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Cotranscriptional histone H2B monoubiquitylation
is tightly coupled with RNA polymerase Il

elongation rate

Gilad Fuchs,'* Dror Hollander,?* Yoav Voichek,® Gil Ast,?2 and Moshe Oren’

"Department of Molecular Cell Biology, Weizmann Institute of Science, Rehovot 76100, Israel; ?Department of Human Molecular
Genetics and Biochemistry, Sackler Faculty of Medicine, Tel-Aviv University, Ramat Aviv 69978, Israel; >Department of Molecular

Genetics, Weizmann Institute of Science, Rehovot 76100, Israel

Various histone modifications decorate nucleosomes within transcribed genes. Among these, monoubiquitylation of histone
H2B (H2Bubl) and methylation of histone H3 on lysines 36 (H3K36me2/3) and 79 (H3K79me2/3) correlate positively with
gene expression. By measuring the progression of the transcriptional machinery along genes within live cells, we now report
that H2B monoubiquitylation occurs cotranscriptionally and accurately reflects the advance of RNA polymerase Il (Pol II). In
contrast, H3K36me3 and H3K79me2 are less dynamic and represent Pol Il movement less faithfully. High-resolution ChlP-seq
reveals that H2Bubl levels are selectively reduced at exons and decrease in an exon-dependent stepwise manner toward the 3’
end of genes. Exonic depletion of H2Bubl in gene bodies is highly correlated with Pol Il pausing at exons, suggesting elongation
rate changes associated with intron—exon structure. In support of this notion, H2Bubl levels were found to be significantly
correlated with transcription elongation rates measured in various cell lines. Overall, our data shed light on the organization of
H2Bubl within transcribed genes and single out H2Bubl as a reliable marker for ongoing transcription elongation.

[Supplemental material is available for this article.]

Histones undergo numerous post-translational modifications such
as methylation, acetylation, phosphorylation, SUMOylation, and
ubiquitylation, which occur primarily within histone tails and
play multiple roles in regulating gene expression, chromatin dy-
namics, and DNA repair (Berger 2007; Kouzarides 2007; Weake and
Workman 2008; Campos and Reinberg 2009; Zhou et al. 2011;
Patel and Wang 2013). The best-studied examples of histone
ubiquitylation are the monoubiquitylation of histone H2B on ly-
sine 123 in yeast or lysine 120 in mammals (H2BK120ubl, ab-
breviated here as H2Bub1), and the monoubiquitylation of histone
H2A on lysine 119. H2B can undergo ubiquitylation also on Lys34
(Wu et al. 2011). H2Bubl is carried out by the yeast E3 ubiquitin
ligase Brel (Hwang et al. 2003; Wood et al. 2003) and the ortholo-
gous heteromeric hBrel (RNF20)/RNF40 mammalian complex
(Kim et al. 2005; Zhu et al. 2005), while UBE2A and UBE2B are the
corresponding E2 ubiquitin-conjugating enzymes (Kim et al.
2009).

H2Bubl1 regulates multiple molecular processes such as tran-
scription initiation and elongation (Davie and Murphy 1990;
Henry et al. 2003; Pavri et al. 2006; Weinberger et al. 2012), DNA
damage response (Chernikova et al. 2010; Kari et al. 2011; Moyal
et al. 2011; Nakamura et al. 2011), DNA replication (Trujillo and
Osley 2012), nucleosome positioning (Batta et al. 2011), and RNA
processing and export (Pirngruber et al. 2009; Jung et al. 2012;
Moehle et al. 2012; Vitaliano-Prunier et al. 2012; Herissant et al.
2014; Long et al. 2014). Aberrant H2Bub1 levels can affect de-
velopment (Wright et al. 2011), apoptosis (Walter et al. 2010), stem
cell differentiation (Buszczak et al. 2009; Fuchs et al. 2012; Karpiuk
et al. 2012), viral infection outcome (Sarkari et al. 2009; Fonseca
etal. 2012), and cell cycle progression (Hwang and Madhani 2009)
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and can promote cancer (Shema et al. 2008; Blank et al. 2012;
Johnsen 2012; Fuchs and Oren 2014). Several mechanisms have
been proposed to underlie the ability of H2Bub1 to exert those diverse
effects, including impact on higher-order chromatin organization
(Fierz et al. 2011), altered nucleosome stability (Chandrasekharan
et al. 2009), regulation of H2A-H2B dimer displacement (Pavri et al.
2006), and modulation of the recruitment of specific factors to
chromatin (Shema-Yaacoby et al. 2013).

H2Bubl ubiquitylation has been particularly linked with
transcription regulation (for review, see Sen and Bhaumik 2013
and Fuchs and Oren 2014). Surprisingly, although H2Bub1 is as-
sociated preferentially with transcribed genes and its levels corre-
late positively with their expression rates (Minsky et al. 2008),
transient knockdown of RNF20 affects only a relatively small
fraction of the transcriptome (Shema et al. 2008). Other studies
showed that while affecting only marginally steady-state tran-
scription, H2Bub1 depletion has a more pronounced impact on
inducible transcriptional programs triggered in response to various
cues (Fuchs et al. 2012; Karpiuk et al. 2012; Weiner et al. 2012).
Moreover, H2Bubl is preferentially required for transcriptional
induction of relatively long genes in response to retinoic acid
(Fuchs et al. 2012), in agreement with an in vitro study implicating
a positive role for H2Bub1 in transcription elongation (Pavri et al.
2006).

Chromatin immunoprecipitation experiments coupled with
high-throughput sequencing (ChIP-seq), using H2Bubl-specific
antibodies, revealed a nonrandom distribution of H2Bub1 within
active gene bodies. While one study reported that H2Bub1 is sig-
nificantly reduced following the first internal exon (Huff et al. 2010),
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another study concluded that H2Bubl is selectively enriched at
exon-intron borders and proposed that this enrichment regulates
the splicing of a subset of exons (Jung et al. 2012).

