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Post-translational histone modifications play important roles in regulating chromatin structure and function.
Histone H2B ubiquitination and deubiquitination have been implicated in transcriptional regulation, but the
function of H2B deubiquitination is not well defined, particularly in higher eukaryotes. Here we report the
purification of ubiquitin-specific peptidase 49 (USP49) as a histone H2B-specific deubiquitinase and demonstrate
that H2B deubiquitination by USP49 is required for efficient cotranscriptional splicing of a large set of exons.
USP49 forms a complex with RuvB-like1 (RVB1) and SUG1 and specifically deubiquitinates histone H2B in vitro
and in vivo. USP49 knockdown results in small changes in gene expression but affects the abundance of >9000
isoforms. Exons down-regulated in USP49 knockdown cells show both elevated levels of alternative splicing and
a general decrease in splicing efficiency. Importantly, USP49 is relatively enriched at this set of exons. USP49
knockdown increased H2B ubiquitination (uH2B) levels at these exons as well as upstream 39 and downstream 59
intronic splicing elements. Change in H2B ubiquitination level, as modulated by USP49, regulates U1A and U2B
association with chromatin and binding to nascent pre-mRNA. Although H3 levels are relatively stable after
USP49 depletion, H2B levels at these exons are dramatically increased, suggesting that uH2B may enhance
nucleosome stability. Therefore, this study identifies USP49 as a histone H2B-specific deubiquitinase and
uncovers a critical role for H2B deubiquitination in cotranscriptional pre-mRNA processing events.
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Post-translational modification of the short C-terminal
and long N-terminal histone tails has emerged as a key
modulator of chromatin structure and function (Jenuwein
and Allis 2001; Kouzarides 2007). Histone ubiquitination,
which occurs primarily on histoneH2A andH2BC termini,
is a unique modification involving the addition of a bulky
ubiquitin moiety, which influences chromatin structure
directly and/or serves as a platform for the exclusion of
effector proteins (Wyce et al. 2007; Fleming et al. 2008;
Chandrasekharan et al. 2009). Unlike H2A ubiquitination
(uH2A), the evolutionarily conserved uH2B is enriched at

transcribed regions of the genome, and uH2B abundance
generally correlates with gene expression level (Minsky
et al. 2008; Batta et al. 2011; Schulze et al. 2011). Indeed,
H2B ubiquitination depends on active transcription and
requires activator-dependent recruitment of the Rad6/
Bre1 H2B ubiquitination machinery and the elongating
RNA polymerase II (RNAP II)-associated PAF complex
(Weake andWorkman 2008). During transcription, RNAP II
acts as a scaffold for the assembly of chromatin-modifying/
remodeling complexes and pre-mRNA processing factors,
facilitating transcription and cotranscriptional pre-mRNA
processing (Shukla and Oberdoerffer 2012). Emerging evi-
dence indicates that chromatin remodeling and histone
modifications may influence pre-mRNA processing by
regulating RNAP II elongation rate and splicing factor
recruitment (Allo et al. 2009; Schor et al. 2009; Carrillo
Oesterreich et al. 2011). uH2B is enriched at intron–exon
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junctions in budding yeast and mammalian cells (Shieh
et al. 2011; Jung et al. 2012), and uH2B was recently
shown to interact with Npl3, a yeast serine–arginine-rich
(SR)-like protein required for recruitment of core splicing
factors (Moehle et al. 2012). However, a direct role for
uH2B in pre-mRNA processing events has not been dem-
onstrated in mammals.
Ubiquitination of histone H2B is a dynamic process. Two

