1/2

Polycomb repressive deubiquitylating complex
Pob3/Spt16/histone associated protein
radiation-sensitive protein 6

Rik1-interacting factor 1/2

ribosomal DNA

really interesting new gene

RNA polymerase IT

RING finger protein

Ring 1 and YY1 binding protein
Skp1-Cullin-F-box complex

Su(var)3-9, Enhancer-of-zeste, Trithorax domain
suppressor of kinetochore protein mutan

Setlc, PHD finger protein/ COMPASS subunit 40
suppressor of ty

small ubiquitin-like modifier

Setlc, WDA40 repeat protein 2/COMPASS subunit 35
Switch 6

Swrl complex

transcription factor IIS

ubiquitin protease

ubiquitin protein ligase E3 component n-recognin
ubiquitin-specific protease

yin and yang 1, DNA-binding factor
zuotin-related factor 1
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Mechanisms of ubiquitylation in shaping chromatin

The attachment of ubiquitin alters the function and cellular fate
of a substrate either by regulating the interaction with other proteins,
by competing with other post-translational modifications involv-
ing the same target lysine residue or by targeting it for degradation.
As ubiquitin itself can be subject to ubiquitylation, through target-
ing of one of its seven internal lysine (Lys) residues, several rounds
of ubiquitylation result in the formation of a polyubiquitin chain.
Importantly, the choice of the individual lysine linkage directly
affects the structure of the polyubiquitin chain and therefore has
functionally different outcomes [1]. In particular, polyubiquitin con-
taining Lys48-, Lys29- or Lys11-linked chains target substrates for
proteasomal degradation, whilst monoubiquitylation or Lys 63 poly-
ubiquitin chains serve as signals in non-proteolytic events. Finally,
as the attachment of the relatively bulky ubiquitin molecule can
have steric consequences, especially if the substrate is a part of large
macromolecules such as the chromatin fibre, ubiquitylation might
directly alter the structure.

Despite the fact that histones were identified as the first sub-
strates of ubiquitylation three decades ago, our knowledge of how
this modification contributes to the formation of euchromatin
and heterochromatin is still fragmentary. Furthermore, several
roles for the ubiquitylation of non-histone proteins in defining
the chromatin state have emerged recently. Here we discuss these
ubiquitylation pathways with particular emphasis on the distinct
mechanistic consequences—that is, structural changes, recruit-
ment signals and proteasomal degradation (Fig 1)—through which
ubiquitylation shapes the landscape of euchromatin and hetero-
chromatin. For the role of ubiquitylation in other events, such
as DNA repair and transcription factor licensing, we refer the
reader elsewhere [3,4].

Ubiquitylation of H2B: docking site or structural change?
Histone H2B is monoubiquitylated within its C-terminus at Lys 123
in budding yeast (Lys120 in metazoans), which is mediated by
the E2 Rad6 and the E3 Brel (RNF20/RNF40 in mammals; [5-8]).
The modified form makes up 1-5% of the total H2B pool and is
restricted to actively transcribed euchromatin. H2B ubiquitylation
seems to take place in a two-step reaction: first, Brel is recruited
to promoters of active genes by binding to transcriptional acti-
vators, as seen, for example, for the human homologue of Bret,
RNF20, and the transcriptional co-activator p53 [9]. Brel in turn
then mediates the recruitment of Rad6. Second, the activation of
the Rad6-Brel complex requires a series of interactions with mul-
tiple factors implicated in subsequent steps of transcription, which
might induce allosteric changes within the E2-E3 complex [10,11].
In addition, in metazoans, modification of Ser112 of H2B with
O-linked N-acetylglucosamine (GIcNAc) has been shown to pro-
mote ubiquitylation of H2B and its interaction with Bre1, suggesting
that the GIcNAc moiety serves as an anchor for the E3 ligase [12].
Ubiquitylation of H2B (H2Bub) seems to be transient and can
be reversed. The removal of this mark is mediated by specific
deubiquitylation enzymes (DUBs). In Saccharomyces cerevisiae,
this is achieved by Ubp8, a subunit of the SAGA histone acetyl-
transferase complex, and by Ubp10 [13,14]. Despite the fact that
Ubp8 reverses H2B ubiquitylation by Rad6-Bre1, it promotes tran-
scription. Ubp8 traverses with RNAPII through transcribed genes,
and deubiquitylation is required for the recruitment of Ctk1, which
in turn phosphorylates RNAPII, regulating transcriptional elon-
gation [15]. It has thus been suggested that H2Bub might act as a

©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION



Mechanisms of ubiquitylation in shaping chromatin

7

e e

. oD
- 0€e

Structural change

Recruitment

o€e

(i
€

review

Monoubiquitin
K63
‘%s $
Polyubiquitin
¢ ¢co €
| Al | 26S
proteasome

Degradation

Fig 1 | Mechanisms of ubiquitylation on chromatin. (A) Structural changes: attachment of ubiquitin interferes with chromatin compaction. (B) Recruitment:

monoubiquitin or non-degradatory polyubiquitin chains serve as a docking site for recruiting other factors to chromatin. (C) Degradation: polyubiquitin such

as Lys 11 or Lys48-linked chains serve as a recognition signal for proteasomal degradation. Note that the spectrum of ubiquitylated substrates is not restricted to

histone proteins but includes also other chromatin-associated factors. K, lysine (Lys).

checkpoint and that perhaps multiple rounds of ubiquitylation and
deubiquitylation take place during transcriptional elongation [11].
By contrast, Ubp10 targets a different pool of H2Bub and functions
mainly in heterochromatin associated with gene silencing at telo-
meric regions and the rDNA loci [16]. The fruit-fly homologue of
Ubp10, scrawny (scny), functions in gene silencing in stem cells,
and prevents untimely expression of key genes involved in differ-
entiation [17]. In addition, other DUBs removing the H2Bub mark
have been identified in metazoans (reviewed in [18]).

