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Ubiquitylation of H2B on lysine 120 (H2Bub) is associated with active transcriptional elongation. H2Bub has been implicated in
histone cross talk and is generally regarded to be a prerequisite for trimethylation of histone 3 lysine 4 (H3K4me3) and H3K79 in
both yeast and mammalian cells. We performed a genome-wide analysis of epigenetic marks during muscle differentiation, and
strikingly, we observed a near-complete loss of H2Bub in the differentiated state. We examined the basis for global loss of this
mark and found that the H2B ubiquitin E3 ligase, RNF20, was depleted from chromatin in differentiated myotubes, indicating
that recruitment of this protein to genes substantially decreases upon differentiation. Remarkably, during the course of myo-
genic differentiation, we observed retention and acquisition of H3K4 trimethylation on a large number of genes in the absence of
detectable H2Bub. The Set1 H3K4 trimethylase complex was efficiently recruited to a subset of genes in myotubes in the absence
of detectable H2Bub, accounting in part for H3K4 trimethylation in myotubes. Our studies suggest that H3K4me3 deposition in
the absence of detectable H2Bub in myotubes is mediated via Set1 and, perhaps, MLL complexes, whose recruitment does not
require H2Bub. Thus, muscle cells represent a novel setting in which to explore mechanisms that regulate histone cross talk.

Modifications of histones, including lysine methylation, acet-
ylation, and ubiquitylation, are closely associated with the

control and modulation of gene transcription. Chromatin modi-
fications are often asymmetrically deposited with respect to tran-
scription start sites (TSS) of genes. In mammalian cells, lysine 4
trimethylation of histone H3 (H3K4me3) is associated with the
TSS and 5= ends of genes, whereas H2B monoubiquitylation at
lysine 120 (H2Bub) and H3K36 trimethylation are associated with
transcribed regions of genes (22). H2Bub is catalyzed by a het-
erodimeric E3 ubiquitin ligase complex comprised of RNF20 and
RNF40 (Bre1a/b in yeast) (11, 46) and the E2 ubiquitin-
conjugating enzyme, Rad6 (12, 13, 30). H2Bub has been associ-
ated with active transcription and, more specifically, with tran-
scriptional elongation (43). Several groups have independently
demonstrated that H2Bub is a prerequisite for H3K79 and H3K4
methylation in yeast through a transtail mechanism (6, 8, 24, 37).
While monomethylation of H3K4 and H3K79 was found to be
H2Bub independent (7, 33), H2Bub has been shown to direct di-
and trimethylation of H3K4 and H3K79 through the recruitment
of relevant enzymes, Set1 and Dot1, respectively, facilitating his-
tone cross talk in both yeast and mammals (12, 19, 37).

The PAF1 complex (Paf1C) has also been shown to play a role
in the regulation of H2B ubiquitylation in both yeast and mam-
mals via recruitment and activation of Rad6/RNF20 on tran-
scribed regions of chromatin in a manner that is dependent on
elongating RNA polymerase (24, 43, 46). In addition, the Bur1
kinase in yeast and CDK9 in humans were shown to promote
deposition of H2Bub (15, 29). Thus, H2B monoubiquitylation is
closely linked to transcriptional elongation. However, H2Bub is
not simply a by-product of elongation, since it has been shown to
play an active role in promoting efficient transcription elongation.
In this context, H2Bub is thought to regulate transcriptional elon-
gation through the FACT complex, a histone H2A/H2B chaper-
one known to destabilize nucleosomes (26, 32), which could in

turn regulate H2Bub deposition. Reciprocally, H2Bub could also
facilitate FACT function by modulating chromatin dynamics dur-
ing transcriptional elongation (10, 28), since recent structural
studies have shown that H2Bub interferes with chromatin com-
paction, promoting a more “open” chromatin conformation, thus
facilitating transcription (9). Depletion of H2Bub in mammalian
cells alters the expression of a subset of ubiquitylated genes (35).
In yeast, H2Bub seems to play a broader role in gene expression
above and beyond its functions in histone cross talk, since abro-
gating H2Bub results in growth defects and changes in gene ex-
pression that are more severe than those observed upon abolish-
ing H3 methylation alone (38). More recently, H2Bub was shown
to modulate nucleosome dynamics and gene expression in yeast in
a manner unrelated to its aforementioned role in histone cross
talk, through regulation of both transcriptional initiation and
elongation (4). In contrast with the in vitro study (9), H2Bub was
shown to have a stabilizing effect on nucleosome assembly in vivo,
in a manner that was largely independent of transcription (4).

While the role of H2Bub has been thoroughly explored in
yeast, many questions remain regarding the functional role of this
modification in mammalian cells. In particular, the role of this
modification in cell type specification, if any, remains unknown.
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In this study, we have investigated the genome-wide role of
H2Bub during skeletal myogenesis using a combination of chro-
matin immunoprecipitation and sequencing (ChIP-seq) and ex-
pression profiling, allowing us to make several surprising obser-
vations regarding this modification in muscle cells. We observed a
striking and global depletion of H2Bub during myogenic differ-
entiation, and this loss was not associated with changes in gene
expression. Remarkably, the overall depletion of H2Bub did not
lead to diminished H3K4 methylation, suggesting an unexpected
dissociation of these modifications in differentiated myotubes
(MT). The results of mechanistic studies indicated that the global
loss of H2Bub in differentiated cells was due, at least in part, to
reduced recruitment of RNF20. Wdr82 is a component of the
COMPASS/Set1 complex known to recruit this H3K4 methyl-
transferase to chromatin in an H2Bub-dependent manner in yeast
and mammalian cells. Nevertheless, we show that in myotubes,
COMPASS/Set1 was efficiently recruited to multiple genes despite
the absence of detectable H2Bub. Thus, muscle cells display
unique and dynamic changes in H2B ubiquitylation and unex-
pected variations in the mechanisms that link this mark with
H3K4 methylation.

