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SUMMARY

Chromatin posttranslational modifications (PTMs),
including monoubiquitylation of histone H2B on lysine
120 (H2Bub1), play a major role in regulating genome
functions. To elucidate the molecular mechanisms of
H2Bub1 activity, a chromatin template uniformly con-
taining H2Bub1 was used as an affinity matrix to iden-
tify preferentially interacting human proteins. Over 90
such factors were found, including proteins and pro-
tein complexes associated with transcription, RNA
posttranscriptional modifications, and DNA replica-
tion and repair. Notably, we found that the SWI/SNF
chromatin remodeling complex associates preferen-
tially with H2Bub1-rich chromatin. Moreover, SWI/
SNF is required for optimal transcription of a subset
of genes that are selectively dependent on H2Bub1.
Our findings substantially expand the known
H2Bub1 interactome and provide insights into the
functions of this PTM in mammalian gene regulation.

INTRODUCTION

Posttranslational modifications (PTMs) of core histones play
important roles in regulating gene expression, DNA replication,
DNA repair, and other DNA-templated biological processes
(Berger, 2007; Weake and Workman, 2008; Zhou et al., 2011).
Whereas most PTMs involve covalent attachment of small chem-
ical moieties (e.g., acetylation and methylation), monoubiquityla-
tion comprises conjugation of the bulky 76-amino-acid ubiquitin
protein to the e-amino group of lysine. A well-studied example is
monoubiquitylation of histone H2B on lysine 123 in yeast or lysine
120 in mammals (H2BK120ub1, abbreviated here as H2Bub1),
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carried out primarily by the yeast E3 ubiquitin ligase BRE1 (Hwang
et al., 2003) and the orthologous heteromeric hBRE1(RNF20)/
RNF40 mammalian complex (Kim et al., 2005; Zhu et al., 2005).

Recent studies, relying mainly on manipulation of RNF20/
RNF40, have provided insights into the compound roles of
H2Bub1 in mammalian cells. Partial depletion of RNF20, which
markedly reduces H2Bub1 levels, exerts opposite transcriptional
effects on different gene subsets: H2Bub1 suppresses the tran-
scriptional elongation of a gene subset that includes several
proto-oncogenes, partly through inhibiting the recruitment of
the elongation factor TFIIS, while positively regulating the tran-
scription of other genes, including the p53 tumor suppressor
(Shema et al., 2008). Such seemingly opposing functions of
H2Bub1 in transcriptional regulation are supported by yeast
studies (Chandrasekharan et al., 2009; Osley et al., 2006; Wyce
et al., 2007). Additional work in mammalian cells revealed crucial
roles for H2Bub1 in maintaining chromatin boundaries (Ma et al.,
2011), promoting DNA damage repair (Kari et al., 2011; Moyal
et al., 2011; Nakamura et al., 2011), histone messenger RNA 3
end processing (Pirngruber et al., 2009), and stem cell differenti-
ation (Fuchs et al., 2012; Karpiuk et al., 2012).

How H2Bub1 exerts its effects is largely unknown. H2Bub1
can impact directly the physical properties of chromatin, in
particular its arrangement into higher-order structures (Fierz
et al., 2011). H2Bub1 has also been implicated in enhancing
nucleosome stability and mediating transcriptional repression
or activation, depending on the context and localization of the
modification (Batta et al., 2011; Chandrasekharan et al., 2009).
Other studies suggest that H2Bub1 may also serve as a signaling
platform. Thus, yCps35/hWDR82 associates with chromatin in
an H2Bub1-dependent manner, enhancing histone H3 lysine 4
methylation by COMPASS-type complexes (Lee et al., 2007;
Wu et al., 2008). Furthermore, H2Bub1 stimulates H3 lysine 79
methylation by the DOT1 histone methyltransferase (Lee et al.,
2007; McGinty et al., 2008). H2Bub1 can also affect nonhistone
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Figure 1. Identification and Validation of H2Bub1-Interacting Proteins
(A) Experimental workflow of the chromatin affinity purification.
(B) Scatterplot representing normalized enrichment ratios of proteins from two label swap chromatin affinity purification experiments. Proteins with log2-
transformed ratios above 1.0 in each experiment and above 1.5 average are in dark gray. Upper right quadrant and lower left quadrant display proteins enriched
with H2Bub1 chromatin or unmodified chromatin, respectively; protein identities are listed in Table S1. Factors belonging to five indicated complexes are color-
coded. Histones and ubiquitin, identified only in light form as part of the affinity matrix, are displayed in the upper left quadrant.
(C) Significantly enriched biological functions (Ingenuity Pathway Analysis, B-H corrected p value < 0.05) associated with proteins selectively bound to H2Bub1-
rich chromatin. See Table S2 for a detailed list of the biological functions, canonical pathways, and individual proteins with associated p values.

(legend continued on next page)
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proteins, as demonstrated by its requirement for methylation of
Dam1 at the kinetochore (Latham et al., 2011). We now report
the systematic identification of proteins that bind favorably to
H2Bub1-rich chromatin and show that preferential binding of
the SWI/SNF chromatin remodeling complex to specific genes
via H2Bub1 is required for optimal transcription of those genes.