One main function of monoubiquitylated H2B is the regulation
of other histone modifications, that is, the modification of Lys4 and
Lys79 of histone H3 by the histone methyltransferases (HMTases)
COMPASS and Dot1, respectively. This trans-histone cross-talk is
unidirectional, that is, defects in the histone methylation of H3 have
no reciprocal effect on the upstream ubiquitylation event [19,20].
H2Bub also has other functions in transcription that are independ-
ent from the cross-talk to H3 methylation, that is, assisting the
histone chaperone FACT in facilitating the passage of transcribing
RNAPII through nucleosomes and restoring the chromatin structure
in the wake of the polymerase [21,22]. H2Bub also contributes to
the repression of a subset of inducible genes that are expressed at
low levels under basal conditions [23-25].

How does H2Bub mediate these different functions? Given the
large size of ubiquitin, it was originally postulated that H2Bub acts
as a ‘wedge’ to open chromatin, thereby making it accessible for
downstream effectors such as histone HMTases. However, although
H2Bub is required for trimethylation of H3K4 and H3K79, it is dis-
pensable for monomethylation and most dimethylation, indicating
that COMPASS and Dot1 still have access to chromatin even in
the absence of ubiquitin [11]. Moreover, in vivo and in vitro data
have demonstrated that other ubiquitin-like modifiers, for exam-
ple SUMO and Hub1, fused to H2B cannot replace the function
of ubiquitin, arguing that it is not merely the addition of steric bulk
but rather the intrinsic property of ubiquitin that mediates the cross-
talking function of H2Bub [25,26]. Thus, alternative models have
been proposed, which we discuss below.

H2Bub might directly recruit subunits of the HMTases, thereby
serving as a ‘bridge’ that connects the histone-modifying enzymes
with chromatin (Fig 2A). Among the seven subunits of the yeast
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COMPASS complex, only three subunits (Swd2, Spp1 and Bre2) are
essential for H3K4 trimethylation, making them likely candidates
for regulating the activity of the HTMase complex [27]. Two studies
link H2Bub and the COMPASS subunit Swd2 (Cps35). In the first
study, it was shown that H2Bub is essential for the association of
Swd2 with the COMPASS complex and mediates the recruitment
of this subunit to the GALT promoter region. Additionally, Swd2
was shown to interact with Dot1 to control trimethylation of H3K79
in a similar manner, suggesting that the regulation of Swd2 recruit-
ment might represent a universal mechanism by which H2Bub
controls histone cross-talk [28]. An independent study revealed
another link between Swd2 and the ubiquitylation machinery by
demonstrating that Swd2 itself is a target of Rad6-Bre1, and that
ubiquitylation of Swd2 also requires H2Bub. The corresponding
target lysine residues in Swd2 were found to be required for the
chromatin recruitment of another COMPASS subunit that is cru-
cial for trimethylation of H3K4, Spp1 (Cps40) [29]. Although these
two studies reported contrary data as to whether the association
of Swd2 with COMPASS is regulated through H2B ubiquitylation,
the main findings of both reports are consistent with a ‘bridging’
model of H2Bub function. Nevertheless, the structural features
that mediate the recognition of the ubiquitin moiety still need to be
identified in these chromatin regulators.

Whereas H2Bub provides a positive function in recruiting sub-
units of HMTase complexes to chromatin, its cross-talk-independent
role in gene repression of certain inducible genes in yeast and
mammals seems to rely on preventing chromatin access. A study
in human cells revealed that the repression of pro-oncogenic genes
relates to the blocking of the chromatin recruitment of the transcrip-
tion elongation factor TFIIS, which relieves stalled RNAPII [23]. In
particular, RNF20—the mammalian homologue of Bre1—interferes
with the association of TFIIS to the PAF complex that travels along
with RNAPII through chromatin. As RNF20 interacts with PAF, it
might directly compete with TFIIS for binding (Fig 2B). Nevertheless,
this negative regulation requires the E3 activity of RNF20, suggesting
that ubiquitylation of H2B also contributes to this repressive effect.
In S. cerevisiae, H2Bub was also found to repress transcription of
lowly expressed or quiescent genes, by inhibiting the recruitment
of RNAPII to the promoters of these genes [30].

EMBO reports VOL 13 | NO 7 | 2012 621
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In addition to controlling the recruitment of factors to chromatin
by providing or preventing binding sites, several studies have pro-
posed that H2Bub affects the structural properties of chromatin
by modulating nucleosome occupancy and chromatin compac-
tion. For instance, loss of H2Bub causes a genome-wide reduction
of histone occupancy, particularly at highly expressed genes [30],
whilst mutants defective in deubiquitylating H2B show elevated
histone levels [25,30]. Moreover, H2Bub cooperates with the FACT
subunit Spt16 in maintaining histone occupancy, and both factors
influence each other [31]. As changes in nucleosome occupancy
can result from diverse mechanisms, that is, nucleosome stability
or reassembly, different conclusions have been drawn from these
observations. For instance, it has been proposed that H2Bub might
promote nucleosome stability and thus contribute to compaction
instead of ‘opening’ chromatin [25]. Alternatively, H2Bub has been
suggested to promote reassembly of nucleosomes and restore the
chromatin structure, along with Spt16, in the wake of elongating
RNAPII [30,31]. Interestingly, a recent in vitro study using reconsti-
tuted nucleosomes showed that H2Bub causes disruption of local
chromatin structure and acts synergistically with histone H4 tail
acetylation [26], thus favouring a model by which H2Bub promotes
chromatin decompaction. This property is specific to ubiquitin and
was not observed for the ubiquitin-like modifier Hub1. Consistent
with these in vitro data, H2Bub was found to be present specifically
in those chromatin fractions that show increased accessibility and
are associated with active transcription, arguing in favour for a simi-
lar in vivo role of H2Bub in the disruption of higher-order chromatin
structure (Fig 2C). It is not clear how ubiquitin mediates this function
in decompaction and why the attachment of similar-sized modifiers
is ineffective. It is possible that intrinsic properties of ubiquitin, such
as the distribution of surface charges or specific residues, contrib-
ute to this function of H2Bub. Hence, whether it is specifically the
decompaction of chromatin that promotes the recognition of nucleo-
somes by FACT, or whether its subunits directly bind to H2Bub
remains to be investigated.