MATERIALS AND METHODS
Cell culture. The C2C12 murine myoblast cell line was obtained from
Sigma and cultured as described previously (5). Briefly, cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS). Differentiation was induced by growing
cells to confluence and supplementing the medium with 2% horse serum.
After 4 days in differentiation medium, differentiated myotubes were sep-
arated from undifferentiated cells with diluted trypsin. Primary human
myoblasts were obtained from Lonza and cultured according to the man-
ufacturer’s instructions.

Preparation of chromatin and ChIP. Cells were cross-linked, har-
vested, and lysed as described previously (5), and sonication was per-
formed to obtain fragments of 350 bp. Mononucleosomes were prepared
as detailed previously (39). For ChIP-seq, titrations with various amounts
of chromatin and antibodies were carried out, and ChIP assays were op-
timized to ensure antibody excess. Quantitative ChIP (qChIP) was per-
formed as previously described (5). Unless otherwise indicated in the
figure legends, all ChIP experiments were performed in triplicate and
error bars used to denote standard errors of the means (SEM). The anti-
bodies used for ChIP were monoubiquitinated histone H2B (Millipore
05-312), histone H2B (Abcam ab-1790), histone H3-trimethyl K4 (Ab-
cam ab-8850; Active Motif catalog no. 36159), RNF20 (Abcam ab-32629)
Paf1 and FACT (gift from D. Reinberg), Set1A, Cfp1, and Wdr82 (17),
Menin (Bethyl A300-105A), and H3K79me3 (Abcam ab-2621).

ChIP-seq. The preparation of ChIP DNA libraries for sequencing was
detailed previously (3). Libraries were sequenced using an Illumina GAII
at the NYU genome sequencing facility using 6 picomoles of library per
sample. Data analysis using the Qeseq peak-finding program, processing,
and filtering procedures has been described previously (3).

RT-PCR and quantitative real-time PCR. RNA isolation and reverse
transcription were performed as described in Acosta-Alvear et al. (1).
Real-time quantitative PCR after ChIP and reverse transcription were
performed as described previously (3). For qChIP-PCR, the amplicons
were between 80 and 150 bp long, and the median position of each am-
plicon is denoted beside the gene within parentheses in the figures.

RNAi experiments. Small interfering RNA (siRNA) transfections
were carried out in growing myoblasts with specific siRNAs targeting
genes of interest and nonspecific controls (Dharmacon) using siImporter
(Millipore) according to the manufacturer’s protocol. For ChIP experi-
ments, myoblasts were cross-linked and harvested 48 to 72 h after trans-
fection. Sonicated chromatin was prepared as described previously (5).

RNA interference (RNAi) experiments were performed 3 to 6 times. Con-
struction of retroviral vectors expressing miRNAs, packaging of viral par-
ticles, and infections were carried out as described earlier (2). The siRNA
and microRNA (miRNA) sequences targeting RNF20 were, respectively,
GAGATTCTGTTAAGGATAA and GCATCATCCTTAAACGTTA. The
Wdr82-targeting siRNA sequence was AGAGAACCCTGTACAGTAA.

Enrichment of chromatin. A standard CsCl purification method was
employed as described previously (25, 27). Briefly, crude chromatin pre-
pared as detailed above was layered onto a CsCl gradient and subjected to
ultracentrifugation at 40,000 � g for 20 h. Chromatin-containing frac-
tions from the gradient were analyzed by agarose gel electrophoresis, di-
alyzed, and frozen in aliquots at �80°C. Cross-links in purified chromatin
were reversed by boiling in Laemmli buffer, and proteins were subjected
to Western analyses. Nuclei were partitioned into soluble (S3) and chro-
matin (P3) fractions as described previously (21).

Microarray data accession number. All ChIP-seq data have been de-
posited in the Gene Expression Omnibus under GEO accession number
GSE34960.

RESULTS AND DISCUSSION
H2B ubiquitylation is essentially erased during myogenic dif-
ferentiation. We took advantage of the well-established mouse
C2C12 model for muscle differentiation. C2C12 myoblasts prolif-
erate rapidly in the presence of growth factors, and they readily
differentiate into myotubes after mitogen depletion. We analyzed
global changes in histone modifications associated with muscle
differentiation (3), and during the course of this investigation, we
observed a striking, near-complete loss of H2Bub from the chro-
matin fraction in myotubes by Western analyses (Fig. 1A). More
detailed kinetic analyses indicated that H2Bub was robust in myo-
blasts and persisted in cells that had attained confluence and had
begun exiting the cell cycle (time zero [T0]) but was extinguished
early in differentiation (within 24 h after induction of differenti-
ation [T24]) (Fig. 1B). Further, we examined whether these find-
ings pertained to human cells by performing Western blot ana-
lyses on primary human myoblasts and differentiated myotubes.
These results mirrored our findings in mouse C2C12 cells, indi-
cating that the loss of H2Bub during myogenic differentiation
occurs in both mouse and human cells (Fig. 1C).

We combined chromatin immunoprecipitation (ChIP) with
massively parallel sequencing (ChIP-seq) to identify regions
marked with H2Bub in growing C2C12 myoblasts (GM) and fully
differentiated myotubes (MT) (3). Our ChIP-seq analysis of myo-
blast chromatin showed that H2Bub was extensively enriched
within coding regions of genes, in accordance with previously
published work (22) (Fig. 1D). Remarkably, myotubes exhibited
pervasive and near-complete loss of H2Bub. By merging our
ChIP-seq data with expression profiles of myoblasts and myo-
tubes (3), we showed that (i) H2Bub strongly correlated with gene
expression and (ii) the mark was primarily found on actively tran-
scribed genes in myoblasts (Fig. 1D). Interestingly, the highest
levels of H2Bub were found on moderately and highly expressed
genes, as previously reported (22, 34). In contrast, genes that were
never expressed lacked this mark in both states (Fig. 1E). We also
plotted H2Bub enrichment on genes grouped according to dy-
namic changes in expression during myogenic differentiation (3),
and on a population level, we observed dramatic downregulation
of H2Bub in myotubes, consistent with our Western blot data.
The loss of H2Bub did not coincide with changes in gene expres-
sion in MT, and indeed, this mark was strikingly absent from
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groups of genes that were highly expressed and/or upregulated in
myotubes (Fig. 1D and E).