In addition to H2Bub1, the gene body of active genes is mostly
decorated with histone H3 trimethylation on lysine 36 (H3K36me3)
and with di- and trimethylation on lysine 79 (H3K79me2/3) (Barski
etal. 2007; Wang et al. 2008; Huff et al. 2010). Moreover, H2Bub1 is
proposed to stimulate H3K79me2/3 by histone crosstalk (Briggs
et al. 2002; Ng et al. 2002; Lee et al. 2007). While the kinetic prop-
erties of H3K36me3 during transcription elongation have been
studied (Wada et al. 2009; de Almeida et al. 2011), a comparative
kinetic analysis of all three chromatin marks is still lacking.

Here we combine high-resolution ChIP-seq analysis of
H2Bub1 and in vivo kinetic monitoring of transcription machin-
ery progress to show that H2B is rapidly and reversibly mono-
ubiquitylated cotranscriptionally during transcription elongation,
while H3K36me3 and H3K79me2 are less dynamic and do not
represent active transcription in a similar temporal resolution and
accuracy as H2Bub1. The dynamic nature of H2Bubl1 is reflected by
its unique distribution within transcribed gene bodies. We further
find that H2Bubl1 is enriched in introns and selectively reduced in
exons, and that H2Bub1 levels decrease toward the 3’ end of genes.
Exonic H2Bub1 reduction correlates with accumulation of RNA
polymerase II (Pol II), suggesting that H2Bub1 levels within gene
bodies reflect changes in Pol II elongation rates that are probably
associated with cotranscriptional splicing. In support of this no-
tion, we find a significant correlation between H2Bub1 levels and
experimentally measured transcription elongation rates. These
results further elucidate the role of histone modifications within
gene bodies and highlight H2Bub1’s unique dynamic relationship
with transcription elongation as compared to H3K36me3 and
H3K79me2. Specifically, although H3K36me3 and H3K79me2 are
positively correlated with transcription, our results suggest that
they may not have an inherent role in the dynamic transcriptional
elongation process. In contrast, the cotranscriptional ubiqui-
tylation of histone H2B suggests that it may be more intimately
involved in ongoing nucleosome turnover in the wake of Pol II.

Results

H2Bubl is enriched in transcribed regions but depleted
in exons, with stepwise drops between introns

To investigate in detail the genomic distribution of H2Bubl,
ChIP-seq analysis of NTera2 (NT2) human embryonic carcinoma
cells was performed with antibodies against H2Bub1 and non-
modified H2B. In agreement with earlier findings (Minsky et al.
2008; Shema et al. 2008), we found that H2Bub1 is ubiquitously
localized within gene bodies and depleted upstream of the tran-
scription start sites (TSSs) (Supplemental Fig. S1A). Moreover, the
levels of H2Bubl as well as the relative levels of H2Bubl nor-
malized to H2B (H2Bub1/H2B) increase from the TSS into the 5’
part of the transcribed region and then gradually decrease toward
the 3’ end (Fig. 1A; Supplemental Fig. S1A). In addition, a clear
correlation between H2Bub1/H2B ratio and gene expression level
was observed (Fig. 1A). In order to better characterize the distri-
bution of H2Bub1 within genes, the H2Bub1/H2B ratios in vari-
ous elements of all genes were determined and then compared to
their expected levels if one corrects for each element’s genomic
size (Fig. 1B; Methods). As can be seen in Figure 1B, H2Bub1/H2B
is significantly enriched in introns (x* test, P-value < 10~°) and
depleted in promoters (P-value < 107%), 5’ UTRs (P-value = 0.03),

exons (P-value = 0.007), and translation stop codon regions
(P-value < 107°).

Given the strong relative enrichment of H2Bub1 within in-
trons and in the S5’ parts of genes, we compared the average
H2Bub1/H2B ratios in the first three introns of all expressed genes
(Fig. 1C). Surprisingly, although overall H2Bub1/H2B values de-
crease gradually toward the 3’ end of genes (Fig. 1A) and between
introns (Fig. 1C), they remain relatively steady throughout a given
intron, even though average introns are ~4000 bp long and much
larger than the average exon, which is only 147 bp long (Gelfman
et al. 2012). Notably, H2Bub1/H2B ratios in the first intron were
higher in longer introns (Supplemental Fig. S1B). Given the steady
H2Bub1/H2B values within introns and the overall decrease of
H2Bub1/H2B along genes, we speculated that H2Bub1 decreases
specifically at intron-exon borders. We therefore analyzed relative
H2Bubl levels within the first three exons of all expressed genes
and the 250 bp surrounding them; alternative exons were omitted
from the analysis. Exons bind nucleosomes preferentially when
compared to introns (Schwartz et al. 2009; Tilgner et al. 2009), but
normalization of the H2Bub1 signal to that of H2B cancels any
exonic chromatin positioning bias. As expected from the total
increase of H2Bub1/H2B near the 5’ end of genes, the relative
H2Bub1 signal increased after the first exon, relative to the pro-
moter region preceding it (Supplemental Fig. S1C). In contrast, for
both the second and third exons, the average normalized H2Bub1
signal was lower after the exon than before it (Supplemental Fig.
S1C). In addition, a marked reduction in H2Bub1 was indeed ob-
served within the second and third exons compared with their
flanking introns (Supplemental Fig. S1C). Thus, with the excep-
tion of the first exon, H2Bub1 levels are relatively low in exons and
drop in a stepwise manner after exons.