In addition to the canonical Lys 123 target site in yeast (Lys 120
in mammals), other lysine residues are targeted for ubiquitylation
in H2B [32,33]. Importantly, in yeast, an H2B mutant that lacks all
lysine residues but retains Lys123 was seen to be severely com-
promised in GAL gene activation and displayed significant growth
defects [32]. Notably, whilst neither Rad6 nor Brel—nor the Lys 123
residue in H2B—are essential under normal growth conditions,
the Lys 123-only mutant becomes inviable in the absence of Brel.
Similarly, mutating all lysine residues in H2B was found to be lethal.
Interestingly, other lysine residues were found to be ubiquitylated
in vivo in this study. These findings imply two important conclusions.
First, ubiquitylation of H2B is essential for viability. Second, this
essential function can be compensated by non-canonical lysine resi-
dues, and might involve other ubiquitylation reactions and probably
other E3 ligases as Rad6-Bre1 is specific to Lys 123 ubiquitylation—
although it cannot be excluded that other post-translational
modifications might contribute to the crucial functions of these
lysine residues. This study further demonstrates that the potential
target lysine residues including Lys123 are modified with more
than one ubiquitin moiety, giving rise to specifically Lys48-linked
polyubiquitin chains [32]. This raises the intriguing question as
to whether monoubiquitylated Lys123 is the only active form or
whether polyubiquitin chains—or their trimming—might have a
physiological function. Notably, direct evidence for the implication
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of other E3 ligases was provided by a study in mammals that dem-
onstrated that MSL2, a component of the dosage compensa-
tion complex (DCC; also known as MSL), has E3 activity towards
H2B with a strong preference for the lysine residue Lys134 [33].
Lys 134ub was found to affect the cross-talk towards methylation of
H3K4 and H3K79 in a similar way as seen for Lys 120ub, suggesting
that this trans-histone interaction has a certain degree of plasticity.
Lys134ub also had an impact on Lys 120 ubiquitylation, probably
by directly affecting the chromatin recruitment of the E3. Whether
Lys120ub and Lys134ub have identical roles, or instead provide
synergistic contributions by complementing each other through
similar functions, needs to be examined by future studies.

In conclusion, monoubiquitylation of H2B seems to fulfil a dual
function. First, it provides a binding site for chromatin regulators
such as HMTases, but also prevents the chromatin association of
other factors of the transcriptional machinery through direct com-
petition. Second, H2Bub induces structural changes directly to the
chromatin fibre, thereby affecting the three-dimensional organiza-
tion and compaction of chromatin, although it is possible that it
might cause steric effects through the recruitment of other proteins.
Nevertheless, it is clear that the underlying mechanisms by which
H2B ubiquitylation functions are complex and not fully understood.

Monoubiquitin on H2A—same molecule, opposite function?
In contrast to H2B, monoubiquitylated H2A is associated with
inactive chromatin at the pericentromeric regions, the inactive X
chromosome and silenced developmental genes. Between 10% and
15% of the cellular pool of H2A is monoubiquitylated on Lys119
in vertebrates (Lys118 in Drosophila), but this modification has
not been detected in yeast species [10]. Several E3 enzymes con-
tribute to ubiquitylating H2A, showing different specificity with
respect to the chromatin environment. Human RING1B was the
first E3 identified [34] and is part of the Polycomb repressor com-
plex (PRC1). PRC1 contains a chromodomain protein, Polycomb,
and its recruitment to chromatin is believed to occur down-
stream from H3K27 methylation by PRC2. Two additional RING
domain proteins are present in human PRC1, RINGTA and BMIT.
Although BMIT only stimulates the activity of RING1B and does
not have intrinsic E3 activity, RINGTA seems to be able to substitute
the function of RING1B in vivo [11]. RING1B is also present in the
PRC1-like complexes dRAF (RING-associated factor) and mamma-
lian BCOR (BCL6 co-repressor), and for Drosphilia melanogaster
the main H2A ubiquitylation activity was reported to reside in the
dRAF complex [35,36]. RING1B also modifies the histone variant
H2A.Z. Similarly to H2Aub, monoubiquitylated H2A.Z is found pre-
dominantly at the inactivated X chromosome [37]. However, it is not
clear whether H2A.Zub has a specific function distinct from H2Aub,
or whether RING1B can discriminate between H2A and H2A.Z.
Although RINGTB is responsible for the bulk of H2Aub, other
E3 ligases seem to have more specific functions in silencing. In
macrophages, the E3 2A-HUB, also known as hRUL138, localizes
as part of the repressive N-CoR histone deacetylase 1/3 complex
to promoter regions of a subset of chemokine genes, and prevents
the recruitment of the FACT subunit SPT16 required for RNAPII
elongation [38]. In murine spermatocytes, the E3 UBR2 is required
for fertility and ubiquitylates H2A at unsynapsed chromosomal
regions during the process of meiotic chromatin silencing [39]. The
tumour repressor BRCAT contains a RING domain and ubiquitylates
H2A in vitro. Notably, BRCAT-dependent H2Aub is required for