We used quantitative ChIP (qChIP) with primers amplifying
transcribed regions of genes to confirm that H2Bub was present
on actively transcribed genes in myoblasts, irrespective of their
expression state in myotubes (i.e., either constitutively expressed
or downregulated genes) (Fig. 1F and data not shown). In every
case, we confirmed that these genes dramatically lost H2Bub in
myotubes. Remarkably, when we examined genes that are mark-
edly upregulated in MT, we found that each of the genes (e.g.,
Acta1, Sort1, Trim63, and Myh3) displayed very low or undetect-
able levels of H2Bub in either condition (Fig. 1F). Thus, it appears
that gene expression and H2Bub deposition are not tightly asso-
ciated in fully differentiated myotubes, unlike myoblasts where
H2Bub positively correlates with gene expression.

Our ChIP-seq experiments identified relatively few genes with
robust levels of H2Bub in myotubes, and even fewer genes showed
enrichment for this mark in myotubes without prior deposition of
this modification in myoblasts. Indeed, we confirmed that H2Bub
was found on a subset of these genes in myotubes by qChIP and
found few instances in which the mark appeared in myotubes only
(data not shown). This suggests that de novo ubiquitylation of
H2B may be disfavored in myotubes, although it may be main-
tained on a few genes that are highly expressed in that condition.

Myotubes exhibit retention and acquisition of H3K4me3 de-
spite dramatic downregulation of H2Bub. Acquisition of di- and
trimethylated H3K4 has been shown to depend on H2Bub depo-
sition both in yeast and mammalian cells (8, 12, 37). Therefore,
the global loss of H2Bub from myotube chromatin, reflected in
our Western analysis and ChIP-seq experiments (Fig. 1A), was

FIG 1 Global loss of H2Bub (H2BK120ub; H2B monoubiquitylated on lysine 120) during myogenic differentiation. (A and C) Western blots show diminution
of H2Bub and changes in H3K4me3 during myogenic differentiation. Cell extracts from the indicated populations of C2C12 (A) or primary human growing
myoblasts (GM) or myotubes (MT) (C), as indicated, were probed with the antibodies shown at right. (B) Myogenic differentiation time course. Lysates of cells
prior to induction of differentiation (T0) and those corresponding to the indicated number of hours after induction (24 or 48 h, T24 and T48, respectively) were
probed. (D and E) Genome-wide analysis of H2Bub in growing myoblasts and myotubes. Distribution of H2Bub on the indicated sets of genes, grouped and color
coded according to absolute (D) or relative (E) expression levels during differentiation. Average enrichment is shown on the y axis, and plots show enrichment
with respect to TSS (left) or gene body (right) distributions. Dist, distance. (F and G) qChIP was carried out using the H2Bub antibody (F) or H3K4me3 antibody
(G) in growing myoblasts and differentiated myotubes. Enrichment with a nonspecific control antibody (IgG) is shown. Percent input is indicated on the y axis.
The median position of each gene amplicon is depicted in parentheses. The expression groups of the genes are indicated below the graphs.
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surprising. Strikingly, total levels of H3K4me3 were similar in
both conditions despite the near-complete loss of H2Bub, both on
Western blots and in our ChIP-seq data reported previously (Fig.
1A and B) (3). As reported earlier (22, 35), while H3K4me3 and
H2Bub signals overlapped in regions downstream of the TSS,
H2Bub enrichment extends further into the gene body, indicative
of its roles in elongation and nucleosome dynamics. In our stud-
ies, we have focused on H3K4me3 enrichment downstream of the
TSS rather than promoter methylation, as only the former was
found to be correlated with H2Bub enrichment in mammalian
cells (22).

To further examine potential cross talk between histone mod-
ifications, we analyzed our ChIP-seq data as nonquantitative
high-density maps (HDMs) of histone marks over regions span-
ning from 3 kb upstream to 9 kb downstream of the TSS (3). We
focused our attention on genes that were upregulated in myotubes
or that were constitutively expressed in both conditions, since
both groups would be expected to show significant levels of
H3K4me3 at one or both stages (Fig. 2A and B). Our HDMs iden-
tified a group of genes upregulated in myotubes that displayed
robust H3K4 trimethylation in both myoblasts and myotubes, al-
though H2B ubiquitylation was restricted to myoblasts (Fig. 2A).
In addition, we observed a group of genes that were never ubiq-
uitylated on H2B but that were nevertheless strongly upregulated
in MT, concomitant with a robust increase in H3K4me3 (Fig. 2A).
Further, the constitutively expressed group (which exhibited little
or no change in expression during differentiation) retained high
levels of H3K4me3 in myotubes despite the near complete loss of
H2Bub. Interestingly, a subset of genes had no detectable H2Bub
in myoblasts although they displayed robust H3K4me3. Impor-
tantly, we used qChIP to confirm our genome-wide analyses by
designing primers to amplify regions downstream of the TSS that
exhibited overlap between the two marks in ChIP-seq, and we
detected significant levels of H3K4me3 on genes in myotubes that
were constitutively expressed or upregulated in that condition de-
spite the absence of H2Bub (Fig. 1F and G).