To examine whether the drop in H2Bub1 between consecu-
tive introns and its relative reduction in exons are not merely the
result of sequence content biases between exons and introns, we
compared the H2Bubl pattern in functional (spliced) exons of
expressed genes to that of two other data sets. The first data set
includes 36,135 exonic composition regions (ECRs), exon-sized
regions within introns of expressed genes possessing sequence
content similar to that of exons but not actually serving as exons
(Spies et al. 2009). The second includes 134,935 pseudo exons,
defined as intronic regions of expressed genes with a length dis-
tribution similar to that of exons, flanked by relatively strong
splicing signals (Ke et al. 2011). The results of this analysis (Fig. 1D)
clearly indicate that the H2Bub1 signal drops between consecutive
introns and that the reduction within exons is specific to func-
tional exons, as it is not exhibited at ECRs or pseudo exons.
Furthermore, similar results were observed in HCT116 cells (Sup-
plemental Fig. S1D; data from Zhang et al. 2013), confirming that
this is a global phenomenon. Given the reduced exonic H2Bub1
levels as well as the signal drops between consecutive introns, we
speculated that the overall reduction in H2Bub1 toward the 3’ end
of genes would be more pronounced in genes with a higher
number of exons. Indeed, as shown in Supplemental Figure S1E,
this was found to be the case. To ensure that this is not due to gene
length rather than to number of exons, the first 10 kb of all
expressed multiexonic genes longer than 20 kb was examined (Fig.
1E). Again, H2Bub1 decreased more strongly in genes with more
exons within their first 10 kb. Altogether, we find that H2Bub1
levels in expressed genes decrease toward their 3’ end in a manner
that is positively correlated with the presence of exons, while the
exons themselves exhibit low H2Bubl levels compared to their
flanking introns (for specific examples, see Fig. 1F).
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Figure 1. H2Bubl is preferentially localized in transcribed regions and is reduced in exons. (A) Mean H2Bub1/H2B ratios—deduced from ChlIP-seq in
NT2 cells (y-axis)—of genes grouped according to their expression level. Gene bodies were scaled to fit in 100 equally sized bins from their transcription
start site (TSS) to their 3’ end (x-axis). A moving average of five was applied. (B, left) Pie chart depicting the fraction of H2Bub1/H2B peaks (Methods) in
each of six gene segments ([UTR] untranslated region; [stop] translation stop codon). (Right) Relative enrichment of H2Bub1/H2B peaks across the gene
segments corrected for their genomic size. (*) X test P-value < 0.05; (**) P-value < 107°. (C) Mean H2Bub1/H2B ratio in NT2 cells (y-axis) of first, second,
and third introns of expressed genes (gray, blue, and purple, respectively). Introns were scaled to fit in 100 equally sized bins (x-axis). A moving average of
20 was applied. (D) Mean H2Bub1/H2B ratio in NT2 cells (y-axis) of internal exons (exon), exonic composition regions (ECRs), and pseudo exons (pseudo;
red, blue and gray, respectively) in expressed genes. Seventy-five base pairs from each region end and the 250 bp adjacent to them were plotted (x-axis). A
moving average of 20 was applied. (E) Mean H2Bub1/H2B ratio in NT2 cells (y-axis) of multiexonic expressed genes longer than 20 kb, grouped according
to the number of exons in their first 10 kb; 1.1 kb upstream of the TSS to 10 kb downstream from it was plotted (x-axis). A moving average of 700 was
applied. (F) Distribution of H2Bub1 ChIP-seq reads along the CSDET and LPHNZ2 genes (y-axis). Gene architecture is shown for each gene from start to end
(x-axis), with thick lines corresponding to exons and thin lines corresponding to introns. (a.u.) Arbitrary units.

Exonic H2Bubl levels are independent of splicing

The observed correlation between H2Bub1 and transcription level,
as well as the unique H2Bub1 distribution at exon—-intron borders,
raised the possibility that this might reflect either gene body Pol II
dynamics (Braunschweig et al. 2013; Kornblihtt et al. 2013; Kwak
et al. 2013) or an effect of splicing on H2Bubl1 levels. To assess

whether the low exonic H2Bub1 levels are dictated by the splicing
program, we employed siRNA-mediated knockdown of the poly-
pyrimidine tract-binding proteins PTBP1 (also known as PTB) and
PTBP2 (also known as nPTB) in order to alter the inclusion level of
specific alternative exons in HeLa cells. As reported (Llorian et al.
2010), knockdown of PTBP1 and PTBP2 resulted in significant
exclusion of OSBPLY exon 9 and higher inclusion of WNK1 exon
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°’),;‘6 °’7<;’f6 °’7 ‘{f ‘)‘&s strongly in longer genes (see Fig. 1).

WNK1 mRNA 1.4 WNK1 H2Bub1/H2B Global H2Bubl levels are tightly
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5 6 8 1 elongation
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g g 0'4 H2Bub1 and transcription, the effect of the
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- 02 1-B-D-ribofuranosylbenzimidazole (DRB)
Exon10  Exon 19 0 q,o o o on global H2Bubl levels was examined
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4’6 \’o/ %% tion to active elongation, Pol II molecules
already engaged in active elongation are
30 DPF2 mRNA 12 DPF2 H2Bub1/H28 not ir?hibi%eg by it (Singh an%i Padgett
E 25 E 1 2009). As a result, DRB has a cumulative
= 20 =08 inhibitory impact on transcriptional
E 15 E 0.6 I output during early times of treatment.
E 10 g 04 Indeed, exposure of HeLa cells to DRB
? 5 “ 0.2 decreased global H2Bub1 levels in a time-
- 0 dependent manner (Fig. 3A). In contrast,
Exon 7 Exon 9 6}0 H3K36me3 and H3K79me2 were un-
(alt.) (const.) /,,( )x N /’o:)~ affected within this relatively short time
A *6 "o,) o?fé frame (Fig. 3A). Furthermore, restoration
4 of transcription upon removal of DRB
Figure 2. Exonic H2Bub1 levels are splicing independent. (A) Hela cells were transfected with siRNA  after 3 h resulted in a relatively rapid

oligonucleotides (SMARTpool) directed against PTBP1 and PTBP2 (siPTPB) or against lacZ (siLacZ) as
a control and 72 h later were analyzed by qRT-PCR with primers corresponding to the indicated exons.
All values were normalized to GAPDH in the same sample and represent averages from duplicate gPCR
reactions. Error bars, SD. Similar results were obtained in three independent experiments. (B) Cells were
treated as in panel A and subjected to ChIP analysis with antibodies specific for H2B and H2BubT.
Immunoprecipitated DNA was quantified by qPCR with primers specific for the indicated regions. Bars
indicate H2Bub1 ChIP readings normalized to H2B and represent averages from four experiments.
H2Bub1/H2B ratios in siPTBP samples were normalized to siLacZ samples, which were defined as 1.0.

