REVIEW

Epigenetics 10:2, 122-126; February 2015; © 2015 Taylor & Francis Group, LLC

(Ubi)quitin’ the h2bit: recent insights into
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The reversible ubiquitylation of histone H2B has long been
known to regulate gene transcription, and is now understood
to modulate DNA replication as well. In this review, we
describe  how recent, genome-wide analyses have
demonstrated that this histone mark has further reaching
effects on transcription and replication than once thought.
We also consider the ongoing efforts to elucidate the
molecular mechanisms by which H2B ubiquitylation affects
processes on the DNA template, and outline the various
hypothetical scenarios.

Introduction

The eukaryotic genome exists in the form of chromatin, a
tight complex of DNA, histones, and other proteins.1 Chromatin
restricts the accessibility of eukaryotic DNA to the cellular
machinery, enabling careful regulation of processes that occur on
the DNA template. Such accessibility can be regulated through
various mechanisms, including the posttranslational modification
of histones. One such modification involves the addition of an
ubiquitin monomer to lysine 120 of human histone H2B (or
lysine 123 of yeast H2B), which regulates both transcriptional
initiation and elongation, in part through mediating methylation
of lysines 4 and 79 of histone H3.>’ Both the addition and
removal of ubiquitin are critical for the transcriptional process,
with deubiquitylation being performed by the USP22 protein
(Ubp8 in yeast) of the SAGA co-activator complex.”> More
recently, ubiquitylated H2B (H2Bub) has been found to be asso-
ciated with the recruitment of chromatin remodeling complexes
during DNA repair and transcription, underscoring the critical
role of this modification.®” Two reports published in late 2014
showed the genome-wide effects of H2Bub, revealing that regula-
tion of this modification has far wider effects on transcription
and DNA replication than previously thought. Loss of H2Bub
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resulted in rapid progression of perturbed DNA replication
throughout the yeast genome, while disruption of the SAGA
complex affected RNA Polymerase II recruitment and transcrip-
tion at all active genes (Figs. 1 and 2).%? However, despite the
importance of H2Bub and related machinery in these integral
cellular processes, the underlying molecular mechanisms remain
elusive. This review will summarize recent findings on the effects
of H2Bub on transcription and replication, and briefly outline
possible directions for future research into H2Bub.

H2Bub Regulates Replication Fork Progression
Under Stress

Accurate DNA replication is critical for faithful transmission
of the genome and, as such, several cellular mechanisms have
evolved to protect replicating DNA from intracellular and extra-
cellular hazards (known collectively as “replicative stress”).'® One
source of replicative stress is the chemical hydroxyurea (HU); the
presence of HU results in the activation of the intra-S phase
checkpoint, which serves to prevent the DNA replication fork
from collapsing."" However, our understanding of the mecha-
nism underlying intra-S checkpoint activation remains incom-
plete; in one model, stress causes decoupling between DNA
polymerase and the Mcm2-7 helicase (Fig. 1). The unconstrained
helicase unwinds double-stranded DNA, causing the accumula-
tion of single-stranded DNA (ssDNA); excess ssDNA results in
the phosphorylation and activation of the Mec1/ATR kinase and
its downstream effector, Rad53.">"? Phosphorylation of Rad53
is facilitated by the Sgs1 helicase; Sgs1 also contributes to the re-
initiation of stalled forks, by resolving DNA structures formed
during the recombination repair pathway.'*'>

Yeast cells lacking H2Bub are hypersensitive to HU, and
H2Bub was thus hypothesized to relieve replication stress.'®
While testing this hypothesis, Lin et al. made the unexpected
finding that replication fork progression is faster in H2Bub-
deficient mutants than in wild-type cells under HU stress, when
observed at the genome-wide level.” Importantly, the increase in
fork progression appears to be independent of DNA damage-
induced ribonucleotide production, suggesting that H2Bub may
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SAGA Regulates Genome-wide
Transcription

It is well established that H2Bub is
required for transcription, with both
ubiquitylation and deubiquitylation of
H2B involved in the progression of RNA
Polymerase IT (RNAP II) along DNA. %21
During transcription, H2Bub is deubi-
quitylated by USP22 (Ubp8 in yeast), a
component of the co-activator SAGA

Enhanced fork

progression

complex. Genome-wide location studies
of SAGA complex subunits in different
organisms reached various conclusions as
to the extent of SAGA binding; while
some reported only a few hundred bind-
ing sites for SAGA subunits, mainly at a
subset of promoters, others observed

more wide-spread occupancy,?>?>425:26

Rad53 phosphorylation.