These experiments did not address the possibility that H2Bub
might be transiently deposited on nucleosomes prior to differen-
tiation, and since cells that have exited the cell cycle no longer
undergo histone replacement as a result of DNA replication, the
more stable H3K4me2/3 modification could persist on nucleo-
somes even in the absence of H2Bub. In this setting, continuous
H2B ubiquitylation would not be needed to maintain H3K4me3
levels. To address this possibility, we performed qChIP on genes
during a differentiation time course (Fig. 2C). As cells exited the
cell cycle (T0), H2Bub levels declined precipitously on genes that
were expressed constitutively or downregulated in myotubes, and
within 24 h after differentiation (T24), most genes exhibited back-
ground levels of H2Bub. However, H2Bub was not detected at any
time point on genes upregulated in myotubes (Fig. 2C).

On genes that were downregulated in myotubes (e.g., Suv39h1
and Mybl2), H3K4me3 and H2Bub levels declined in parallel. In
contrast, the H3K4me3 profiles on genes that were upregulated or
constitutively expressed differed dramatically from those of
H2Bub (Fig. 2C). Constitutively expressed genes retained signifi-
cant levels of H3K4me3 despite losing the H2Bub mark (e.g.,
Akt1) or exhibited robust levels of H3K4me3 in either condition
despite the presence of background levels of H2Bub (e.g., Comp),
as observed in our HDMs. Upregulated genes, on the other hand,
exhibited significant increases in H3K4me3 (generally at T24),

concomitant with gene activation, despite negligible (back-
ground) levels of H2Bub at all stages of the differentiation time
course (e.g., Sort1, Acta1, and Trim63). Since our experiments
were performed under steady-state conditions, highly dynamic
changes in H2Bub could not be measured on these genes, and
therefore, we cannot rule out the possibility of rapid turnover of
H2Bub, which could promote the acquisition of H3K4me3 in
myotubes. In addition, our observations cannot rule out compen-
satory mechanisms, which could restore H3K4me3 after loss of
H2Bub on constitutively expressed genes (such as Akt1). Never-
theless, it is striking that robust H3K4 trimethylation can be de-
tected on a large number of genes in myotubes despite the pres-
ence of negligible levels of H2Bub (Fig. 2A). Our observations
demonstrate an unexpected divergence between the levels of these
two chromatin marks, and this effect is most prominent in the
differentiated state.

Previous studies have also indicated that H3K79me3 and
H2Bub are tightly coupled in yeast and mammalian cells, and
H2Bub deposition is thought to be essential for the activity of the
H3K79 methyltransferase, Dot1 (19, 20). Furthermore, studies in
yeast suggest links between H3K4 and H3K79 methylation
through incompletely defined mechanisms (19, 24, 37). There-
fore, we performed qChIP to detect H3K79me3 on a subset of
genes with diverse levels of H2Bub (Fig. 2C). Interestingly, unlike
H3K4me3, we found that H3K79me3 levels, in general, paralleled
those of H2Bub. For example, when H2Bub levels were low or
negligible, H3K79 trimethylation was correspondingly very low
on several genes (Comp, Sort1, and Trim63). In addition, we found
that, for several genes (e.g., Akt1, Suv39h1, and Mybl2), the kinet-
ics of H3K79me3 and H2Bub deposition paralleled one another
during differentiation (Fig. 2C). These findings strongly suggest
that genes can be trimethylated on H3K4 during myogenic differ-
entiation without an obligatory link to H2Bub and H3K79me3.

Chromatin modifications on genes encoding MRFs. Given
the pivotal role of muscle regulatory factors (MRFs) in myogen-
esis, we investigated chromatin modifications associated with
each gene (MyoD1, Myf5, Myf6, and Myog) (Fig. 2D). MyoD1 and
Myf6 are expressed in myoblasts and throughout differentiation,
Myf5 is expressed in myoblasts and early in differentiation, and
Myog is most highly expressed during mid-late differentiation.
Consistent with these expression data, MyoD1, Myf5, and Myf6
exhibited robust H3K4me3 in myoblasts and myotubes, whereas
Myog was exclusively methylated in the latter condition (Fig. 2D)
(3). Remarkably, however, H2Bub was not detected on any of
these genes in either state, despite extensive polymerase II (PolII)
loading throughout each gene (3), consistent with its expression.
We confirmed these observations by carrying out qChIP, which
failed to detect H2Bub for all MRF genes over the entire differen-
tiation time course, although each gene exhibited stage-specific,
robust H3K4 trimethylation and, in some cases, H3K79me3 (Fig.
2D). Our analyses suggested that MRFs represent a group of genes
that are never marked by detectable levels of H2Bub, regardless of
their expression state.

The impact of RNF20 depletion on histone cross talk. The E3
ligase, RNF20, heterodimerizes with RNF40, and together, the
complex acts as the major H2B ubiquitin ligase in mammalian
cells (12, 22, 46). To determine whether RNF20 is responsible for
ubiquitylation of H2B in myoblasts, we transiently and stably sup-
pressed its expression with a unique siRNA and miRNA, respec-
tively. Either treatment essentially abolished the expression of
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FIG 2 The relationship between H2Bub and H3K4 and H3K79 methylation in skeletal muscle. (A and B) High-density maps (HDMs) (Asp et al. [3]) for H2Bub
and H3K4me3 in myoblasts and myotubes are shown. Horizontal rows represent individual genes, and the x axis represents the segment of each gene from �3
kb to �9 kb relative to the TSS (green vertical line). Expression levels are indicated as a red-black gradient (scale shown). A subset of the H3K4me3 data is depicted
in Fig. 2 of Asp et al. (3). (C) ChIP was performed at indicated points during a myogenic differentiation time course to detect each histone modification. GM,
growing myoblasts; T0h, T24h, and T48h, populations harvested 0, 24, and 48 h, respectively, after switching to differentiation medium; T96h/MT, fully
differentiated myotubes. (D) Histone modifications were detected on genes encoding MRFs during myogenesis. All ChIP experiments were performed in
triplicate, and error bars denote standard errors of the means.
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RNF20 and resulted in a sharp reduction in global H2Bub levels,
confirming that RNF20 is the primary enzyme responsible for
promoting this modification (Fig. 3A). In addition, we verified
that RNF20 ablation substantially reduced H2Bub levels on sev-
eral genes (Fig. 3B and C).