10 and DPF2 exon 7 (Fig. 2A). Adjacent constitutive exons from the
same genes showed no significant change in inclusion level upon
siRNA treatment, confirming that these exons were affected spe-
cifically (Fig. 2A). Remarkably, despite the substantial changes in
specific exon inclusion, no significant change in relative H2Bub1
levels within the affected exons or their surrounding introns was
observed (Fig. 2B). Hence, exonic H2Bub1 patterns are not dictated
by the selective activity of the splicing machinery.

H3K36me3 is localized in the transcribed region of genes, in
positive correlation with their expression levels (Barski et al. 2007;
Wang et al. 2008), and preferentially marks exons (Kolasinska-
Zwierz et al. 2009; Schwartz et al. 2009; Tilgner et al. 2009).
H3K36me3 levels are greatly enhanced by splicing, and intronless
genes exhibit significantly less H3K36me3 relative to intron-con-
taining genes (de Almeida et al. 2011). Indeed, comparison of ChIP-
seq signals in NT2 cells across intronless versus intron-containing
genes up to 5 kb long, divided into three gene expression bins

recovery of H2Bub1l, while H3K36me3
and H3K79m?2 did not change (Fig. 3B).
Hence, global H2Bubl levels mirror
active Pol II transcription elongation
more closely than H3K36me3 and
H3K79me2.

H2B is monoubiquitylated cotranscriptionally

To obtain further insights into the coupling between H2Bub1 and
active transcription, the dynamics of monoubiquitylation during
real-time progression of the transcription machinery was moni-
tored. Previously, DRB was employed in order to track the progress
of Pol II by measuring the emergence of pre-mRNA from different
regions of long genes (Singh and Padgett 2009). To track the
progress of H2Bub1 during transcription elongation, we employed
a similar approach in combination with H2Bub1 ChIP. HeLa cells
were treated for 3 h with DRB and harvested at 10- or 15-min in-
tervals after DRB removal to measure pre-mRNA and H2Bubl
levels. As can be seen from the pre-mRNA analysis in Figure 3C,
transcription of a proximal region located 1 kb downstream from
the TSS of the TTC17 gene resumed fully within 10 min after DRB
removal. In contrast, transcription of a distal region of the same
gene, located 92 kb downstream from the TSS, recovered only 30-
40 min after drug release, consistent with the genomic distance
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Figure 3. H2B is monoubiquitylated cotranscriptionally. (A) Hela cells were treated with 100 .M DRB for the indicated times, and cell extracts were
subjected to Western blot analysis with the indicated antibodies. (B) HelLa cells were either not treated (no DRB) or treated with 100 uM DRB for 3 h, and
harvested at the indicated time points after DRB removal. Cell extracts were subjected to Western blot analysis with the indicated antibodies. (C) qRT-PCR
analysis of TTC17 pre-mRNA in Hela cells in proximal (1 kb downstream from the TSS) and distal (92 kb downstream from the TSS) regions of the gene,
following 3 h of 100 wM DRB treatment (DRB) and at the indicated time points after DRB removal. All values were normalized to 16S rRNA in the same
sample. (D-F) Treatment as in C, but cells were subjected to ChIP analysis with antibodies against H2Bub1 (D), H3K36me3 (E), and H3K79me2 (F). Bars
indicate ChIP readings normalized to input in the same treatment and represent averages from duplicate qPCR reactions; error bars, SD. Similar results

were obtained in four independent experiments.

between the two regions. Notably, H2Bub1 levels at the same sites
mirrored almost precisely the accumulation of the pre-mRNA (Fig.
3D). Similar results were observed for additional genes, regardless
of whether H2Bub1 was normalized to input or to nonmodified
H2B (Supplemental Fig. S3A-C; data not shown), as well as in NT2
cells (Supplemental Fig. S3D). Consistent with the coupling be-
tween H2Bub1 and Pol II progression, slowing down the elonga-
tion rate by placing the cells at 32°C resulted in a similar reduction
in the spreading kinetics of H2Bub1 (Supplemental Fig. S4A,B).
Hence, H2Bub1 is highly coupled to the transcription elongation
process, concurring with the progress of Pol II.

H3K36me3 is widely regarded as a mark of active elongation.
However, most of the studies examine H3K36me3 levels under
steady-state conditions, and the few studies that did test the dy-
namic behavior of H3K36me3 reached contradicting conclusions
(Edmunds et al. 2008; Wada et al. 2009; de Almeida et al. 2011; Le
Martelot et al. 2012; Yu et al. 2013). Thus, we examined the dy-
namics of H3K36me3 during transcription elongation using the
same assay as above. In agreement with the DRB nonresponsiveness
of global H3K36me3 during relatively short time scales (Fig. 3A,B),
the distribution of H3K36me3 on TTCI17 and additional genes
barely changed after 3 h of DRB treatment or within 1 h after DRB
removal (Fig. 3E; data not shown).