RESULTS

Systematic Identification of H2Bub1-Binding Proteins

To obtain insights into the diverse functions of H2Bub1, we uti-
lized an approach we (Nikolov et al., 2011) and others (Bartke
et al., 2010) previously applied for identification of specific his-
tone PTM-binding proteins in the context of chromatin. Semisyn-
thetic H2Bub1 (Haj-Yahya et al., 2012) (see also Figure S1A) was
used in reconstitution of recombinant chromatin on a biotinylated
DNA template (“H2Bub1-rich chromatin”). The resulting nucleo-
somal array, as well as one with nonmodified H2B, served as
affinity matrices for enrichment of factors from SILAC-labeled
(Ong and Mann, 2007) nuclear extracts (Figure 1A). We
compared the proteins recruited to unmodified chromatin versus
H2Bub1-rich chromatin using quantitative mass spectrometry.
To minimize false-positive hits, two independent SILAC label-
swap experiments were performed (Figures 1B and S1B). The
list of factors preferentially associated with H2Bub1-rich chro-
matin (average log2 enrichment ratio > 1.5) contains more than
90 proteins, greatly expanding the known H2Bub1 interactome
(Table S1). Of these, WDR82 is known to associate with chro-
matin in a H2Bub1-dependent manner (Wu et al., 2008), whereas
chromodomain helicase DNA binding protein 1 (CHD1) is crucial
for maintaining high H2Bub1 levels (Lee et al., 2012).

Remarkably, the enriched set includes multiple components
of several protein complexes (examples are color coded in Fig-
ure 1B), deduced from interaction relationships based on exper-
imental or curated database evidence (Figure S1C). Ingenuity
Pathway Analysis (Ingenuity Systems, http://ingenuity.com)
revealed a number of highly enriched (B-H corrected p value <
0.05) biological functions, including RNA posttranscriptional
modification, gene expression, and DNA replication, recombina-
tion, and repair (Figure 1C; Table S2). Notably, control affinity
purification using biotinylated recombinant ubiquitin as bait
failed to yield similar binding partners (Figure S1D).

We repeated the affinity purification and analyzed the enriched
material by western blotting (Figure 1D), verifying specific enrich-
ment on H2Bub1-rich chromatin of NELFA, a subunit of the NELF
negative elongation complex; SUPT5H, a subunit of the DSIF
elongation complex; BAF155, a subunit of the SWI/SNF com-
plex; and INTS3, a subunit of the Integrator (INT) complex (Baillat
et al., 2005). Remarkably, all other known subunits of the NELF
and DSIF complexes and several other subunits of the INT and
SWI/SNF complexes were also identified as preferential binders
to H2Bub1-rich chromatin (Figure 1B; Table S1). Likewise, we

validated modification-dependent enrichment of the DNA heli-
case RECQLS5, a putative tumor suppressor implicated in main-
taining genome stability (Islam et al., 2010); the DYRK1A kinase,
implicated in neuronal development and neurodegenerative
diseases (Wegiel et al., 2011); and the MORC2 CW zinc finger
protein, involved in histone deacetylation (Shao et al., 2010)
(Figure 1D). Conversely, a small group of proteins, including
Regulator of Chromosome Condensation 1 (RCC1), bound pref-
erentially the nonmodified template (Figure 1B, lower left quad-
rant; Figure 1D). In contrast, HDAC1 was not found enriched
on either template by mass spectrometry (MS) or western blot.
Importantly, analysis of histones H2A, H3, and H4 confirmed
equal amounts of chromatin template in all experiments.

H2Bub1-Dependent Differential Interactions within
Cells

The two subunits of the DSIF complex, SUPT4H and SUPT5H,
were among the most highly enriched binders of H2Bub1-rich
chromatin (Figure 1B). Notably, a functional link between
H2Bub1 and Spt5, the ortholog of SUPT5H, has recently been
described in fission yeast (Sanso6 et al., 2012).

To examine this interaction in vivo, we transiently expressed
in HelLa cells either FLAG-tagged wild-type (WT) H2B or H2B
mutated at lysines 120 and 125 (H2B2KR), rendering it ubiquity-
lation resistant (Minsky and Oren, 2004). Cell extracts were sub-
jected to coimmunoprecipitation (colP) with antibodies against
FLAG followed by western blot analysis with antibodies against
SUPT5H. As seen in Figure 2A, more SUPT5H associated with
WT than with mutant H2B, confirming that this interaction is
favored by H2Bub1.

We then asked whether transient reduction of H2Bub1 levels,
via small interfering RNA (siRNA)-mediated RNF20 depletion,
decreases the association of SUPT5H with chromatin. However,
despite reduced H2Bub1 levels, significant changes in the asso-
ciation of SUPT5H could not be detected (Figure S2). Conceiv-
ably, the affinity of SUPT5H to H2Bub1 might be so strong that
a 2- to 3-fold decrease in H2Bub1 may not suffice to reduce sub-
stantially its recruitment to chromatin. In such cases, lower-
affinity interactions are expected to be more sensitive to a
modest decrease in H2Bub1. Indeed WDR82, a moderate pref-
erential binder in our MS screen, was shown to associate with
chromatin in an H2Bub1-dependent manner (Wu et al., 2008).