Ablating RNF20 and thereby reducing H2Bub levels allowed us
to examine H3 methylation in myoblasts, a setting in which
H2Bub levels are normally high and the two marks are expected to
be coupled. RNF20 depletion led to modest decreases in overall
H3K4me3 and H3K79me3 levels by Western analysis (Fig. 3A).
Using qChIP, we examined H3 trimethylation on a representative
group of genes that were constitutively expressed or downregu-
lated during differentiation. On a subset of the latter group of
genes (Suv39h1, Birc5, Ccna2, and Ccnf), the loss of H3K4me3
mirrored reductions in H2Bub, consistent with results in other
mammalian systems (12, 42). However, on two constitutively ex-
pressed genes (Eif1a and Akt1), RNF20 depletion had little or no
impact on H3K4me3 (Fig. 3B and C). Importantly, genes with
little or no H2Bub in myoblasts (Foxh1, Myod1, and Comp) exhib-
ited no difference or even modest increases in H3K4me3 when
RNF20 was ablated, confirming that the observed results were
direct and specific.

Interestingly, H3K79me3 levels showed modest changes re-
sulting from transient siRNA-mediated suppression of RNF20.
However, sustained miRNA-mediated depletion of RNF20 re-
sulted in robust reductions in H3K79me3 levels (Fig. 3C), perhaps
reflecting the stability of this mark. In addition, the levels of
H3K79me3 closely paralleled those of H2Bub on these genes.
These results favor the conclusion that H3K79me3 is tightly
linked to H2Bub deposition. In contrast, long-term miRNA-
mediated depletion resulted in only modest changes in
H3K4me3, which resembled the results observed in our siRNA
experiments (Fig. 3B).

Previous studies have suggested that changes in H3K4 trim-
ethylation are due to altered gene expression induced by RNF20
suppression (35). We therefore examined the correlation between
H3 methylation and gene expression after RNF20 depletion.
RNF20 silencing had no effect on the expression of Myod1 and
Myf5, genes that are never marked by H2Bub. Importantly, certain
genes exhibited elevated or unaltered expression in the face of
reduced H3K4me3. Ccnd1 and Ccna2 were among a group of
genes marked by H2Bub whose expression increased after RNF20
ablation (Fig. 3D), consistent with reports that H2Bub and RNF20
suppress the expression of genes involved in cell proliferation (34,

FIG 3 The impact of RNF20 suppression in muscle cells. (A) RNF20 expression was suppressed using an siRNA (left) and synthetic miRNA (right) in growing
myoblasts, and Western blotting was performed to detect the indicated proteins. NS and Luc (luciferase), nonspecific controls. (B and C) ChIP was performed
to detect the indicated histone marks after ablation of RNF20 with an siRNA (B) or miRNA (C). The ChIP results depicted are the averages of 3 to 6 independent
experiments (B) or 2 independent experiments (C). The median positions of the amplicons as distances in bp from the TSS for the indicated genes are as follows:
Ccna2, �2,000; Ccnf, �3,000; Suv39h1, �2,000; Birc5, �2,000; Akt1, �2,000; Eif1a, �2,000; Foxh1, �600; Comp, �900; and Myod1, �2,000. A Student t test was
performed to calculate significance. *, P � 0.05; **, P � 0.01. (D) Quantitative RT-PCR was performed to detect changes in gene expression after RNF20 ablation.
Fold change is expressed as the ratio of transcript levels in RNF20 siRNA- versus control-treated cells.
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35). These results suggest that the observed reductions in
H3K4me3 were not a result of decreased transcription but were
more likely a direct result of reductions in H2Bub levels (Fig. 3B
and C).

Thus, our combined studies of RNF20 ablation in myoblasts
and normal myogenic differentiation reinforce the idea that levels
of H2Bub and H3K4me3 are not always tightly correlated in either
myoblasts or myotubes. This phenomenon is most pronounced in
fully differentiated myotubes, wherein the expression of certain
muscle-specific genes and H3K4 trimethylation appear to be
largely independent of H2Bub. Although definitive evidence to
rule out the absence of coupling of the two marks would require
the complete ablation of factors required for H2B ubiquitylation
(RNF20 and Rad6) in myotubes, technical challenges associated
with RNAi in fully differentiated myotubes precluded these exper-
iments. Thus, while it remains possible that transient, low levels of
H2Bub (that are undetectable by ChIP) could promote H3K4me3
deposition in myotubes, our findings present a contrast to what is
currently known regarding the correlation of these two marks in
other systems. On the other hand, the deposition of H3K79me3
and H2Bub appear to be more tightly linked. Future studies are
likely to reveal additional regulatory mechanisms that either but-
tress the cross talk between H2Bub and H3K4me3 or, alterna-
tively, bypass the loss of H2Bub during myogenic differentiation.