EMBO reports VOL 13 | NO 7 | 2012 623



review

transcriptional silencing of pericentromeric tandem repeat satellite-
DNA, and de-repression of these repeats was found to phenocopy
many of the cellular traits associated with BRCA1 loss [40]. The
defect in silencing of satellite-DNA is specific to BRCAT as neither
the loss of RING1B, nor of another H2A E3 involved in DNA damage
repair (RNF8), display these phenotypes. Thus, this finding suggests
that the tumour suppression function of BRCAT might originate from
heterochromatin-mediated silencing through H2Aub.

Several deubiquitylating enzymes have been identified that
reverse the ubiquitylation of H2A and often antagonize the silenc-
ing role of H2Aub [11,18]. However, a recent finding revealed a
more complex function in the context of H2A ubiquitylation. In
Drosophila, the ubiquitin C-terminal hydrolase Calypso is part
of the PR-DUB complex that mediates the deubiquitylation of
H2Aub [41]. Nevertheless, PR-DUB binds to PcG genes and
mutants of this complex, which show surprisingly similar defects
in silencing as seen for the loss of H2Aub. Moreover, the combined
depletion of PR-DUB and RING1B results in more severe pheno-
types than observed for the depletion of the single components.
These findings imply that ubiquitylation and deubiquitylation of
H2A are not simply reciprocal functions. It has thus been proposed
that the E3 complexes and PR-DUB might act either locally on dif-
ferent target genes or together in a temporally controlled manner,
similarly to the cycles of adding and removing the H2Bub mark
during transcriptional elongation [41].

Considering these multiple roles, raises the question about the
underlying mechanism by which H2Aub exerts its silencing func-
tion. After the initial step of recruitment to transcriptional start sites,
RNAPII is often regulated by transcriptional pausing, and its elonga-
tion requires the association of ancillary factors. RING1B-dependent
H2Aub seems to specifically cause pausing without affecting the
initial recruitment of RNAPII [42]. This idea is further supported by
the observations that the E3 2A-HUB also enhances RNAPII paus-
ing by interfering with the recruitment of FACT, and that the FACT
subunit Spt16 no longer binds to H2Aub [38]. These findings suggest
that at least one function of monoubiquitylation of H2A is to prevent
transcriptional elongation by masking specific recruitment sites for
FACT (Fig 2D). In addition, H2Aub was found to block in vitro H3K4
methylation and transcriptional initiation, probably also by blocking
the access for the HMTase to the substrate [43].

In addition to preventing chromatin access to regulators
involved in transcription, H2Aub seems to provide a specific bind-
ing site for repressive factors (Fig 2E). A study reported that RING1B
binds to ubiquitin and ubiquitylated H2A, suggesting that the E3
might recognize the mark that it deposits [44]. This might help to
maintain PRCT complexes bound at silenced chromatin or contrib-
ute to the spreading of PRC1 along the chromosomal axis. Indeed,
the ability of a ‘writer’ to ‘read’ its own histone mark is a common
phenomenon and has been observed for the PRC2 complex that
methylates H3K27 and binds to this mark through its EED sub-
unit [45]. Furthermore, this finding might explain why PRC1 and
the related dRAF/BCoR complexes can be recruited to chromatin
independently of the chromodomain protein Polycomb—which is
in fact absent in several RING1 complexes—and the methylation
of H3K27 by PRC2. Another interesting link to H2Aub is provided
by the finding that the mammalian protein RYBP, involved in
chromatin targeting of PRC complexes, contains an N-terminal
ubiquitin-binding motif, an N-terminal zinc finger domain,
and shows a weak affinity to ubiquitin [46]. RYBP is an adaptor
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protein that mediates the recruitment of RINGTA/RING1B to the
DNA-binding factor YY1 [47]. Furthermore, RYBP competes with
Polycomb for binding to RINGTA and RING1B [48], suggesting
that distinct targeting modes—H3K27me compared with YY1 DNA
binding sites—are mediated by different complex compositions of
PRCT. Thus, an attractive idea would be that chromatin targeting
of RYBP might also be influenced by the presence of H2Aub
through its ubiquitin-binding domain.

In addition to its repressive role, H2Aub also mediates the de-
repression of PcG target genes. This function is mediated through
the ubiquitin-binding protein ZRF1, which binds to H2Aub
(Fig 2F; [44]). ZRF1 acts here by a two-step mechanism: first, it
displaces PRC1 from chromatin through competitive binding to
H2Aub; second, it facilitates the removal of the ubiquitin mark by
the H2Aub-specific deubiquitylase USP21, which is implicated in
transcriptional initiation by relieving the H2Aub-dependent block
of H3K4 methylation [43]. Hence, H2Aub mediates its own removal
through the recruitment of ZRF1.

Whether H2Aub acts by similar mechanisms in other repressive
pathways, such as BRCA1-mediated silencing of pericentromeric
heterochromatin, remains to be tested. However, H2A can be
polyubiquitylated in vitro by UBR2 [39], an E3 ligase involved in
degradation of substrates by the N-end rule proteasome degrada-
tion pathways. Thus, it is also possible that degradatory mechanisms
might be triggered by H2A ubiquitylation.