SWI/SNF Associates Preferentially with H2Bub1-Rich
Chromatin

The group of moderate preferential binders to H2Bub1-rich chro-
matin comprised several subunits of the SWI/SNF chromatin
remodeling complex (BRG1, BRM, BAF155, and BAF170; Fig-
ures 1B and S1C), suggesting that H2B ubiquitylation may help
recruit this complex to chromatin. Mammalian SWI/SNF com-
plexes contain multiple subunits: one of the two mutually exclu-
sive catalytic ATPase subunits BRM and BRG1; several highly

(D) Affinity purification of HeLa extracts on chromatin templates, reconstituted with either unmodified H2B or H2Bub1, was performed as in (A), except that
extracts were not stable-isotope labeled and bound proteins were analyzed by western blot with the indicated antibodies. Left: proteins binding preferentially to
the H2Bub1-rich chromatin template according to MS. Right: HDAC1 (identified in background by MS), RCC1 (found preferentially on the unmodified template

by MS), and histone proteins from chromatin templates.
See also Figure S1.
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conserved core subunits including INI1 (SNF5/SMARCBH),
BAF155 (SMARCC1), and BAF170; and various associated poly-
peptides. SWI/SNF complexes mobilize nucleosomes, as well as
evict H2A/H2B dimers and entire histone octamers, and thereby
can either enhance or suppress transcription (Wilson and Rob-
erts, 2011; Wu et al., 2009).

SWI/SNF complex components were specifically recruited to
chromatin containing H2BK120ub1 but not H2BK34ub1, another
histone ubiquitylation recently identified (Siman et al., 2013; Wu
etal., 2011) (Figure 2B). To validate the preferential interaction of
SWI/SNF with H2Bub1-rich chromatin in vivo, we performed
colP experiments with FLAG-tagged WT H2B or H2B2KR after
transient overexpression in HelLa cells. As seen in Figure 2C,
endogenous BAF155 was preferentially recruited by WT H2B
as compared to the H2B2KR mutant (IP-FLAG; compare lanes
2 and 3). Furthermore, RNF20 depletion reduced markedly the
association of H2B with BAF155 (Figures 2D and S2C, siRNF20).

SWI/SNF Is Required for Optimal Transcription of
RNF20-Dependent Genes

Preferential recruitment of SWI/SNF to H2Bub1-rich chromatin
might facilitate the transcription of RNF20-dependent genes,
thereby explaining their dependence. We therefore monitored
the expression of representative genes upon knockdown of
several SWI/SNF subunits (Figure 3A). Depletion of RNF20, but
not BRG1, BAF155, or BRM, downregulated global H2Bub1
levels (Figure 3B). As reported (Shema et al., 2008), expression
of the RNF20-dependent genes p53, H2BD, HOX1A, GDF15,
APITD1, TSN, and CD46 decreased significantly (Figure 3C,
siRNF20). Importantly, a comparable decrease was observed
also upon knockdown of BRG1 and, to a lesser extent,
BAF155. In contrast, BRM depletion had little effect. Depletion
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followed by western blot analysis for BAF155.

(D) HelLa cells were transfected with siRNA oligo-
nucleotides directed against RNF20 (siRNF20) or
LacZ (siLacZ), and cells were transfected 24 hrlater
with a plasmid encoding WT H2B or with control
vector. 24 hr posttransfection, cells were har-
vested, extracted, and subjected to IP as in (A),
followed by western blot analysis for BAF155.
See also Figure S2.

of BRG1, BRM, or BAF155 did not affect the RNF20-indepen-
dent genes GAPDH and NDUFA6 or the RNF20-suppressed
genes MYC and FOS (Figure 3D). Thus, SWI/SNF is selectively
involved in the positive regulation of genes whose transcription
is dependent on RNF20 and H2Bub1.

H2Bub1 Modulates Gene Expression by Affecting SWI/
SNF Recruitment

To test whether H2Bub1 is involved in recruiting SWI/SNF to
specific loci, we performed chromatin immunoprecipitation
(ChIP) analysis to examine the association of BRG1 with the tran-
scription start site (TSS) or the 5’ regions of representative genes.
As seen in Figure 4A, RNF20 knockdown reduced the associa-
tion of BRG1 with genes positively regulated by RNF20
and H2Bub1, but not with the RNF20-suppressed FOS or
the RNF20-independent GAPDH, p21, and NDUFA6 genes,
although H2Bub1 levels were reduced at all tested sites (Fig-
ure 4B). Notably, RNA polymerase Il (Pol Il) occupancy on the
TSS and 5’ regions of p53 and H2BD did not decrease (Fig-
ure S3A), indicating that the reduction in BRG1 is specific and
not merely correlated to Pol Il levels in these regions. This sug-
gests that BRG1, and presumably the SWI/SNF complex as a
whole, is recruited in an H2Bub1-dependent manner to a specific
subset of genes, selectively facilitating their transcription.