Similarly to H3K36me3, H3K79me2/3 is also positively cor-
related with gene expression and is employed as a marker of active
elongation (Guttman et al. 2009). Studies in yeast and mammals
suggested that H2Bubl is a prerequisite for H3K79me2/3 (Briggs
et al. 2002; Ng et al. 2002; Sun and Allis 2002). To further explore
the coupling between H2Bub1 and H3K79me2/3 and assess the
dynamic behavior of H3K79me2/3 during transcription elonga-
tion, H3K79me2 ChIP was performed as above. As seen in Figure
3F, unlike the dynamic nature of H2Bub1, H3K79me2 was much
more stable and not influenced significantly by DRB treatment or
its removal. Overall, these findings imply that elongation-related
H3 methylations are much more persistent and less dynamic than
H2Bubl. Thus, while H2Bub1 reflects the transcription elongation
status at a minute-scale resolution, those other histone modifica-
tions do not.

Surprisingly, in addition to its dynamic behavior within
transcribed gene bodies, H2Bub1 displayed a similar behavior also
at random intergenic regions located at least 25 kb away from the
nearest gene (Supplemental Fig. S5), decreasing significantly after
3 h of DRB treatment and increasing again within 15 min after DRB
removal. It is likely that the presence of H2Bubl at intergenic
regions reflects pervasive transcription at those regions, implying
that intergenic transcription is regulated in a similar manner to
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that of typical Pol II-dependent genes. In addition, in some genes
H2Bub1 increased mildly at distal regions of long genes within
minutes after DRB removal, well before the expected arrival of
Pol II to these regions (Fig. 3D; Supplemental Figs. S3B,C), sug-
gesting that pervasive transcription might initiate anywhere in the
genome, including within gene bodies of active genes.

Gene body H2Bubl dynamics in response to EGF mirror
transcriptional induction

To study the dynamic behavior of H2Bubl, H3K36me3, and
H3K79me2 in a biologically relevant context, we examined the
relationship between transcription and these three modifications
in HeLa cells exposed to epidermal growth factor (EGF). Levels of
pre-mRNA, H2Bub1l, H3K36me3, and H3K79me2 in the gene
body of the early response genes EGR1 and JUN (Amit et al. 2007)
were monitored at different time points. In agreement with the
dynamic nature of H2Bubl in response to DRB, EGF caused
a transient increase in H2Bub1 within the transcribed region of
EGR1, mirroring a transient surge in EGR1 pre-mRNA 30 min after
treatment (Fig. 4A,B). Subsequently, both EGR1 pre-mRNA and
H2Bub]1 rapidly returned to basal levels. In contrast, consistent
with an earlier report (Edmunds et al. 2008), H3K36me3 increased
within 30 min of EGF treatment but remained high also at later
times, when transcription had already been turned off (Fig. 4B,
60 and 120 min). H3K79me2 remained unchanged throughout
that period (Fig. 4B). Furthermore, whereas both JUN pre-mRNA
and H2Bub1 increased markedly 30 min after EGF treatment and

remained high at 120 min, neither H3K36me3 nor H3K79me2
exhibited a comparable increase (Fig. 4C,D). Thus, H2Bub1 levels
reflect transient transcriptional induction more accurately than
H3K36me3 and H3K79me2.

H2Bubl levels are significantly correlated with genome-wide
elongation rates in multiple cell lines

Given the high concordance between H2Bub1 and transcription
elongation, we wished to examine more directly the correlation
between Pol II elongation rates and H2Bub1 levels at a genome-
wide scale. To that end, we employed the recently described
4sUDRB-seq method (Fuchs et al. 2014). Specifically, we exam-
ined the correlation between elongation rates determined by
4sUDRB-seq in epithelial HeLa cells and H2Bubl levels de-
termined by H2Bub1 ChIP-seq in epithelial HCT116 cells as well
as in NT2 cells. As seen in Figure 5A, a significant correlation was
found between elongation rates and genome-wide H2Bub1 oc-
cupancy in both cell lines. H2Bub1 was significantly higher in
genes of the fast elongation rate quartile of both HCT116 and NT2
cells (Student’s t-test, P-values = 6.45 X 107!¢ and 1.23 x 107 '2,
respectively), relative to the slow elongation rate quartile (Fig.
5B). Of note, H2Bub1 levels in both HCT116 and NT2 cells cor-
related better with HeLa cell transcription elongation rates
(Pearson, R =0.33 and R = 0.3, respectively) than with HeLa gene
expression levels (Pearson, R = 0.22 and R = 0.18, respectively).
Likewise, the correlation between H2Bub1 levels in HCT116 and
NT2 cells and transcription initiation rates in HeLa cells, mea-
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Figure4. Gene body H2Bub1 dynamics in response to EGF mirror transcription patterns. (A) Hela cells were serum starved for 16 h and then stimulated
with EGF (20 ng/mL) for the indicated periods. EGR1 pre-mRNA was quantified by qRT-PCR. All values were normalized to GAPDH pre-mRNA in the same
sample. Bars indicate averages from duplicate gPCR reactions; error bars, SD. Similar data were obtained in three independent experiments. (B) Treatment
as in A, but cells were subjected to ChlP analysis with antibodies against H2Bub1, H3K36me3, and H3K79me2. Immunoprecipitated DNA was quantified
by qPCR with primers specific for the 5'-transcribed region of EGR1. Bars indicate ChIP readings normalized to H2B or H3 in the same treatment and
represent averages from duplicate qPCR reactions; error bars, SD. Similar results were obtained in three independent experiments. (C) Asin A, but JUN pre-
mRNA was measured. (D) As in B, but primers specific for the 3’ transcribed region of JUN were used.
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Figure 5. Genome-wide correlation between H2Bub1 levels and elon-
gation rates. (A) Genome-wide transcription elongation rates were de-
termined in Hela cells by DRB4sU-seq (Fuchs et al. 2014) . Genes longer than
25 kb were ranked according to elongation rate and binned in four equally
sized groups (from fastest to slowest: turquoise, red, green, and blue). Mean
H2Bub1 ChlP-seq values for the first 20 kb downstream from the TSS in either
HCT116 colorectal cancer cells (left) or NT2 cells (right) were plotted for each
group. Data were smoothed using cubic spline with parameter 0.001. R
denotes the Pearson correlation coefficient between elongation rates and
H2Bub1 occupancy. (B) Mean H2Bub1 levels within genes included in the
top 25% (“Fast”) or the bottom 25% (“Slow”) elongation rate gene groups,
defined as in A. Mean H2Bub1 levels are significantly higher in Fast genes
(Student’s t-test; P-values = 6.45 x 10~ "% and 1.23 x 1072 for HCT116
and NT2 cells, respectively).

sured by 4sUDRB-seq (Fuchs et al. 2014), was also weaker
(Pearson, R =0.19 and R = 0.17, respectively).