H2B deubiquitinases—Ubp8 and Ubp10—deubiquitinate
H2B in budding yeast, with Ubp8 specifically implicated
in transcription regulation (Henry et al. 2003; Daniel et al.
2004; Emre et al. 2005; Gardner et al. 2005). Drosophila
contains three putative H2B deubiquitinases: the Ubp8
and Ubp10 homologs Nonstop and Scrawny and the non-
homologous ubiquitin-specific peptidase 7 (USP7) protein
(van der Knaap et al. 2005; Weake et al. 2008; Buszczak
et al. 2009). The number of H2B deubiquitinases is fur-
ther expanded in mammals. USP3, USP12, USP22 (Ubp8
homolog), USP44, and USP46 are reported to have H2B
deubiquitination activity in mammals (Nicassio et al.
2007; Zhang et al. 2008; Zhao et al. 2008; Joo et al. 2011;
Fuchs et al. 2012). These H2B deubiquitinases may func-
tion in distinct chromatin domains, developmental stages,
and cell types. However, uH2Amay also be a substrate for
these deubiquitinases, complicating the interpretation of
their in vivo functions. It is currently not known whether
mammalian genomes contain H2B-specific deubiquiti-
nases. The evolutionarily driven expansion of the USP
family of deubiquitinases suggests that there may be as
yet undefined H2B deubiquitinases.
In light of these unanswered questions, we sought

to identify histone H2B deubiquitinases in human cells.
Using biochemical purification techniques, we identified
USP49 as a H2B-specific deubiquitinase. Functional char-
acterization revealed that USP49 specifically regulates
uH2B levels, and USP49 knockdown is associated with
genome-wide changes in cotranscriptional splicing. There-
fore, this study identifies USP49 as a novel H2B deubiqui-
tinase and reveals a previously unknown function for H2B
deubiquitination in pre-mRNA processing.

Results

Purification of USP49 as a putative histone H2B
deubiquitinase

To identify putative H2B deubiquitinases, we assayed
the deubiquitinase activity of HeLa cell nuclear proteins
using uH2B-containing nucleosome and histone sub-
strates (Joo et al. 2011). As shown in Figure 1A, nuclear
extract (NE) P11 0.3 M, 0.5 M, and 1.0 M fractions and
nuclear pellet (NP) DE52Ft and P11 0.3 M, 0.5 M, and
1.0 M fractions exhibit robust H2B deubiquitination ac-
tivities toward nucleosome substrates (Fig. 1A, bottom
panel, cf. lanes 3–6,8–10 and 1). We focused on the P11
NE0.5 fraction, as this fraction contains robust, nucleo-
some-specific deubiquitination activity (Fig. 1A, cf. top
and bottom panels). The NE P11 0.5 M H2B deubiquiti-
nation activity split into three peaks following DEAE-
5PW fractionation (Fig. 1C). While purification of the first

two peaks is ongoing, we purified the third peak through
four additional columns (Fig. 1B). In the final step, a
Superose 6 column separation, the H2B deubiquitination
activity correlated with several polypeptides on SDS-PAGE
(Fig. 1D, top two panels, candidate bands are marked
with red asterisks in the silver-stained panel). Due to the
limited amount of sample, we employedmass spectrome-
try to identify all polypeptides in these fractions. Mass
spectrometry analysis of the polypeptides in fraction #60
identified USP49, a zinc finger-containing C19 peptidase
family member (Fig. 1D, top panel, candidate band is
marked with a red arrow in the silver-stained gel, and
identified peptides are labeled on the right side of the gel),
which shares significant sequence similarity and domain
structure with other reported histone deubiquitinases
(Fig. 2A). Western blot analyses of fractions from the
DEAE-5PW, Superose 6, and other columns revealed that
USP49 consistently coelutes with uH2B deubiquitination
activity during purification (Fig. 1C [bottom panel], D
[bottom panels]; data not shown), suggesting that USP49 is
a histone H2B deubiquitinase.