In summary, monoubiquitylation of histone H2A seems to
have a similar mechanism to that of H2B by providing specific
binding sites for downstream factors, or by preventing access to
chromatin. However, the functional outcome of these two modifi-
cations is opposite. It is not yet understood whether the ‘repelling’
function of H2Aub is of a steric nature or whether it is due to the
recruitment of other effectors that mediate its inhibitory effect, nor
do we understand what differences between H2Bub and H2Aub
might explain the different roles in decompaction and silencing
of chromatin.

Shaping chromatin through turnover of histones

Whilst monoubiquitylated H2A and H2B serve as signals for regu-
lating the recruitment to chromatin and its compaction, there is
also increasing evidence that histone degradation is fundamental
in shaping chromatin. Cells have to prevent the accumulation of
large pools of free histone proteins, especially as they are largely
positively charged, for instance to prevent unspecific binding to
off-targets other than DNA, for example, other nucleic acids and
proteins. Therefore, histone levels are tightly controlled throughout
all species by regulating both protein synthesis and turnover.

The expression of canonical histone proteins is restricted to S
phase, when chromatin is duplicated. In fission yeast, the tran-
scription of histone genes is temporally controlled through the
presence of the transcription factor Ams2, which is stable in S
phase but degraded by the SCF™" E3 ligase complex in other
phases of the cell cycle. Notably, mutants defective in Ams2
turnover show defects in chromosome stability and abnormal
incorporation of histone H3 into centromeric regions that usually
contain the centromere-specific histone H3 variant CENP-A [49].
Thus, the timely controlled expression of canonical histones is
required to prevent their ectopic chromosomal distribution and to
ensure the proper formation of the centromeres. Although a homo-
logue of Ams2 is not present in budding yeast, excessive levels of
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Fig 3 | Shaping of chromatin by ubiquitin-dependent degradation. (A) Shaping of centromeric chromatin by degradation of the histone H3 variant Cse4 by the E3 Psh1

at ectopic sites outside centromeres. (B) Shaping of S-phase-specific chromatin by degradation of the histone H4K20 mono-HMTase Set8/PR-Set7 by the E3 Cul4-

Ddb1“42, Polyubiquitylation requires the formation of a trimeric complex of Set8, Cul4-Ddb1“? and PCNA. (C) Shaping of heterochromatin boundaries through

degradation of the anti-silencing factor Epel by Cul4-Ddb1°¢2, Epel is recruited uniformly to heterochromatin by binding to HP1 proteins. Epel degradation within
the body of heterochromatin results in its local accumulation at the boundaries. The signals preventing degradation of Epel at the boundaries are unknown. Cul4,
Cullin 4; Cdt2, chromatin licensing and DNA replication factor 2; Ddb1l, DNA damage-binding protein 1; Epel, enhancer of position effect 1; HP1, heterochromatin
protein 1; Set7/8, Sul(Var)3-9, Enhancer-of-zeste, Trithorax protein 7/8; PCNA, proliferating cell nuclear antigen processivity factor for DNA polymerase §.

histones are prevented, by targeting them directly for degradation
with the E3 Tom1 through a surveillance mechanism that relies on
the kinase Rad53 [50].

The centromeric H3 variant CENP-A is subject to spatial regulation
by ubiquitin-dependent degradation. Centromeric nucleosomes con-
tain the specific H3 CENP-A variant that is recruited to centromeres
through its CENP-A-targeting domain (CATD). This is engaged with
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histone chaperones and kinetochore proteins during the targeting
and after its incorporation into centromeres, respectively. Two studies
demonstrated that the chromosomal distribution of the CENP-A bud-
ding yeast homologue Cse4 is shaped through ubiquitylation by the
E3 RING finger ligase Psh1 (Fig 3A; [51,52]). In mutants of Psh1, Cse4
accumulates within euchromatin and overexpression of this histone
variant is toxic. Interestingly, the CATD is necessary and sufficient for
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targeting Cse4 for degradation, indicating that this domain is the key
element that provides specificity and promotes degradation of Cse4
when not properly engaged with kinetochore proteins outside cen-
tromeres. Similar observations have been made for the Drosophila
CENP-A homologue CID [53]. Degradation might require the
eviction of Cse4 to expose fully the CATD before its ubiquityla-
tion. Alternatively, degradation might take place directly on chro-
matin; Psh1 was found to co-localize with Cse4 on chromatin [51].
This finding implies that Psh1 is important not only for preventing
ectopic localization of Cse4, but plays a role at the centromeres.
Interestingly, Psh1 was originally identified through its interaction
with FACT [54], suggesting that additional chromatin-associated
factors or substrates might be involved in this regulation.

Shaping chromatin through turnover of histone modifiers
Among the various CRLs, the Cul4-based E3 ligases have a specialized
role in regulating chromatin-associated substrates [55]. Cul4 binds
to the adaptor protein Ddb1, involved in recruiting various substrate
receptors known as DCAFs (Ddb1-Cul4-associated factors). Several
studies revealed how CRLs contribute to the shaping of chromatin by
degrading the enzymes regulating histone modifications.