Mechanisms associated with loss of H2Bub during differen-
tiation. We next sought to determine the mechanistic basis for the
loss of H2B ubiquitylation during myogenic differentiation and
the apparent disconnect between H3K4me3 and H2Bub, and
therefore, we examined the factors involved in depositing both
modifications (Fig. 4A). In whole-cell lysates of C2C12 myoblasts
and myotubes, the key ubiquitylation factors, RNF40 and Rad6,
showed little or no change in levels before and after differentia-
tion, although the RNF20 levels showed modest decreases during
differentiation. In primary human myoblasts, we observed more
dramatic decreases in RNF20, as well as Rad6, upon differentia-
tion (Fig. 4A). Several components of the PAF complex (Paf1 and
Cdc73) did not show significant changes in overall levels before
and after differentiation, and the levels of the FACT subunit,
Ssrp1, were somewhat reduced in myotubes compared to its levels
in myoblasts, coinciding with reduced mRNA levels in expression
profiling experiments (Fig. 4A). We also examined whether the
assembly of H2B ubiquitylating complexes differed during myo-
genesis. Immunoprecipitations from nuclear extracts indicated
that the level of association of RNF20 with RNF40 or Rad6 did not
vary significantly as myoblasts differentiated into myotubes (Fig.
4B). Similarly, we did not observe overt changes in the integrity of
Paf1C, since Leo1 readily coprecipitated with other Paf1C com-
ponents in extracts from myoblasts and myotubes (Fig. 4B).

Next, we examined the extent to which factors relevant to H2B
ubiquitylation are recruited to chromatin in myoblasts and myo-
tubes. We used two methods to enrich for chromatin-bound pro-
teins. First, we purified crude chromatin from formaldehyde-
cross-linked myoblasts and myotubes using CsCl gradients (25,
27). This method enriches for proteins that are tightly associated
with chromatin. Interestingly, RNF20 recruitment to chromatin
was dramatically and reproducibly reduced in myotubes, al-
though Rad6 levels remained unchanged (Fig. 4C, left). The FACT
subunit, Ssrp1, showed a reduction in myotube versus myoblast
chromatin, and Paf1 levels also showed modest reductions in
myotube chromatin, although the differences were not as dra-

matic as that observed for RNF20. Likewise, we performed bio-
chemical fractionation of soluble nuclear (S3 fraction) and
chromatin-bound (P3 fraction) (Fig. 4C) proteins (21), which
confirmed our observations regarding RNF20 (Fig. 4C, right). In-
terestingly, Rad6 partitioned to both compartments, and its re-
cruitment to chromatin appeared to be considerably reduced in
myotubes compared to that in myoblasts, perhaps reflecting tech-
nical differences in procedures used to obtain chromatin (Fig. 4C,
compare left and right).

Since the association of RNF20 with chromatin diminished in
myotubes, we investigated the recruitment of this factor to indi-
vidual genes by performing qChIP (Fig. 4D). We observed enrich-
ment of RNF20 on a subset of genes that were highly expressed in
myoblasts, myotubes, or in both conditions. On genes that were
highly expressed in myoblasts and myotubes, we observed signif-
icant RNF20 enrichment in myoblasts, but not in myotubes, con-
sistent with our observation that H2Bub levels decrease markedly
on these genes in myotubes (Fig. 4E). On genes that were highly
induced in myotubes, RNF20 enrichment was comparable to
background in both myoblasts and myotubes, in agreement with
the fact that these genes do not show significant H2Bub enrich-
ment in either condition, with the exception of Acta1 (Fig. 4D and
E). We also performed ChIP with antibodies against Rad6, but we
were unable to detect convincing enrichment of this protein on
any gene with two different antibodies (data not shown). We con-
clude that RNF20 is inefficiently recruited to chromatin in myo-
tubes, providing a plausible mechanism for the reduction of
H2Bub in myotubes.

Recruitment of transcriptional elongation factors Paf1C and
FACT. Next, we explored the basis for the reduced RNF20 occu-
pancy and low levels of H2Bub on genes that are highly expressed
in myotubes by investigating the recruitment of specific elonga-
tion factors. Paf1C plays a role in transcriptional elongation and
modification of histones. First, it is thought to assist in recruiting
the COMPASS complex, facilitating H3K4 methylation in yeast
(14, 15). Paf1C also interacts with RNF20 and Rad6, stimulating
H2B ubiquitylation activity in transcribed regions of active genes
and thereby promoting H3K4 trimethylation (13, 15). We inves-
tigated the recruitment of Paf1C to genes exhibiting H3K4me3
using antibodies against Paf1 (Fig. 4F). We made several notable
observations. First, on genes that were highly expressed in myo-
blasts and myotubes (e.g., Ran and Lgals1), the pattern of reduced
Paf1 recruitment mirrored that of RNF20, potentially accounting
for the loss of RNF20 on these genes in myotubes (Fig. 4D and F).
However, on genes that were markedly upregulated in myotubes
without detectable H2Bub (e.g., Myh3, Trim63, and Myog), signif-
icant Paf1 recruitment was detected de novo in myotubes, in stark
contrast with the pattern observed for RNF20, reinforcing the idea
that Paf1C could play a role in events beyond recruitment of H2B
ubiquitylating factors.

We also investigated the recruitment of FACT to the same
group of genes by performing qChIP with antibodies against
Ssrp1. FACT positively regulates transcriptional elongation by
modulating nucleosome dynamics (45). FACT is also thought to
act synergistically with Paf1C and H2B ubiquitylation for efficient
transcription of in vitro reconstituted, chromatinized templates
(28). Our results indicate that FACT recruitment coincides with
expression in myoblasts and myotubes (Fig. 4G), since we ob-
served robust enrichment of FACT on genes (e.g., Lgals1 and Ran)
that were highly expressed in both conditions. Significant FACT
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enrichment was also observed on genes (Acta1, Myog, Trim63, and
Myh3) that were upregulated in myotubes, mimicking Paf1 re-
cruitment (Fig. 4G). Taken together, these data suggest that the
absence of H2B ubiquitylation does not have a bearing on either
Paf1C or FACT recruitment in myotubes. Furthermore, recruit-
ment of these factors does not appear to presage H2B ubiquityla-
tion, in contrast with previous observations relating FACT and
Paf1C to this modification, and this is most evident on genes that
are upregulated in myotubes. Future studies involving detailed
analyses of other factors that function in RNF20 recruitment, such
as WAC (44), may provide additional insight into the mechanisms
underlying the loss of RNF20 from myotube chromatin.