Figure 1. Model of the possible role of H2Bub during DNA replication stress. (A) Ubiquitylation (Ub;
pink stars) of H2B by Bre1 (red rectangle) may facilitate chromatin reassembly under replication
stress, thereby delaying progression of the replisome, which consists of DNA Polymerase | (blue tri-
angle, P) and the Mcm2-7 helicase (purple oval), among other proteins. This serves to preserve the
stability of the replication fork until it can be repaired. Increased assembly of nucleosomes (com-
posed of 8 histones, shown as yellow circles) behind the replisome may also facilitate recruitment of
the helicase Sgs1 (required to unwind DNA structures generated during DNA repair; shown as a
blue rectangle) and phosphorylation of Rad53 (green oval), thereby further enhancing stability of
the fork. Phosphorylated Rad53 dissociates from the histone chaperone Asfl (gray hexagon),
enabling the latter to deposit acetylated H3/H4 onto DNA (blue lines). (B) In cells lacking H2Bub,
movement of the replication fork is less restricted, which results in the formation of shorter tracts of
single-stranded DNA coated with RPA (orange circles). This reduces Sgs1 recruitment, and delays

Bonnet et al. recently confirmed that
SAGA deubiquitylates H2B in the coding
region of all expressed genes in yeast and
human cells—whereas earlier studies
reached their conclusions by inspecting
the occupancy of SAGA subunits, Bonnet
et al. examined deubiquitylase activity by
measuring H2Bub distribution in the
coding regions of active genes upon dis-
ruption of SAGA.® Earlier studies that
concluded that SAGA is associated with a

play a direct role in regulating fork progression.'” In addition,
the genetic studies of Lin et al. suggest that H2Bub may act in
parallel with the Mecl and/or Sgsl pathways to overcome repli-
cation stress.” In support of this idea, the loss of H2Bub is able
to partially rescue the HU hypersensitivity of a Rad53 mutant,
indicating that H2Bub may act upstream of Rad53.” Phosphory-
lation of Rad53 causes it to dissociate from the histone chaperone
Asfl; Asfl deposits acetylated H3/H4 dimers onto nascent
DNA.'"81920 Thys, the findings of Lin et al. suggest that H2Bub
may regulate nucleosome assembly in response to replication
stress by controlling the availability of Asfl.” The authors also
confirmed an earlier report that H3 occupancy at replication ori-
gins during S phase under HU is reduced in cells lacking
H2B.”'® Such a finding suggests defective assembly and/or sta-
bility of nucleosomes in the absence of H2Bub. Such H2Bub-
mediated nucleosome assembly behind the replication fork may
slow replication by (i) impeding the movement of the replication
fork during the subsequent round of replication, or (ii) transmit-
ting a signal to the fork during the current round of replication.
The latter scenario is a formal possibility, but it is not clear how
such a signal would be transmitted. However, it is apparent that
H2Bub coordinates intra-S checkpoint activation and chromatin
assembly during replication under stress, and such regulation
may help to maintain genomic stability (Fig. 1).
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subset of active genes may have detected
only the most stable interactions of the
examined SAGA subunit with DNA.

Confirmation that SAGA acts on more genes than previously
believed raises the question of whether it has a more general effect
on RNAP II-mediated transcriptional regulation than once
thought. Disruption of the SAGA complex in yeast did not affect
background levels of RNAP II, but did reduce RNAP II occu-
pancy at active genes.® Bonnet et al. proceeded to examine
whether this effect on RNAP II occupancy was accompanied by
altered transcription patterns. As cells compensate for global
changes in transcription by regulating mRNA degradation (RNA
buffering), Bonnet et al. uncoupled transcription from degrada-
tion; this revealed that SAGA disruption reduces transcription of
active genes, reflecting the decrease in RNAP II occupancy
(Fig. 2).8:27 Finally, both Bonnet et al. and Fuchs et al. observed
that global H2Bub is lost rapidly following inhibition of tran-
scriptional elongation, and this loss is abolished in the absence of
SAGA.®>?® As such, it appears that SAGA does not require
RNAP II to deubiquitylate H2Bub.

What's Happening at the Molecular Level?