The CRL Cul4-Ddb1¢¢ is conserved from fission yeast to human
and is pivotal in regulating S phase, by targeting several substrates
including the replication licensing factor Cdt1. Most substrates of
Cul4-Ddb1¢¥? have a common recruitment mechanism to chro-
matin through binding to the DNA polymerase processivity factor
PCNA. In most cases, binding to PCNA seems to be crucial for the
degradation of substrates, explaining the substrate specificity of this
E3 for chromatin-bound proteins. In metazoans, those substrates
have a specialized form of the common PIP (PCNA interaction pro-
tein) box known as the ‘PIP degron’, which contains an extra basic
residue that is crucial for substrate recognition and might make con-
tact with the substrate receptor Cdt2 [56] In fission yeast, the PIP
degron is less conserved. A search for potential candidates contain-
ing the PIP degron motif led to the identification of the HMTase Set8,
also known as PR-Set7, as a new substrate of Cul4-Ddb 12 [57-61].
Set8 is the only HMTase that mediates monomethylation of histone
H4 at Lys20, a transcriptionally repressive mark that is crucial for
chromosome condensation during mitosis. H4K20 methylation lev-
els are low in G1 and early S phase but rise in late S phase and G2,
and peak in mitosis. The temporal regulation of this histone modifi-
cation is reflected by a change in steady state levels of Set8, which is
subject to distinct E3s acting at different cell cycle stages: APC/CCn!
(G1), Cul1-Skp132 (late G1) and Cul4-Ddb1¢%2 (S phase and after
DNA damage; [56]). Degradation of Set8 by Cul4-Ddb1% requires
its interaction with PCNA and the presence of a highly conserved
PIP degron. Non-degradable mutants of Set8 lacking this motif
resulted in elevated H4K20me levels, DNA damage, check-point
activation and G2 arrest, and in some cases premature chromo-
some condensation. Thus, the timely destruction of Set8 ensures the
dynamic changes in H4K20 methylation during the passage through
the cell cycle (Fig 3B). Further examples underscore the generality of
the regulation of histone modifiers, through temporally controlled
turnover, by other E3 ligases (see Table 1; [62-64]).

Shaping chromatin by sculpting the boundaries

Our recent study extended the chromatin function of
Cul4-Ddb1%2 to a role in controlling the boundaries between
euchromatin and heterochromatin [65]. In fission yeast, the JmjC
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protein Epel antagonizes the spreading of heterochromatin and
has a potential role in boundary formation. Spreading of hetero-
chromatin is believed to occur by the recruitment of members of
the heterochromatin protein 1 (HP1) family that bind to the repres-
sive histone mark H3K9me through their chromodomain, and serve
as a docking site for heterochromatic factors including the H3K9
HMTase. HP1 proteins also mediate the recruitment of Epel to
chromatin. Nonetheless, Epel shows a specific strong enrichment
at the boundaries and depletion in the body of heterochromatin,
which differs substantially from the chromatin landscapes of HP1
proteins and H3K9 methylation. A solution to this paradox was
provided by the finding that Epe1 is a substrate of Cul4-Ddb1¢2,
Importantly, Epel is specifically targeted for ubiquitylation within
the body of heterochromatin. In the presence of the E3 ligase, Epel
is specifically removed from the body of heterochromatin, leading
to its accumulation at the boundaries. Conversely, in cells lack-
ing Cul4-Ddb1¢*?, Epel invades heterochromatin and adapts a
chromatin profile that resembles the chromosomal distribution of
H3K9 methylation. Hence, whilst H3K9me and HP1 proteins medi-
ate the initially uniform recruitment of Epel to heterochromatin,
Cul4-Ddb1%2 removes Epel by ‘sculpting’ from selective sites and
controls its spatial distribution on chromatin, which specifies the
function of this anti-silencer as a boundary factor (Fig 3C). Notably,
the inappropriate expansion of Epel into heterochromatin in
mutants of Cul4-Ddb1¢ triggers a silencing defect, which is com-
pletely suppressed in mutants that lack both the ubiquitin ligase and
the boundary factor, indicating that Epel is the sole relevant sub-
strate of Cul4-Ddb1°*?in silencing. Thus far, the signals and factors
that direct degradation of Epel to the body of heterochromatin or
prevent its degradation at the boundaries have not been identified.
However, as Epel contains two less conserved PCNA-interacting
protein box motifs [56], it will be interesting to see whether its
spatially controlled degradation also requires binding to PCNA.

Unknown substrates—understanding the roles of E3 ligases
Many other E3 ligases have been described that are important in
regulating chromatin. However, their functions and underlying
mechanism—thatis, recruitmentor degradation—remain obscure, as
the relevant substrates have not yet been identified. However, known
homologues of these enzymes or similarities to other pathways
can allow us to speculate about possible mechanisms.

An orthologous complex of Cul4-Ddb12 exists in fission yeast
that comprises the adaptor protein Rik1—44% similarity to Ddb1—
and the heterodimeric DCAF Raf1/Raf2 [66-70]. Cul4-Rik1Raf1”2
forms a complex with Clr4, the sole H3K9 HMTase present in
Schizosaccharomyces pombe and, importantly, each component
of this CIrC complex is essential for H3K9 methylation and hetero-
chromatin formation. However, although Cul4-Rik1%"”2 seems to
be important for recruiting Clr4 to heterochromatin [69], the iden-
tity of the substrate(s) and the role of ubiquitylation remain elusive.
Although it has been reported that purified CIrC displays E3 activ-
ity towards H2B in vitro, there is no further evidence as to whether
H2B is the substrate of this E3 in vivo. Nevertheless, ClrC-associated
Cul4 is modified with Nedd8 [66], and lack of Nedd8 phenocopies
the silencing defects of CIrC mutants [69], strongly suggesting that
CRL activity is indeed required for H3K9 methylation. Thus, it is an
attractive idea that Cul4-Rik1%"”2 might act similarly to the role of
Cul4-Ddb1%2 in ‘sculpting’ EpeT, that is, by removing an inhibitor
of H3K9 methylation.
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Table 1 | Roles of E3 ligases in chromatin

review

E3 Species Substrate Process Mode Mechanism Recruitment Reference
Brel Sc Sp Dm Hs H2B-K123 Txn initiation E Mono Recruitment HMTase 15,16