We next asked whether BRG1 overexpression (Figures S3B
and S3C) could rescue the transcription of RNF20-dependent
genes in RNF20-depleted cells. RNF20 knockdown reduced
the expression of all RNF20-dependent genes tested (Fig-
ure 4C, first and third bars). Notably, BRG1 overexpression
partially rescued this defect (fourth and third bars), while not
effecting siLacZ control cells (second and first bars). This sug-
gests that H2Bub1 is selectively required to recruit to those
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Figure 3. SWI/SNF Is Selectively Required
for Optimal Transcription of RNF20-Depen-
dent Genes

(A) HeLa cells were transiently transfected with
siRNA oligonucleotides targeting LacZ (control),
RNF20, or each of the following subunits of the
SWI/SNF complex: BRG1, BAF155, and BRM.
Cells were harvested 48 hr later and RNA was
extracted and analyzed by quantitative RT-PCR,
employing primers specific for the indicated
genes. For each gene, messenger RNA (MRNA)
levels were first normalized to GAPDH mRNA
in the same sample and then divided by the
normalized levels of the same transcript in the
control siLacZ sample, set as 1. Error bars repre-
sent the SD of duplicate gPCR reactions. Similar
data were obtained in three independent experi-
ments.

(B) HeLa cells were transfected as in (A), and cells
were harvested 48 hr later and subjected to
western blot analysis. GAPDH served as loading
control.

(C) Hela cells were transfected and analyzed as
in (A), employing primers specific for RNF20-
dependent genes.

(D) HelLa cells were transfected and analyzed as
in (A), employing primers specific for the RNF20-
independent GAPDH and NDUFA6 and the
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transcription.

DISCUSSION

We show that H2Bub1-reconstituted chromatin selectively asso-
ciates with particular proteins, indicating that this PTM serves as
recruiting signal within chromatin. Like antibodies against
H2Bub1 (Minsky et al., 2008), some factors may recognize
directly a unique structure at the H2B-ubiquitin junction. Alterna-
tively, recognition may encompass cooperativity where ubiquitin
together with other chromatin components (histones and DNA)
need to be bound simultaneously. Since H2Bub1 alters higher-
order chromatin folding (Fierz et al., 2011), some of the preferen-
tially interacting complexes may recognize different chromatin
conformational states in an indirect binding mode rather than
interact directly with H2Bub1. So far, we have been unable to
demonstrate a direct interaction between H2Bub1-rich chro-

CD46

RNF20-suppressed MYC and FOS genes. GAPDH
mRNA levels in each sample, relative to the siLacZ
culture, are also shown.

matin and recombinant SWI/SNF sub-
units. We attempted to purify SWI/SNF
complex via INI1-FLAG immunoprecipi-
tation; however, only weak preferential
binding to H2Bub1-rich chromatin was
observed (data not shown). Hence, the
selective interaction observed in nuclear
extracts may rely on a composite signal
(i.e., containing multiple direct and indi-
rect components). This notion is sup-
ported by the differential interaction of SWI/SNF with chromatin
containing H2BK120ub1 or H2BK34ub1. The exact nature and
mechanism of SWI/SNF binding to H2BK120ub1-rich chromatin
requires further investigation.

Besides locally opening chromatin structure to increase
accessibility to repair proteins (Moyal et al., 2011; Nakamura
et al., 2011), H2Bub1 may play a more direct role in double-
strand break (DSB) repair. We found that several proteins
recruited to DSBs to mediate DNA repair are enriched on
H2Bub1, including subunits of the BRCA1-A complex (NBA1,
RAP80, BRE, CCDC98, and BRCCS3), the E3 ubiquitin ligase
RNF168, and the DNA helicase RECQLS5 (Doil et al., 2009; Popuri
et al., 2012). Likewise, enrichment for ERCC1 and ERCC4(XPF)
suggests a role for H2Bub1 in nucleotide excision repair (Fag-
bemi et al., 2011).

H2Bub1 exerts opposing transcriptional effects on different
classes of genes (Chandrasekharan et al., 2009; Osley et al.,
2006; Wyce et al., 2007). In mammalian cells, loci suppressed
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by high RNF20/H2Bub1 reside within relatively closed chro-
matin and are excessively loaded with stalled or paused Pol Il
(Shema et al., 2008). Their expression depends on the tran-
scription elongation factor TFIIS, which is required for over-
coming Pol Il pausing and whose recruitment to chromatin
is inhibited by H2Bub1 (Shema et al., 2011). We found that
H2Bub1-rich chromatin favors the binding of two negative
elongation complexes, DSIF and NELF, as well as several
subunits of Pol Il (Figure 1B). The ability of NELF to inhibit
binding of TFIIS to Pol Il (Palangat et al., 2005) might explain
the inhibitory effect of H2Bub1 on RNF20/H2Bub1-suppressed
genes.

While mammalian H2Bub1 is mostly implicated in transcrip-
tional elongation (Minsky et al., 2008), SWI/SNF regulates
both initiation and elongation (Batsché et al., 2006; Corey
et al., 2003; Euskirchen et al., 2011; Schwabish and Struhl,
2007). SWI/SNF is mostly associated with the promoter, TSS,
and 5 region (Euskirchen et al., 2011), but is also present
throughout the coding regions of some genes (Corey et al.,
2003; Schwabish and Struhl, 2007). Different histone PTMs
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Figure 4. H2Bub1 Recruits SWI/SNF Com-
plexes in Order to Modulate Transcription
(A and B) Chromatin immunoprecipitation anal-
ysis of BRG1 (A) and H2Bub1 (B) in HelLa
cells transiently transfected with RNF20 siRNA
(siRNF20) or LacZ siRNA (siLacZ). Immunopre-
cipitated DNA and input DNA were quantified by
quantiative PCR with primers specific for the
promoter, TSS, or 5 transcribed regions of the
indicated genes. Results are presented as
percentage of input. Error bars represent the
SD of duplicate gPCR reactions. Similar data
were obtained in three independent experi-
ments.