A method essentially similar to 4sUDRB-seq (BruDRB-seq) has
recently been employed to determine elongation rates in five dif-
ferent cell lines (Veloso et al. 2014). Of note, elongation rates of in-
dividual genes are well conserved across cell lines (Veloso et al. 2014).
Reassuringly, we found that H2Bub1 levels correlate significantly
with elongation rates in all these lines as well (Supplemental Fig. S6A)

Exons with low H2Bubl levels are characterized by high Pol Il
occupancy

The significant correlation between H2Bubl and transcription
elongation rates raised the possibility that the uneven distribution
of H2Bub1 within exons and at intron-exon borders might relate
to differential Pol II dynamics in those regions. Pol II has been
shown to pause or slow down upstream of exons, presumably
underlying a regulatory effect of elongation rate on cotranscrip-
tional splicing (de la Mata et al. 2003; Schor et al. 2009, 2013; Ip
et al. 2011; Luco et al. 2011; Kwak et al. 2013). We therefore ex-

amined the ChIP-seq signal of transcriptionally engaged elongat-
ing (Ser2P) Pol IT in HCT116 cells (data from Maunakea et al. 2013)
at exons of expressed genes and their surrounding intronic re-
gions. To avoid bias due to promoter proximity, all first exons were
omitted from the analysis. While exonic composition regions
(ECRs) and pseudo exons exhibited no Ser2P-Pol Il enrichment, we
found that Ser2P-Pol II levels increase upstream of exon 5’ ends
and decrease toward their 3’ ends (Fig. 6A). In agreement with
previous findings (Kwak et al. 2013; Maunakea et al. 2013), this
implies that a global reduction in Pol II elongation rate occurs
specifically upstream of functional exons. To determine whether
this is also associated with a corresponding H2Bub1 pattern, we
next compared two exon groups differing in their H2Bub1 distri-
bution (Fig. 6B): 6649 exons with markedly reduced H2Bub1 rel-
ative to their surroundings, defined by differential intron-exon
H2Bubl levels, and 5309 exons not displaying such H2Bubl re-
duction (red and blue boxes, respectively). Notably, exons with
reduced H2Bub1 levels exhibited greater Ser2P-Pol II occupancy at
their 5’ ends compared with exons without local H2Bub1 reduction
(Student’s t-test, P-value < 6 X 107 %) (Fig. 6C), suggesting that re-
duced exonic H2Bub1 is coupled with reduced Pol II elongation rate.
To better assess the correlation between H2Bub1 reduction and Pol II
occupancy, we calculated the difference for both Ser2P-Pol II and
H2Bubl1 levels in exons relative to their flanking introns and ob-
served a positive correlation between the extent of exonic H2Bub1
reduction and the degree of Ser2P-Pol II exonic enrichment (Fig. 6D).
A similar correlation was also found upon analysis of ChIP-seq data
(The ENCODE Project Consortium 2012) generated with a total Pol II
antibody, which recognizes the large subunit, POLR2A (Supple-
mental Fig. S7). Thus, our results support the notion that H2Bub1
reduction is correlated with Pol II pausing rather than with Ser2
phosphorylation state. Together, our findings further support the
relationship between Pol II kinetic changes and intron-exon struc-
ture and demonstrate that the distribution of H2Bub1 within active
genes represents the corresponding Pol II changes in elongation rate.

Discussion

In this study, we provide insight into the unique distribution of
H2Bub1 within gene bodies. We show that, in contrast to H3K36me3
and H3K79me2, H2Bub1 is regulated in a highly dynamic manner
and is tightly coupled with local transcription elongation rates,
which often vary between exons and introns. This is schematically
depicted in Figure 7.

The differential distribution of H2Bub1 within gene bodies
with regard to exon-intron architecture was addressed in two
previous studies. Huff et al. (2010) showed that H2Bub1 levels
decrease following the first internal exon, while Jung et al. (2012)
reported that H2Bub1 is mainly enriched at exon borders. Our
analysis of H2Bub1 distribution in NT2 and HCT116 cells agrees
with the reported reduction in H2Bub1 after the first internal exon
but extends this notion by showing that exons downstream from
the first internal exon are associated with stepwise drops in
H2Bubl. Indeed, genes with abundant exons exhibit a stronger
reduction in H2Bub1 toward their 3’ end (Fig. 1E; Supplemental
Fig. S1E). Furthermore, this unique H2Bub1 pattern is highly re-
flective of transcription elongation dynamics. In contrast, we
could not fully recapitulate the accumulation of H2Bub1 at exon-
intron borders reported by Jung et al. (2012). By normalizing the
H2Bub1 signal for H2B occupancy, thus canceling differential
chromatin positioning biases at exons compared to introns
(Schwartz et al. 2009; Tilgner et al. 2009), we find that H2Bub1 is not
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(Kolasinska-Zwierz et al. 2009; Schwartz
et al. 2009; Tilgner et al. 2009). In ad-
dition, H3K36me3 distribution has been
shown to be determined by pre-mRNA
splicing (Kim et al. 2011). In agreement,
genome-wide H3K36me3 levels correlate
with gene expression only in intron-
containing genes (Supplemental Fig. S2;
de Almeida et al. 2011), while H2Bub1
reflects transcriptional activity regardless
of introns.