Sc Hs H2B-K123 Txn elongation E Mono Decompact FACT? 12,13,18

Hs H2B-K123 Txn repression E Mono Competition TFIIS 17
MSL2 Hs H2B-134 Txn initiation E Mono Recruitment? HMTase? Brel? 20
RING1B Dm, Hs H2A (H2A.Z) Txn repression H Mono Masking HTMase, FACT 23,27,28

Hs H2A Txn repression H Mono Recruitment PRC1 29

Hs H2A Txn de-repress. H Mono Recruitment ZRF1 29

Hs H2A Txn repression H Mono Recruitment RYBP? 31
2A-HUB Hs H2A Txnrepression  H Mono Masking FACT 23
UBR2 Mm H2A Meiotic silenc. H Poly? Masking? FACT? 24
BRCA1 Hs H2A Txn repression H Mono Masking? FACT? 25
SCFP!t Sp Ams2 Histone levels S Poly Degradation Proteasome 34
Tom1 Sc histones Histone levels S Poly Degradation Proteasome 35
Pshl Sc Sp Dm Hs Cse4 Histoneincorp. E Poly Degradation Proteasome 36,37
SCFPre Ds, Hs CID Histone incorp.  E Poly Degradation Proteasome 38
Cul4-Ddb1¢? Hs Set8/PR-Set7 Condensation E Poly Degradation Proteasome 42-46
SCFske2 Hs MLL Cell cycle S Poly Degradation Proteasome 47
APC/C Hs MLL Cell cycle N Poly Degradation Proteasome 47
SCFrox Hs JMJD2A Cell cycle S Poly Degradation Proteasome 48
Not4 Sc (Hs) Jhd2 (JARID1C)  Txn S Poly Degradation Proteasome 49
Cul4-Ddb1¢4? Sp Epel Boundary H ? ? ? 50
Cul4-Rik1R172 Sp ? H3K9me H ? ? ? 51-55
Cul4-Ddb1PeAre Nc ? H3K9me H ? ? ? 56-59
Cul2/5-ELC Cr ? H3K9me H ? ? ? 60
Cul4-Ddb1Msit At ? H3K27me H ? ? ? 61
Cul4-Ddb1FEP Hs ? H3K27me H ? ? ? 62
Mscl Sp ? HPI dynamics H ? ? ? 63-68
Cul8-Mms]Mms22 Sc Ctf4? Silencing H ? ? ? 69
SCFPB Sp Mcll (Ctf4)? Silencing H ? ? ? 70
APC/C Sp ? H3K9me H ? ? ? 71

2A-HUB, 2A-histone ubiquitin ligase; APC/C, anaphase promoting complex/cyclosome; At, Arabidopsis thaliana; BRCA1, breast cancer 1; Brel, brefeldin A sensitivity; Cr,
Chlamydomonas reinhardtii; Ctf4, chromosome transmission fidelity; Cul2/4/5/8, Cullin 2/4/5/8; Ddb1, DNA damage-binding protein 1; de-repress., de-repression; Dm, Drosophila
melanogaster; E, euchromatin; ELC, elongin E; Epel, enhancer of position effect 1; H, heterochromatin; Hs, Homo sapiens; incorp., incorporation; Mscl, multi-copy suppressor of
Chk1; MSL2, male-specific lethal; Mm, Mus musculus; Mms1, methyl methane sulfonate sensitivity 1; mono, monoubiquitylation; Nc, Neurospora crassa; Not4, negative on TATA;
Psh1, Pob3/Sptl16/histone associated protein; poly, polyubiquitylation; RING1B, really interesting new gene 1B; S, soluble; Sc, Saccharomyces cerevisiae; SCF, Skp1-Cullin-F-box; Sp,
Schizosaccharomyces pombe; Tom1, temperature-dependent organization in mitotic nucleus 1; txn, transcription; UBR2, ubiquitin protein ligase E3 in component n-recognin 2.

Although no orthologues of Rikil

have been

identified

outside the Schizosaccharomyces spp., the requirement for
coupling ubiquitylation to repressive histone H3 methylation
seems to be conserved and involves the canonical adaptor
Ddb1. In Neurospora crassa, a CRL consisting of Cul4, DIM-8
(Ddb1), DIM-9 (DCAF26) and DIM-7 (similar to the fission
yeast Raf2) assembles with the histone H3K9 HMTase DIM-5 in
a complex termed DCDC (DIM-5/-7/-9, Cul4/Ddb1 com-
plex; [71-73]). Similarly to the complex in fission yeast, all its
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components are essential for H3K9 methylation. Analysis of a
neddylation-deficient Cul4 mutant revealed that H3K9 meth-
ylation requires the activity of the ubiquitin ligase, and that the
HMTase DIM-5 preferentially interacts with the neddylated
ligase [73]. Furthermore, the recruitment of the HMTase to chro-
matin requires one of the CRL components, DIM-7 [74]. Further
examples for coupling repressive HMTases with CRL com-
plexes can be found in Chlamydomonas [75], Arabidopsis [76]
and humans [77] (see Table 1). However, so far, we do not
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Sidebar A | In need of answers

(i)  Whatare the targets of ubiquitylation? Many E3 ligases have been
identified that are involved in defining the chromatin state, however,
we still do not know their functions as the relevant substrates have not
yet been identified.

(if)  What is the mechanism of ubiquitylation? The functions of the
individual E3 ligases can only be understood if we know their mode
of modification (mono- compared with polyubiquitylation) and
targeting (recruitment compared with degradation).