(C) HeLa cells were transfected with RNF20 siRNA
(siRNF20) or LacZ siRNA (siLacZ), and cells were
transfected 24 hr later with either empty vector or
a plasmid encoding BRG1. After an additional
24 hr, cells were harvested, RNA was extracted,
and expression of RNF20-dependent genes
was analyzed by quantitative RT-PCR. Relative
expression values and error bars were calculated
as in Figure 3A.

See also Figure S3.

M siLacZ
siRNF20

Ml siLacZ
siRNF20

have been implicated in locally recruit-
ing/retaining and modulating the activ-
ity of chromatin remodeling complexes.
Thus, acetylated histones promote
retention of SWI/SNF on gene promoters
(Hassan et al., 2001). Likewise, histone
H3 methylation on lysine 4, favored by
H2Bub1 (Lee et al, 2007), mediates
the association of SNF2H (subunit of
the Isw1 remodeling complex) with chro-
matin in vivo (Nakamura et al., 2011;
Santos-Rosa et al.,, 2003). Recently,
H3K56ac was shown to regulate the his-
tone exchange activity of SWR-C (Wata-
nabe et al., 2013). We found that genes sensitive to RNF20
depletion are generally more dependent on BRG1 and presum-
ably SWI/SNF for efficient transcription. Why this particular set
of genes is so dependent on SWI/SNF remains an open ques-
tion. Perhaps optimal expression of such genes is negatively
regulated by particularly stable nucleosome(s), which need
to be remodeled in an ATP-dependent manner in order to
allow efficient transcription. Alternatively, other transcription-
related functions distinct from nucleosome remodeling may
be involved.

H2Bub1 deregulation has been extensively linked to cancer
(reviewed in Johnsen, 2012). We expand this link, as many pref-
erential H2Bub1 interactors harbor tumor-suppressive proper-
ties. Notably, mutations in genes encoding SWI/SNF subunits
were found in tumors (Hargreaves and Crabtree, 2011; Wilson
and Roberts, 2011). By recruiting protein complexes involved
in DNA repair and transcriptional control, H2Bub1 may help to
maintain cellular homeostasis and genome stability. Deregula-
tion of H2Bub1 may compromise these processes, eventually
promoting cancer.

[ siLacZ + Vector
[ siLacZ + BRG1
[ siRNF20 + Vector
Il siRNF20 + BRG1



EXPERIMENTAL PROCEDURES

Chromatin Affinity Purification

Chromatin affinity purification, MS, and data analysis were carried out as
described using an immobilized H2Bub1 containing 12-mer oligonucleosomal
array (Nikolov et al., 2011). Synthesis and characterization of H2BK34ub1 is
described in Siman et al. (2013).

RNA Purification and Quantitative Real-Time PCR

Total RNA was extracted with the NucleoSpin kit (Macherey Nagel). A total of
2-5 ug of each RNA sample was reverse transcribed with Moloney murine leu-
kemia virus reverse transcriptase (Promega) and random hexamer primers
(Applied Biosystems). Real-time PCR was performed in a StepOne real-time
PCR instrument (Applied Biosystems) with SYBR Green PCR Supermix (Invi-
trogen). The primers used are listed in Table S3.

Chromatin Immunoprecipitation
ChlP analysis was performed as described elsewhere (Nelson et al., 2006). The
primers used are listed in Table S3.

For further details, please refer to Extended Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, three
figures, and three tables and can be found with this article online at http://dx.
doi.org/10.1016/j.celrep.2013.07.014.

ACKNOWLEDGMENTS

We are grateful to Moshe Yaniv, Frauke Melchior, Steven Bergink, Gilad Fuchs,
Eran Kotler, and Lior Golomb for helpful discussions. We thank Tamar Unger
and Shira Albeck for preparing H2B and ubiquitin and Uwe Plessmann and
Monika Raabe for expert technical assistance. This work was supported in
part by grant 293438 (RUBICAN) from the European Research Council (to
M.O.), grant R37 CA40099 from the National Cancer Institute (to M.O.), the
Dr. Miriam and Sheldon G. Adelson Medical Research Foundation (to M.O.),
the Edmond J. Safra Foundation (A.B.), the Lower Saxony-Israeli Association
(to M.O. and W.F.), the Max Planck Society (to H.U. and W.F.), and the Mina
and James Heinemann Foundation (to W.F.). M.O. is the incumbent of the
Andre Lwoff chair in molecular biology. E.S. is supported by the Adams Fellow-
ship Program of the Israel Academy of Sciences and Humanities. M.N. is
supported by a fellowship from the MSc/PhD program “Molecular Biology”
International Max Planck Research School at the Georg August University,
Gottingen.