Interestingly, we observed a strong
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accumulated at exon—intron borders but rather is reduced in exons.
We also note that Jung et al. (2012) examined H2Bub1 levels at 600-
bp-long exonic regions aligned to both exon ends. However, the
average human exon is only 147 bp long, and this has been con-
served throughout evolution (Gelfman et al. 2012). Hence, we be-
lieve that monitoring the normalized H2Bub1 signal at 75-bp-long
exonic regions aligned to both exon ends, as done here, provides
a more accurate picture of the distribution of H2Bub1 within exons.

The observation that H2Bubl1 is reduced in the majority of
exons might imply that H2Bubl1 is affected by the splicing process.
However, altering the splicing pattern of specific exons by de-
pletion of the alternative splicing factors PTBP1 and PTBP2 did not
affect the level or distribution of H2Bub1 at these exons or their
flanking introns. Thus, H2Bub1 levels are not determined by pre-
mRNA splicing. Like H2Bub1, the distribution of H3K36me3 is also

Low exonic
H2Bubl
reduction

©70.07-1.88 1.89-3.76 3.77-26.01
Intron-exon H2Bub1 difference

Figure 6. Exons with low H2Bub1 levels are characterized by high Ser2P-Pol Il occupancy. (A) Mean
Ser2P-Pol Il ChIP-seq levels in HCT116 cells (y-axis) of internal exons (exon), exonic composition regions
(ECR), and pseudo exons (pseudo; red, blue, and gray, respectively) in expressed genes. Seventy-five
base pairs from each region end and the adjacent 250 bp were plotted (x-axis). (B) Box plot representing
the distribution of intron—exon differential H2Bub1 values (intron—exon H2Bub1 difference), based on
75 bp of the exon and the first 250 bp of the adjacent intron, of exon groups in HCT116 cells without
(n =5309) and with (n = 6649) reduced H2Bub1 levels (blue and red, respectively). Thick black line
indicates the median value of each group. Boxes enclose values between the first and third quartile. (C)
Mean Ser2P-Pol Il ChIP-seq levels in HCT116 cells (y-axis) of the same exon groups as in B 75 bp from
each exon end and the adjacent 250 bp were plotted (x-axis). (D) Mean Ser2P-Pol Il exonic enrichment
(y-axis; denoted by mean exon-intron differential Ser2P-Pol Il values) in HCT116 cells plotted against

correlation between Ser2P-Pol accumula-
tion at the 5’ ends of functional exons and
H2Bub1 reduction at these sites. The neg-
ative relationship between H2Bub1l and
Pol I accumulation, as well as the strong
coupling between H2Bub1 and ongoing
transcription elongation, suggest that
H2Bubl patterns are determined mainly
by Pol II elongation kinetics. In other
words, the low levels of H2Bub1 at exons
may be a result of low elongation rates
and transient arrest of Pol II at exons,
which in some cases might result in dis-
sociation of Pol II from the chromatin.
Conceivably, the dependence could be in
the opposite direction; namely, H2Bub1
levels might affect the elongation rate or
processivity of Pol Il rather than the other
way round. However, since inhibition of
Pol II elongation by DRB strongly affects
global H2Bub1 levels (this study), whereas
depletion of H2Bub1 alters the expression
of only a minority of genes (Shema et al.
2008), we favor the option that the global
pattern of H2Bubl is dictated by Pol II
elongation and not vice versa; whereas the
opposite relationship—namely, regulation
of transcription by H2Bubl—depends on
different, gene-specific mechanisms that
pertain only to a limited subset of genes.
Similar to H2Bub1, we and others recently
showed that H3K79me2 levels are also
correlated with elongation rates (Fuchs
et al. 2014; Jonkers et al. 2014; Veloso
etal. 2014). However, as shown here, H3K79 methylation is much
more stable than H2Bub1. Hence, the crosstalk with transcrip-
tional elongation is substantially more dynamic in the case of
H2Bub1 than that of H3K79me2.

Intriguingly, following DRB treatment, H2Bub1 levels were
significantly reduced at randomly chosen intergenic regions, in-
cluding heterochromatic regions. Thus, phosphorylation of Pol II at
both the intragenic and intergenic regions may be necessary for
nonregulated pervasive transcription. In agreement with this no-
tion, H2Bub1 was recently found to promote intergenic transcrip-
tion within centromeres (Sadeghi et al. 2014). However, although
we could detect H2Bubl1 in these regions, we could not detect any
corresponding RNA, leaving open the possibility that H2Bubl is
uncoupled from transcription in intergenic regions. In such case,
low levels of H2Bub1 might be present throughout the chromatin in
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Figure 7. Model depicting the coupling between H2Bub1 distribution within gene bodies and Pol Il elongation rate. H2Bub1 distribution is highly
coupled to Pol Il elongation within transcribed regions. While H3K36me3 and H3K79me2 do not mirror Pol Il kinetics at this time resolution, H2B is
monoubiquitylated as Pol Il progresses along the gene (A to B). Furthermore, Pol Il pausing or a slower elongation rate at exons compared to flanking

introns is coupled with lower H2BubT1 levels.

order to keep it relatively open or to endow it with other specific
structural features. Thus, the increase in H2Bub1 during differenti-
ation of embryonic and adult stem cells (Fuchs et al. 2012; Karpiuk
et al. 2012) may not necessarily be coupled with transcription but
rather may have a global role in modulating chromatin structure as
part of the differentiation program (Meshorer et al. 2006).