(iii) What are the signals that direct ubiquitylation? Ubiquitylation
is often subject to spatial and temporal regulation but in numerous
cases we do not understand which factors or post-translational
modifications define where and when ubiquitylation should
take place.

(iv) How is ubiquitylation reversed? Most epigenetic changes are
reversible and diverse deubiquitylating enzymes are important in
chromatin formation, however, we often do not know what defines
their substrate specificity.

have any knowledge as to whether the E3 activity in these
complexes is restricted to mono- or polyubiquitylation, and
whether ubiquitylation of the target helps to recruit another fac-
tor or has a degradatory function in the course of removing
an inhibitor.

Beyond controlling the establishment of repressive histone
methylation, other steps in heterochromatin seem to rely on
ubiquitylation. The JmjC protein Msc1 is part of the fission yeast
SwrC, which deposits the histone variant H2A.Z on chromatin.
Lack of Msc1 does not alter the stability of the SwrC but affects
the incorporation of H2A.Z to chromatin and results in pheno-
types reminiscent of mutants of SwrC and H2A.Z—for exam-
ple, chromosome instability and synthetic lethality with mutants
deficient in kinetochore formation [78-81]. The role of SwrC in
the formation of centromeres is not clear and controversial data
have been reported about whether or not H2A.Z is deposited to
the centromeric regions in fission yeast, and whether or not the
localization of CENP-A is affected in mutants of SwrC [79,80,82].
Nonetheless, Mscl was found to localize to centromeric
regions [83]. In addition, cells lacking Msc1 show an increase
in silencing at pericentromeric heterochromatin accompanied
by an increase of H3K9 dimethylation and chromatin associa-
tion of the HP1 protein Swi6 [80,81,83]. Besides the presence of
a JmjN and a JmjC domain, which are found in many demethyl-
ases, Msc1 contains three individual RING—formerly annotated
as PHD—domains that display E3 ligase activity towards artificial
substrates in vitro, and Msc1 was found to interact with the E2
Radé in vivo [82]. Indeed, the functions of Msc1 in gene silenc-
ing and kinetochore formation require the presence of its RING
domains [80,81], supporting the idea of a role in ubiquitylation.
Intriguingly, cells lacking Msc1 are affected in the dynamics of the
chromatin association of Swi6 by displaying a longer residence
time of the HP1 protein on chromatin [83], suggesting that Msc1
is a negative regulator of Swi6. Thus, Msc1 might target Swi6 for
ubiquitylation leading to its dissociation or degradation from
chromatin, which would be consistent with other phenotypes of
mscl mutants [83]. However, ubiquitylated species have yet to
be identified for Swi6. Furthermore, in vitro ubiquitylation with
artificial substrates revealed a potential role for non-degradatory
Lys 63-linked polyubiquitin chains by Msc1 [82]. Thus, alternative
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substrates and mechanisms other than Lys 48-polyubiquitin-medi-
ated degradation might also be envisaged.

Additional E3 ligases have been described that are implicated
in maintaining distinct chromatin domains (see Table 1). Whilst in
some cases binding partners have been identified that might rep-
resent potential substrates, direct evidence is still lacking, and the
genetic phenotypes are not always consistent with a role of a target
protein. For instance, the orthologous complex of Cul4-Ddb1¢d?
in budding yeast, Cul8-Mms1Mm22 which affects silencing at tel-
omeres, interacts with the DNA polymerase-a recruitment factor
Ctf4 through Mms22; however, protein levels of Ctf4 seem not to
be affected in cells lacking Cul8, and the ctf4 mutant is epistatic
to mutants of the Cul8-Mms1Mms2 complex [84]. It has thus been
suggested that instead of being a substrate, Ctf4 might have regu-
latory functions or, alternatively, might not be a proteolytic sub-
strate. Similarly, the fission yeast Ctf4 orthologue Mcl1 binds to
SCF™B, but Mcl1 protein levels are relatively stable in wild-type
cells. The mcl1 pof3 double mutant shows synthetic phenotypes,
implying functions other than regulating the turnover of Mcl1 [85].
Heterochromatin in S. pombe is also compromised in mutants of
the SCF-type E3 ligase APC/C, and subunits of this complex were
shown to localize to heterochromatin and to interact with Swi6 and
Clr4 [85]. Whether this role of APC/C in silencing is mediated by
one of its known cell cycle targets or by a new substrate remains to
be investigated.

Conclusion and perspectives

Post-translational modifications of chromatin are pivotal in defin-
ing the functional states of the genome. Their substrate spectrum is
not restricted to histone proteins, which has become particularly
evident for ubiquitylation. This modification shapes chromatin
by regulating the incorporation of specific histone proteins, the
recruitment and stability of other histone-modifying enzymes and
the spatio-temporal distribution of other chromatin-associated fac-
tors. Many E3 ligases have been identified that contribute to the
establishment and maintenance of epigenetic states. However,
in numerous cases we have yet to understand the mechanism of
regulation as we do not know the consequence of ubiquitylation—
recruitment or degradation—the signals that direct ubiquitylation
to specific sites on chromatin, or the target proteins of this regu-
lation (see Sidebar A). Identifying substrates of E3 enzymes has
proven to be particularly challenging, as the interaction between
E3 and substrate is transient, and spatial and temporal regula-
tion is often restricted to specific subpopulations and cell cycle
phases. As with other cases of ubiquitin-dependent regulation,
finding the relevant E3 targets will be the key to understanding the
mode of regulation—mono- compared with polyubiquitylation—
and to elucidating the role of this regulation in shaping the
chromatin landscape.
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