Both DNA replication and transcription require that nucleo-
somes be disassembled to expose the underlying DNA;
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nucleosomes are subsequently reassembled | A
following the passage of the transcriptional
or replication complexes.”””° This dynamic
of histone assembly and disassembly is remi-
niscent of the mercurial nature of H2B
ubiquitylation. Indeed, H2Bub appears to
contribute to nucleosome assembly during
both transcription and DNA replication; in
yeast, histone occupancy at early origins of
replication under HU was reduced by elimi-
nation of H2Bub, and histone occupancy at
the coding region of the GALI gene during

H2B
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of H2Bub and the histone chaperone

Spt16.”?" In addition, H2Bub may be
required for the recruitment of SAGA to
nucleosomes and the retention of Sgsl at
autonomous replication sites (ARSs).®? Fur-
thermore, the loss of SAGA function dra-
matically reduces the presence of RNAP II
at active yeast genes, suggesting that H2Bub
may prohibit RNAP II binding or recruit-
ment.® Does reversible H2Bub modulate

biquitylation of H2B

nucleosome assembly by facilitating the
recruitment of certain proteins, or vice

versa? To answer this question, we need to

Figure 2. Model of the possible role of H2Bub in transcription. (A) RNA Polymerase Il (RNAP II,
blue oval) and associated proteins are recruited to the promoters of protein-coding genes; nucle-
osomes are subsequently dissociated to allow the transcription machinery to traverse the gene
and synthesize mRNA (red line). Nucleosomes are reassembled behind RNAP II. Recent findings
suggest that H2Bub may facilitate the recruitment of the SAGA complex (brown diamond) to
protein-coding genes, in a process independent of the advancing RNAP Il. SAGA-mediated deu-

(red rectangle; mammalian homologues of yeast Bre1), which travels with the transcriptional
machinery, subsequently ubiquitylates H2B, facilitating histone reassembly. (B) In the absence of
H2Bub, RNAP Il is not able to efficiently transcribe certain genes. The “adaptor model” suggests
this is because H2Bub creates an epitope necessary for the recruitment and/or retention of the
transcriptional machinery, while the “structural mode
chromatin structure required for RNAP Il to traverse the gene.

may enable nucleosome disassembly; the ubiquitin E3 ligase RNF20/RNF40

&

suggests that H2Bub induces changes in

delineate the molecular mechanism(s) by
which H2Bub affect(s) chromatin. Here, we outline 3 formal
possibilities:

(1) Itis possible that dynamic ubiquitylation of H2B creates (or
destroys) a binding site for a protein that acts as a reader of
this particular modification (“Adaptor model”). This reader
may serve to recruit other proteins. There is tremendous pre-
cedent for such a hypothetical reader of H2Bub, as several
proteins that recognize methylated, acetylated, and phos-
phorylated amino acids in histones have been identified.”
Recently, over 90 human proteins were reported to preferen-
tially bind to chromatin containing H2Bub; some of these
proteins are known to be involved in transcription, DNA
replication, and/or chromatin remodeling.7 However, none
of these proteins have known ubiquitin-binding sites.
Instead, Shema-Yaacoby et al. propose that some of the
bound proteins may (i) recognize a structure at the junction
between H2B and ubiquitin, (ii) cooperatively bind a region
encompassing ubiquitin and other histones, or (iii) recognize
a particular conformational state of chromatin induced by
ubiquitylation of H2B.”

(2) Alternatively, ubiquitin may stabilize nucleosomes or affect
higher-order chromatin structure, thereby affecting DNA
accessibility (“Structural model”). H2B ubiquitylation has
been reported to increase nucleosome stability in vivo, which
is consistent with the finding that levels of H2Bub Zorrelate

334 Such

nucleosome  occupancy.
enhancement of nucleosome stability may restrict access of

with genome-wide

transcriptional or replication machinery to the underlying
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DNA.** However, H2Bub appears to disrupt higher-order
chromatin structure i vitro.>> This effect on higher-order
structure is congruent with the suggestion that human
H2Bub may mediate homologous recombination via relaxa-
tion of chromatin structure.® Consequently, H2Bub may
play distinct roles at the levels of nucleosome and chromatin
fiber.

Finally, it should be noted that the (i) ‘adaptor’ and (ii)
‘structural’ models need not be mutually exclusive; the chro-
matin remodeler Swfl was among the H2Bub-bound pro-
teins identified by Shema-Yaacoby and colleagues.” This

(©)

suggests that the presence of H2Bub may create a zone in
which peripheral chromatin is subjected to remodeling.