Recruitment of Wdr82 in myotubes occurs independently of
H2Bub. We next examined factors responsible for depositing the
H3K4me3 mark. In mammals, H3K4 trimethylation is catalyzed
by several different H3K4 methylase-containing complexes, in-
cluding MLL (1, 2, 3, and 4), Set1A, and Set1B, whereas a single
complex (COMPASS) performs this function in yeast. MLL and
Set1 complexes share a number of common subunits, but they can
be differentiated biochemically by examining unique compo-
nents. Further, MLL and Set1A/B complexes may perform nonre-
dundant functions by regulating different groups of genes and by
modulating distinct steps in the transcription cycle. It is thought
that the Set1A and Set1B complexes more closely resemble

FIG 4 Mechanistic explanation for loss of H2Bub in myotubes. (A) Western analysis to detect expression of ubiquitylation and elongation factors in myoblast
and myotube whole-cell extracts from C2C12 (left) and primary human skeletal muscle (right) cells. (B) RNF20 was immunoprecipitated from nuclear extracts,
and RNF20, RNF40, and Rad6 were detected as indicated. IgG IP, negative control. (C) Chromatin was purified using centrifugation through CsCl gradients (left)
or by fractionation into soluble nuclear (S3) and chromatin (P3) compartments (right). (D to G) ChIP was performed to detect the indicated histone
modifications (H2Bub) and factors (RNF20, Ssrp1/FACT, and Paf1). The median positions of the amplicons as distances in bp from the TSS for the indicated
genes are as follows: Spp1, �1,000; Ran, �1,500; Lgals1, �50; Acta1, �1,200; Myh3, �6,500; Trim63, TSS; Myog, �350; Ccna2, �2,000; and Suv39h1, �2,000.
Enrichment is indicated as a function of percent input on the y axis.
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COMPASS, since the unique mammalian components of this
complex, Wdr82 and Cfp1, are homologous to Cps35 and Cps40
in the yeast complex (16). Recruitment of the Set1A/B complex to
chromatin is thought to be dependent on H2B ubiquitylation,
enabling it to function subsequent to transcriptional initiation.
Indeed, both yeast and mammalian studies have shown that
H3K4 trimethylation is modulated through the H2Bub-
dependent recruitment of the Cps35/Wdr82 component of the
Set1/COMPASS complex (19, 42, 45). In contrast, MLL com-
plexes lack Wdr82 and have been implicated in regulating Hox
gene function at the level of gene activation (40), suggesting that
MLL-mediated H3K4 methylation may be independent of H2B
ubiquitylation (36). In addition, experiments with MLL knockout

mice indicate that MLLs may regulate H3K4 methylation on a
subset of genes (40), whereas the Set1A/B complex may represent
the major H3K4 trimethylase in mammalian cells, since depletion
of either Wdr82 or RNF20 has been shown to reduce overall H3K4
trimethylation levels (16, 42).

Having observed robust H3K4 trimethylation in the absence of
H2Bub, we investigated the methylases that were responsible for
depositing the former mark in myotubes by performing ChIP with
antibodies against components of the Set1 and MLL complexes in
myoblasts and myotubes. First, we observed enrichment of Wdr82
on several genes that were highly expressed in myoblasts, myo-
tubes, or both (Fig. 5B). The levels of Wdr82 enrichment coin-
cided with that of H3K4me3 and correlated with the expression of

FIG 5 Recruitment of Wdr82 and the Set1 complex in myotubes is independent of H2B ubiquitylation and correlates with H3K4me3. (A) qChIP was performed
to detect H3K4me3 on the indicated genes. (B to D) qChIP was performed in myoblasts (GM) and myotubes (MT) to detect factors (Wdr82, Set1A, and Cfp1)
on the indicated genes, and nonspecific rabbit IgG and an amplicon in a gene desert were used as controls in each case. Enrichment is indicated as a function of
percent input on the y axis.
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genes in myoblasts as well as myotubes (Fig. 5A and B). Genes
marked with H3K4me3 in myoblasts and myotubes (Lgals1 and
Ran) showed significant Wdr82 enrichment in both conditions. In
contrast, genes that were markedly induced in myotubes exhibited
concomitant increases in H3K4me3 levels (e.g., Myh3, Trim63,
and Myog) and robust recruitment of Wdr82 in myotubes only.
This was unanticipated given the lack of detectable H2Bub depo-
sition on these genes in either condition (Fig. 4E).

Since the overall levels of enrichment were relatively low, we
performed controls to verify the specificity of this antibody. We
found that siRNA-mediated knockdown of Wdr82 led to drastic
reductions in recruitment of this protein to chromatin, as ex-
pected (data not shown). Since Wdr82 is thought to associate with
other complexes in yeast and in humans (18, 23), we further ex-
amined whether additional Set1 complex components, Set1A and
Cfp1, were similarly recruited to Wdr82 target genes. Indeed,
these components were detected on a number of target genes (Fig.
5C and D). Importantly, we also observed recruitment of these
components in myotubes. Taken together, these data suggest that
Set1 complexes can be recruited to genes without detectable
H2Bub in myotubes, although deposition of this modification is
thought to precede recruitment of Wdr82 and the formation of
active trimethylase complexes on chromatin.