Received: August 14, 2012
Revised: May 28, 2013
Accepted: July 9, 2013
Published: August 8, 2013

REFERENCES

Baillat, D., Hakimi, M.A., Naar, A.M., Shilatifard, A., Cooch, N., and Shiekhat-
tar, R. (2005). Integrator, a multiprotein mediator of small nuclear RNA pro-
cessing, associates with the C-terminal repeat of RNA polymerase II. Cell
123, 265-276.

Bartke, T., Vermeulen, M., Xhemalce, B., Robson, S.C., Mann, M., and Kouzar-
ides, T. (2010). Nucleosome-interacting proteins regulated by DNA and his-
tone methylation. Cell 143, 470-484.

Batsché, E., Yaniv, M., and Muchardt, C. (2006). The human SWI/SNF subunit
Brm is a regulator of alternative splicing. Nat. Struct. Mol. Biol. 13, 22-29.
Batta, K., Zhang, Z., Yen, K., Goffman, D.B., and Pugh, B.F. (2011). Genome-
wide function of H2B ubiquitylation in promoter and genic regions. Genes Dev.
25, 2254-2265.

Berger, S.L. (2007). The complex language of chromatin regulation during tran-
scription. Nature 447, 407-412.

Chandrasekharan, M.B., Huang, F., and Sun, Z.W. (2009). Ubiquitination of
histone H2B regulates chromatin dynamics by enhancing nucleosome stabil-
ity. Proc. Natl. Acad. Sci. USA 706, 16686-16691.

Corey, L.L., Weirich, C.S., Benjamin, I.J., and Kingston, R.E. (2003). Localized
recruitment of a chromatin-remodeling activity by an activator in vivo drives
transcriptional elongation. Genes Dev. 17, 1392-1401.

Doil, C., Mailand, N., Bekker-Jensen, S., Menard, P., Larsen, D.H., Pepperkok,
R., Ellenberg, J., Panier, S., Durocher, D., Bartek, J., et al. (2009). RNF168
binds and amplifies ubiquitin conjugates on damaged chromosomes to allow
accumulation of repair proteins. Cell 136, 435-446.

Euskirchen, G.M., Auerbach, R.K., Davidov, E., Gianoulis, T.A., Zhong, G.,
Rozowsky, J., Bhardwaj, N., Gerstein, M.B., and Snyder, M. (2011). Diverse
roles and interactions of the SWI/SNF chromatin remodeling complex revealed
using global approaches. PLoS Genet. 7, e1002008.

Fagbemi, A.F., Orelli, B., and Schérer, O.D. (2011). Regulation of endonu-
clease activity in human nucleotide excision repair. DNA Repair (Amst.) 70,
722-729.

Fierz, B., Chatterjee, C., McGinty, R.K., Bar-Dagan, M., Raleigh, D.P., and
Muir, T.W. (2011). Histone H2B ubiquitylation disrupts local and higher-order
chromatin compaction. Nat. Chem. Biol. 7, 113-119.

Fuchs, G., Shema, E., Vesterman, R., Kotler, E., Wolchinsky, Z., Wilder, S.,
Golomb, L., Pribluda, A., Zhang, F., Haj-Yahya, M., et al. (2012). RNF20 and
USP44 regulate stem cell differentiation by modulating H2B monoubiquityla-
tion. Mol. Cell 46, 662-673.

Haj-Yahya, M., Eltarteer, N., Ohayon, S., Shema, E., Kotler, E., Oren, M., and
Brik, A. (2012). N-methylation of isopeptide bond as a strategy to resist deubi-
quitinases. Angew. Chem. Int. Ed. Engl. 57, 11535-11539.

Hargreaves, D.C., and Crabtree, G.R. (2011). ATP-dependent chromatin
remodeling: genetics, genomics and mechanisms. Cell Res. 27, 396-420.

Hassan, A.H., Neely, K.E., and Workman, J.L. (2001). Histone acetyltransfer-
ase complexes stabilize swi/snf binding to promoter nucleosomes. Cell 104,
817-827.

Hwang, W.W., Venkatasubrahmanyam, S., lanculescu, A.G., Tong, A., Boone,
C., and Madhani, H.D. (2003). A conserved RING finger protein required for
histone H2B monoubiquitination and cell size control. Mol. Cell 17, 261-266.

Islam, M.N., Fox, D., 3rd, Guo, R., Enomoto, T., and Wang, W. (2010). RecQL5
promotes genome stabilization through two parallel mechanisms —interacting
with RNA polymerase Il and acting as a helicase. Mol. Cell. Biol. 30, 2460-
2472,

Johnsen, S.A. (2012). The enigmatic role of H2Bub1 in cancer. FEBS Lett. 586,
1592-1601.

Kari, V., Shchebet, A., Neumann, H., and Johnsen, S.A. (2011). The H2B ubig-
uitin ligase RNF40 cooperates with SUPT16H to induce dynamic changes in
chromatin structure during DNA double-strand break repair. Cell Cycle 10,
3495-3504.

Karpiuk, O., Najafova, Z., Kramer, F., Hennion, M., Galonska, C., Kénig, A.,
Snaidero, N., Vogel, T., Shchebet, A., Begus-Nahrmann, Y., et al. (2012).
The histone H2B monoubiquitination regulatory pathway is required for differ-
entiation of multipotent stem cells. Mol. Cell 46, 705-713.