We propose a model whereby cellular activities, such as tran-
scription and DNA replication, induce reversible and self-sus-
taining ubiquitylation of H2B (Fig. 3). In the absence of
H2Bub, chromatin may exist as a restrictive and static structure,
which is not conducive to the progression of processes on the
DNA template. Extra- or intracellular signals may induce the
ubiquitylation of H2B on the nucleosomes at a given gene or rep-
lication origin. Such ubiquitylation is dynamic, and may be pre-
dicted to induce fluctuations between permissive and restrictive
chromatin structure, through one of the mechanisms outlined
above. A permissive nucleosome may be required to retain and/
or recruit the transcriptional or replication machinery on DNA,
while partial or total formation of (restrictive) nucleosomes may
be required to allow such machinery to depart from recognition
As mentioned above,

sequences. blocking  transcriptional
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Figure 3. Model for how introduction of reversible H2B ubiquitylation may maintain a dynamic
chromatin state. Chromatin in which H2B is not undergoing ubiquitylation and deubiquitylation
may exist in a relatively static state (top panel), which is not amenable to the passage of transcrip-
tional or replication machinery. A change in cellular conditions (metabolic state, extracellular signal-
ing, detection of DNA damage, etc.) may induce the ubiquitylation of H2B at a given gene or
replication origin. Such ubiquitylation is dynamic, and may be self-sustaining when coupled with
ongoing transcription or DNA replication. Dynamic ubiquitylation is predicted to result in a fluctuat-
ing chromatin environment (lower panel; chromatin breathing), necessary for transcription/DNA
replication. Ubiquitylation of H2B may enable the recruitment/retention of transcriptional/replica-
tion machinery (green ovals) at chromatin [possibly mediated by unknown protein(s) X (orange
circles)], while deubiquitylation is required to enable the machinery to detach and advance along
the DNA template. Blocking transcriptional elongation results in the loss of H2Bub from active
genes, suggesting that transcription itself maintains the dynamic state of H2B ubiquitylation. Fur-
thermore, replication stress results in the gradual loss of global H2Bub, and it is thus possible that
DNA replication also maintains dynamic H2Bub.2??® Cessation of these processes may thus result in
the underlying chromatin returning to a static and silent state (top panel).

(chromatin breathing) during cellular
processes may help to test this hypothesis.
It is also possible that dynamic H2B
ubiquitylation enables the cell an extra
level of control over the rate of transcrip-
tion and DNA replication at active genes
and replication origins, by controlling the
pace of chromatin breathing.

Future studies on the interactions of
H2Bub 77 vive are required to help deter-
mine how it influences DNA-based pro-
cesses. Such studies are complicated by
the transient nature of H2Bub, which
makes it difficult to both purify H2Bub
in association with interacting proteins,
and to determine how dynamic H2Bub
affects chromatin breathing. A further
difficulty arises from the observation that
ubiquitin is attached to H2B at locations
other than K120, as well as to adjacent
histones, complicating the nature of the
interactions.’®?” These challenges may be
overcome through the development of
live imaging systems that allow visualiza-
tion of vigorous nucleosome transforma-
tion and interactions, as well as by the
generation of a biochemical system that
enables the monitoring of long chromatin
arrays with transiently-ubiquitylated H2B
(possibly involving fluorescence reso-
nance energy transfer).?®> In conclusion,
successive findings continue to emphasize
the importance of the H2Bub mark,
while the core mechanism remains, for
the time being, a closed book. Opening it

elongation results in the loss of H2Bub from active genes, and
global H2Bub is gradually lost under replication stress; these
findings suggest that processes on the DNA template are required
to maintain rhythmic H2B ubiquitylation, and thereby facilitate
ongoing remodeling of the chromatin environment.*”*® Signals
that terminate these processes may thus result in the loss of
dynamic H2Bub, and the return of chromatin to a steady, static
state. Through being coupled to transcription in this manner,
H2Bub may be a self-perpetuating signal of active transcription;
this signal may facilitate the engagement of RNAP II at active
genes, obviating the need for stochastic recruitment processes
that would delay transcription. A similar scenario may exist for
DNA replication, with enriched H2Bub marking replication ori-
gins to guide DNA polymerase; future technologies for examin-
ing rhythmic changes in genome-wide chromatin structure

will no doubt lead to further insights into the roles of H2Bub
and dynamic chromatin structure in the cell.
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