Our experiments did not address the possibility that other
H3K4 methylase complexes, namely, MLLs, could also be in-
volved in implementing H3K4 trimethylation in myotubes, since
their recruitment is thought to be independent of H2B ubiquity-
lation. Therefore, we investigated whether the target genes in our
study recruited MLLs 1 and 2 using ChIP with antibodies against
menin, a protein common to both MLL complexes (data not
shown). Of note, menin was not detected on several muscle-
specific genes that are enriched for H3K4me3 in myotubes, al-
though this protein was recruited to the Hoxa9 promoter, as ex-
pected from studies in other mammalian cells (40). It is possible
that other MLL complexes (MLL3/4) could be recruited to the
genes we have examined, but the lack of available antibodies able
to detect these proteins in ChIP experiments precluded us from
testing their recruitment to chromatin. Our data, therefore, do not
rule out the role of MLLs in contributing to H3K4 trimethylation
of genes in myotubes.

Set1 complexes exhibit methyltransferase activity on target
genes. Next, we tested whether the Set1 complex could function as
an active methyltransferase on genes to which it was recruited.
Upon carrying out siRNA-mediated knockdown of Wdr82 in
myoblasts, we observed a global loss of H3K4me3, similar to what
has been observed in other mammalian cell types (Fig. 6A) (16,
42). Importantly, we also observed a reproducible and significant
reduction in H3K4me3 on genes that recruited Wdr82 (Fig. 6B),
together with a reduction in Set1A recruitment to these genes
(data not shown). These data indicate that Set1 complexes (that
contain Wdr82) represent a major H3K4me3 methylase on these
genes in C2C12 cells. Although Wdr82 knockdown in fully differ-
entiated myotubes was somewhat less efficient owing to technical
challenges associated with transfection of siRNAs in fully differ-
entiated myotubes, the expression of Wdr82 protein was reduced
�50%, and H3K4me3 was also reduced on several target genes
(data not shown). Thus, since three components of the Set1 com-
plex (Set1A, Wdr82, and Cfp1) were recruited to genes in a man-
ner that coincided with the acquisition of H3K4me3 in myoblasts

and myotubes, we conclude that the Set1 complex promotes this
modification on these genes in both conditions.

Taken together, our data indicate that the Set1/COMPASS
complex plays an important role in establishing H3K4 methyl-
ation in C2C12 cells, and the recruitment of this complex to an
array of genes that we have examined appears to be largely inde-
pendent of detectable H2B ubiquitylation during myogenic differ-
entiation. However, in order to generalize our findings regarding
the relative contributions of Set1 and the MLL complexes, it will
be essential to perform more extensive, genome-wide experi-
ments. For example, once reagents able to detect all MLL com-
plexes are available, it will be possible to more comprehensively
define the occupancy of all H3K4 trimethylases on genes that ex-
hibit H3K4me3 in the absence of H2Bub in myotubes.

Concluding remarks. Over the past decade, many studies have
shed light on mechanisms that couple the deposition of multiple
histone modifications. However, recent experiments, including
our studies in muscle cells, suggest that our understanding is far
from complete. For example, although a tight connection between
H2Bub and trimethylation of H3K4 and H3K79 has been estab-
lished in yeast, it is not an obligatory event in Tetrahymena ther-
mophila (41). Interestingly, Tetrahymena does not possess Set1/
COMPASS type methylases and instead expresses a single
methylase closely related to MLL (36, 41), which could offer a
possible explanation for the loss of H2Bub dependence. In mam-
malian systems, the presence of several different methylase com-
plexes, some of which have H2Bub-independent functions, make
the connection between H2B ubiquitylation and H3K4 methyl-
ation more complex. Thus, the coupling mechanisms and the con-
tributions from distinct methylases could vary according to cell
type and, perhaps, growth conditions. Our results indicate that the
Set1 complex deposits H3K4 trimethylation at several genes de-
spite the global loss of H2Bub in myotubes. These observations
suggest alternative mechanisms by which Set1 could be recruited
to genes, through as yet unknown protein-DNA and protein-
protein interactions. Moreover, additional experiments will be re-
quired to comprehensively test the role of MLL complexes during
myogenesis, once suitable reagents able to detect all four MLL
complexes have been developed, particularly in light of our find-
ing that H3K4me3 levels do not globally change in a commensu-
rate way during myogenesis (3).

Further studies will be required to obtain a complete under-
standing of the regulatory mechanisms that underlie transcrip-
tional elongation and nucleosome dynamics during myogenic dif-
ferentiation. It is likely that the role of H2Bub in gene expression
will be more complex than anticipated (4, 10, 28, 34). For exam-
ple, a number of studies have shown that H2Bub plays a modula-
tory role in transcription through its control of elongation and
nucleosome dynamics, in a manner that is distinct from its func-
tions in histone cross talk. Thus, it is clear that H2Bub could have
roles that are independent of H3 methylation and that the bulk of
H2Bub (as detected by our assays) could regulate other aspects of
gene expression. It is also interesting to speculate that certain pop-
ulations of H2Bub, such as those that promote H3K4me3 in mus-
cle cells, are more transiently associated with chromatin than oth-
ers, and such a scenario has been observed in yeast (4, 31).

Several interesting questions arise as to how cells could bypass
a requirement for detectable levels of H2Bub in the regulation of
gene expression and chromatin dynamics. Myogenic differentia-
tion is also accompanied by other large-scale epigenetic changes
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(3), including overall deacetylation. Since acetylation has a poten-
tially destabilizing effect on nucleosome formation, it is possible
that H2Bub may not be essential for nucleosome stability in the
face of diminished levels of acetylation. Alternatively, other as-yet-
unknown epigenetic changes accompanying myogenic differenti-
ation may preclude the need for H2Bub in modulating nucleo-
some dynamics and gene expression. It will be interesting to
determine whether our observations are relevant to other devel-
opmental settings and diverse types of terminal differentiation.
We propose that muscle cells represent an interesting system in
which to explore these questions, and future studies will focus on
a broader role played by H2Bub in the context of cell type speci-
fication and differentiation.
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