Kim, J., Hake, S.B., and Roeder, R.G. (2005). The human homolog of yeast
BRE1 functions as a transcriptional coactivator through direct activator inter-
actions. Mol. Cell 20, 759-770.

Latham, J.A., Chosed, R.J., Wang, S., and Dent, S.Y. (2011). Chromatin
signaling to kinetochores: transregulation of Dam1 methylation by histone
H2B ubiquitination. Cell 7146, 709-719.

Lee, J.S., Shukla, A., Schneider, J., Swanson, S.K., Washburn, M.P., Florens,
L., Bhaumik, S.R., and Shilatifard, A. (2007). Histone crosstalk between H2B
monoubiquitination and H3 methylation mediated by COMPASS. Cell 131,
1084-1096.

Lee, J.S., Garrett, A.S., Yen, K., Takahashi, Y.H., Hu, D., Jackson, J., Seidel,
C., Pugh, B.F., and Shilatifard, A. (2012). Codependency of H2B monoubiqui-
tination and nucleosome reassembly on Chd1. Genes Dev. 26, 914-919.

Cell Reports 4, 601-608, August 15, 2013 ©2013 The Authors 607

Cell

PRESS

Open

ACCESS


http://dx.doi.org/10.1016/j.celrep.2013.07.014
http://dx.doi.org/10.1016/j.celrep.2013.07.014

Cell

PRESS

Open

ACCESS

Ma, M.K., Heath, C., Hair, A., and West, A.G. (2011). Histone crosstalk directed
by H2B ubiquitination is required for chromatin boundary integrity. PLoS
Genet. 7, €1002175.

McGinty, R.K., Kim, J., Chatterjee, C., Roeder, R.G., and Muir, T.W. (2008).
Chemically ubiquitylated histone H2B stimulates hDot1L-mediated intranu-
cleosomal methylation. Nature 453, 812-816.

Minsky, N., and Oren, M. (2004). The RING domain of Mdm2 mediates histone
ubiquitylation and transcriptional repression. Mol. Cell 16, 631-639.

Minsky, N., Shema, E., Field, Y., Schuster, M., Segal, E., and Oren, M. (2008).
Monoubiquitinated H2B is associated with the transcribed region of highly
expressed genes in human cells. Nat. Cell Biol. 10, 483-488.

Moyal, L., Lerenthal, Y., Gana-Weisz, M., Mass, G., So, S., Wang, S.Y., Eppink,
B., Chung, Y.M., Shalev, G., Shema, E., et al. (2011). Requirement of ATM-
dependent monoubiquitylation of histone H2B for timely repair of DNA dou-
ble-strand breaks. Mol. Cell 47, 529-542.

Nakamura, K., Kato, A., Kobayashi, J., Yanagihara, H., Sakamoto, S., Oliveira,
D.V., Shimada, M., Tauchi, H., Suzuki, H., Tashiro, S., et al. (2011). Regulation
of homologous recombination by RNF20-dependent H2B ubiquitination. Mol.
Cell 41, 515-528.

Nelson, J.D., Denisenko, O., and Bomsztyk, K. (2006). Protocol for the fast
chromatin immunoprecipitation (ChIP) method. Nat. Protoc. 7, 179-185.
Nikolov, M., Stutzer, A., Mosch, K., Krasauskas, A., Soeroes, S., Stark, H.,
Urlaub, H., and Fischle, W. (2011). Chromatin affinity purification and quantita-
tive mass spectrometry defining the interactome of histone modification pat-
terns. Mol. Cell. Proteomics 70, M110.005371.

Ong, S.E., and Mann, M. (2007). Stable isotope labeling by amino acids in cell
culture for quantitative proteomics. Methods Mol. Biol. 359, 37-52.

Osley, M.A., Fleming, A.B., and Kao, C.F. (2006). Histone ubiquitylation and the
regulation of transcription. Results Probl. Cell Differ. 41, 47-75.

Palangat, M., Renner, D.B., Price, D.H., and Landick, R. (2005). A negative
elongation factor for human RNA polymerase Il inhibits the anti-arrest tran-
script-cleavage factor TFIIS. Proc. Natl. Acad. Sci. USA 102, 15036-15041.
Pirngruber, J., Shchebet, A., Schreiber, L., Shema, E., Minsky, N., Chapman,
R.D., Eick, D., Aylon, Y., Oren, M., and Johnsen, S.A. (2009). CDK9 directs H2B
monoubiquitination and controls replication-dependent histone mRNA 3'-end
processing. EMBO Rep. 70, 894-900.

Popuri, V., Ramamoorthy, M., Tadokoro, T., Singh, D.K., Karmakar, P., Cro-
teau, D.L., and Bohr, V.A. (2012). Recruitment and retention dynamics of
RECQL5 at DNA double strand break sites. DNA Repair (Amst.) 171, 624-635.
Sanso, M., Lee, K.M., Viladevall, L., Jacques, P.E., Pagé, V., Nagy, S., Racine,
A., St Amour, C.V., Zhang, C., Shokat, K.M., et al. (2012). A positive feedback
loop links opposing functions of P-TEFb/Cdk9 and histone H2B ubiquitylation
to regulate transcript elongation in fission yeast. PLoS Genet. 8, €1002822.
Santos-Rosa, H., Schneider, R., Bernstein, B.E., Karabetsou, N., Morillon, A.,
Weise, C., Schreiber, S.L., Mellor, J., and Kouzarides, T. (2003). Methylation of
histone H3 K4 mediates association of the Isw1p ATPase with chromatin. Mol.
Cell 12, 1325-1332.