In sum, although H3K36me3 and H2Bubl are both localized in
gene bodies and their distribution is influenced by the presence of
exons and introns, we find significant discordance between these
two modifications. The highly dynamic spreading of H2Bubl is
consistent with former suggestions that H2B is monoubiquitylated
transiently during the disassembly and reassembly of the nucleo-
some in the wake of Pol II (Pavri et al. 2006; Fleming et al. 2008). In
contrast, the less dynamic behavior of H3 methylations may suggest
that they do not have a direct role in transcription elongation. Rather,
gene body H3 methylations may be involved in functions that do not
demand a highly dynamic behavior, such as marking genes that were
previously transcribed, suppressing histone exchange and cryptic
transcription (Venkatesh et al. 2012), or affecting alternative splicing
(Luco et al. 2010). Indeed, a recent study concluded that the presence
of H3K36me2/3 in the coding regions of Hox genes occurs in-
dependently of productive transcriptional elongation (Miyazaki et al.
2013). Thus, we propose that H2Bub1 should be employed as the
most reliable indicator of active transcriptional elongation.

Methods

Cell culture and transfection

All cells were maintained at 37°C. Ntera2/D1 cells were grown in RPMI
(Biological Industries) supplemented with 10% heat-inactivated

fetal bovine serum (FBS, Hyclone), 2 mM L-glutamine, 1 mM so-
dium pyruvate, 0.1 mM nonessential amino acid, and penicillin—
streptomycin antibiotics solution (all from Biological Industries).
Human cervical carcinoma HeLa cells were grown in DMEM with
10% bovine serum supplemented with antibiotics. SMARTpool
oligonucleotides for siRNA transfection were purchased from
Dharmacon. Transfections were carried out with Dharmafect 1
reagent according to the manufacturer’s protocol. All siRNA oligos
were used at a final concentration of 25 nM.

RNA purification and quantitative RT-PCR

For quantitative reverse transcription (RT)-PCR analysis, total RNA
was extracted with the miRNeasy kit’s procedure (Qiagen). Two
micrograms of each RNA sample was reverse transcribed with
Moloney murine leukemia virus reverse transcriptase (Promega)
and random hexamer primers (Applied Biosystems). Real-time PCR
was done in a StepOne real-time PCR instrument (Applied Bio-
systems) with SYBR Green PCR supermix (Invitrogen). Primers
used in this study are listed in Supplemental Table 1.

Antibodies

The following antibodies were used: anti-H2B (07-371, Millipore),
anti-GAPDH (MAB374, Millipore), anti-H3 (ab1791, Abcam), anti-
H3K36me3 (ab9050, Abcam), and anti-H3K79me2 (ab3594,
Abcam). Anti-H2Bub1 is described in Minsky et al. (2008).

ChIP and high-throughput sequencing

Cells were fixed by adding one-tenth volume of an 11% formal-
dehyde solution directly to the medium, for 10 min at room
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temperature. After fixation, cells were washed twice and harvested.
To extract chromatin, cells were resuspended in 1 mL of cell lysis
buffer (50 mM PIPES, 85 mM KCl, 0.5% NP-40); nuclei were pel-
leted by centrifugation and resuspended in 100 pL of nuclei lysis
buffer (50 mM Tris-HCI, 10 mM EDTA, 1% SDS). Next, samples
were diluted 1:4.5 in dilution buffer (0.01% SDS, 1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, 167 mM NacCl) and
subjected to 15 cycles of sonication (for NT2 cells) or 30 cycles
(for HeLa cells); each cycle included 30 sec of sonication and
30 sec of interval.

Sonicated chromatin was incubated overnight at 4°C with
a 50% slurry of protein A-Sepharose beads blocked with yeast
transfer RNA (Sigma, R8759) together with the appropriate antibody.
Immunoprecipitates were washed with dilution buffer and eluted
with 50 mM NaHCOs3, 1% SDS. DNase-free RNase and Proteinase K
were added to the immunoprecipitated chromatin to final concen-
trations of 50 ng/mL and 200 ng/mL, respectively, followed by in-
cubation for 3 h at 45°C. To complete reversal of crosslinks, samples
were incubated overnight at 65°C. DNA was purified using the
Qiagen PCR purification kit according to the manufacturer’s pro-
tocol and analyzed by qPCR.

High-throughput sequencing was performed with Illumina
Genome Analyzer IIx (GAIlx) sequencer on 20 ng of DNA from
H2Bub1 and H2B ChIP.

Bioinformatic analyses

All ChIP-seq data were aligned to the hg18 human genome assembly
using Bowtie (Langmead et al. 2009) while allowing for one mis-
match per read, and only uniquely mapped reads were used for
further processing. ChIP-seq peak enrichment and annotation
analyses were carried out using HOMER (Heinz et al. 2010). All other
analyses were carried out using a custom perl and R (R Development
Core Team 2014) pipeline. Briefly, gene and exon annotations were
derived from hg18 RefSeq gene annotations downloaded from the
UCSC Genome Browser (Rhead et al. 2010). Single-base-pair reso-
lution maps were constructed for each mapped ChIP-seq data set,
cast upon the examined genomic segments in each analysis, and
plotted with or without applying a moving average to smooth the
signal, as specified throughout the text. When scaled to fit a set size,
all examined genes or introns shorter than the set size were dis-
carded. All sequences were aligned to the plus strand. NT2 and
HCT116 gene expression data were derived from Fuchs et al. (2012)
and Zhang et al. (2013), respectively. Genes were considered
expressed if included in the two top bins of all gene expression
levels of a given cell line divided into three equally sized bins.
POLR2A ChIP-seq datain HCT116 generated with the 4H8 antibody
was derived from http://genome.ucsc.edu/ENCODE/ (GSM803474)
(The ENCODE Project Consortium 2012). Cluster 3.0 (http://bonsai.
hgc.jp/~mdehoon/software/cluster/software.htm) and Java TreeView
(Saldanha 2004) were used for the clustering and plotting of Supple-
mental Figure S1A. For the analysis presented in Figure 5B, peak call-
ing was performed using N.Yoder peak finder (mathworks.com); only
genes with at least one peak were selected.

Data access

The sequencing data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.
gov/geo/) under accession number GSE56279.
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