608 Cell Reports 4, 601-608, August 15, 2013 ©2013 The Authors

Schwabish, M.A., and Struhl, K. (2007). The Swi/Snf complex is important for
histone eviction during transcriptional activation and RNA polymerase Il elon-
gation in vivo. Mol. Cell. Biol. 27, 6987-6995.

Shao, Y., Li, Y., Zhang, J., Liu, D., Liu, F., Zhao, Y., Shen, T., and Li, F. (2010).
Involvement of histone deacetylation in MORC2-mediated down-regulation of
carbonic anhydrase IX. Nucleic Acids Res. 38, 2813-2824.

Shema, E., Tirosh, I., Aylon, Y., Huang, J., Ye, C., Moskovits, N., Raver-Sha-
pira, N., Minsky, N., Pirngruber, J., Tarcic, G., et al. (2008). The histone H2B-
specific ubiquitin ligase RNF20/hBRE1 acts as a putative tumor suppressor
through selective regulation of gene expression. Genes Dev. 22, 2664-2676.

Shema, E., Kim, J., Roeder, R.G., and Oren, M. (2011). RNF20 inhibits TFIIS-
facilitated transcriptional elongation to suppress pro-oncogenic gene expres-
sion. Mol. Cell 42, 477-488.

Siman, P., Karthikeyan, S.V., Nikolov, M., Fischle, W., and Brik, A. (2013).
Convergent chemical synthesis of histone H2B protein enabled site specific
ubiquitination at Lys34. Angew. Chem. Published online June 21, 2013.
http://dx.doi.org/10.1002/anie.201303844.

Watanabe, S., Radman-Livaja, M., Rando, O.J., and Peterson, C.L. (2013). A
histone acetylation switch regulates H2A.Z deposition by the SWR-C remod-
eling enzyme. Science 340, 195-199.

Weake, V.M., and Workman, J.L. (2008). Histone ubiquitination: triggering
gene activity. Mol. Cell 29, 653-663.

Wegiel, J., Gong, C.X., and Hwang, Y.W. (2011). The role of DYRK1A in neuro-
degenerative diseases. FEBS J. 278, 236-245.

Wilson, B.G., and Roberts, C.W. (2011). SWI/SNF nucleosome remodellers
and cancer. Nat. Rev. Cancer 17, 481-492.

Wu, M., Wang, P.F., Lee, J.S., Martin-Brown, S., Florens, L., Washburn, M.,
and Shilatifard, A. (2008). Molecular regulation of H3K4 trimethylation by
Wdr82, a component of human Set1/COMPASS. Mol. Cell. Biol. 28, 7337-
7344,

Wu, J.l., Lessard, J., and Crabtree, G.R. (2009). Understanding the words of
chromatin regulation. Cell 136, 200-206.

Wu, L., Zee, B.M., Wang, Y., Garcia, B.A., and Dou, Y. (2011). The RING finger
protein MSL2 in the MOF complex is an E3 ubiquitin ligase for H2B K34 and is
involved in crosstalk with H3 K4 and K79 methylation. Mol. Cell 43, 132-144.

Wyce, A., Xiao, T., Whelan, K.A., Kosman, C., Walter, W., Eick, D., Hughes,
T.R., Krogan, N.J., Strahl, B.D., and Berger, S.L. (2007). H2B ubiquitylation
acts as a barrier to Ctk1 nucleosomal recruitment prior to removal by Ubp8
within a SAGA-related complex. Mol. Cell 27, 275-288.

Zhou, V.W., Goren, A., and Bernstein, B.E. (2011). Charting histone modifica-
tions and the functional organization of mammalian genomes. Nat. Rev. Genet.
12, 7-18.

Zhu, B., Zheng, Y., Pham, A.D., Mandal, S.S., Erdjument-Bromage, H.,
Tempst, P., and Reinberg, D. (2005). Monoubiquitination of human histone
H2B: the factors involved and their roles in HOX gene regulation. Mol. Cell
20, 601-611.


http://dx.doi.org/10.1002/anie.201303844

	Systematic Identification of Proteins Binding to Chromatin-Embedded Ubiquitylated H2B Reveals Recruitment of SWI/SNF to Reg ...
	Introduction
	Results
	Systematic Identification of H2Bub1-Binding Proteins
	H2Bub1-Dependent Differential Interactions within Cells
	SWI/SNF Associates Preferentially with H2Bub1-Rich Chromatin
	SWI/SNF Is Required for Optimal Transcription of RNF20-Dependent Genes
	H2Bub1 Modulates Gene Expression by Affecting SWI/SNF Recruitment

	Discussion
	Experimental Procedures
	Chromatin Affinity Purification
	RNA Purification and Quantitative Real-Time PCR
	Chromatin Immunoprecipitation

	Supplemental Information
	Acknowledgments
	References