USP49 interacts with RuvB-like1 (RVB1) and SUG1
and specifically deubiquitinates H2B in vitro

To confirm that USP49 has uH2B deubiquitination ac-
tivity, we purified recombinant USP49 from sf9 cells to
homogeneity by sequential anti-Flag and anti-Myc affin-
ity purification and tested the protein for deubiquitina-
tion activity (Fig. 2B, left panel). Baculovirus-expressed
USP49 failed to efficiently deubiquitinate uH2B in either
core histone or nucleosome form (Fig. 2C, middle and
bottom panels, cf. lanes 1,2 and 5,6). Surprisingly, USP49
deubiquitinates core histone but not nucleosomal uH2A
(Fig. 2D, second and fourth panels, cf. lanes 1,2 and 5,6).
This result suggested that USP49 may require interacting
proteins or specific regulatory post-translational modifi-
cations for uH2B-specific deubiquitination activity. Since
the mass spectrometry protocol used to identify USP49
was incompatible with the identification of post-trans-
lational modifications, we purified the USP49 complex
from a HeLa S3 cell line stably expressing Flag-HAUSP49
(Fig. 2B, middle panel). Mass spectrometry analysis of
USP49 immunoprecipitates identified RVB1 (Fig. 2B, mid-
dle panel, 52-kDa band; Supplemental Fig. S1) and 26S
proteasome regulatory subunit 5 (SUG1 or PMSC5)
(Fig. 2B, middle panel, 45-kDa band; Supplemental
Fig. S1) in addition to USP49 (Fig. 2B, middle panel,
72-kDa band; Supplemental Fig. S1). RVB1, an ATPase
and putative helicase, is an integral subunit of many
chromatin remodeling/modification complexes and is
proposed to mediate interactions between nucleosomes
and these chromatin remodelers (Jha and Dutta 2009).
SUG1 is an ATPase and a subunit of the 19S regulatory
particle. This protein has been shown to mediate the reg-
ulation of H3K4 and H3K79 methylation by uH2B in
budding yeast (Ezhkova and Tansey 2004). Western blot
assay confirmed that the anti-USP49 antibody, but not
control IgG, specifically immunoprecipitates RVB1 and
SUG1 from crude NEs (Supplemental Fig. S2, cf. lanes 2
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Figure 1. Purification of USP49 as a putative histone H2B deubiquitinase. (A) H2B deubiquitination assay with HeLa cell nuclear
proteins fractionated on DE52 and P11 columns. Numbers indicate the salt concentration (molar) for step elution. The top and bottom

panels use core histone and nucleosome as substrates, respectively. (B) Schematic representation of the steps used to purify the histone
H2B deubiquitinase. Numbers represent the salt concentrations (millimolar) at which the H2B deubiquitinase activity elutes from the
columns. (C) H2B deubiquitination assay (top panel) and Western blot analysis (bottom panel) of the fractions derived from the
DEAE5PW column. Antibodies are indicated at the left side of the panel. NE 0.5 M was used as positive control. BC50 was used as
negative control. (D) Silver staining of a polyacrylamide–SDS gel (top panel), H2B deubiquitination activity assay (second panel), and
Western blot analysis (bottom panel) of the fractions derived from the Superose 6 column. Candidate bands are labeled with red
asterisks. USP49 is also indicated by an arrow, and identified peptides are labeled on the right side of the top panel. The elution profile
of the protein markers is indicated at the top of the panel.
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Figure 2. USP49 interacts with RVB1 and SUG1 and specifically deubiquitinates uH2B in vitro. (A) Schematic representation of USP49,
USP44, USP3, USP16 (Ubp-M), and USP22 (Ubp-8). Positions of ZnF-UBP and UCH domains are shown. The cysteine residues
corresponding to the catalytic triad are also shown. Numbers represent the amino acid position. (B) Silver staining of a SDS-PAGE
containing USP49 purified from sf9 cells (left), the USP49 complex from the HeLa S3 stable cell line (middle), and the reconstituted wild-
type USP49 and C262A mutant USP49 complexes (right). The identities of each polypeptide are labeled. Peptides identified by mass
spectrometry analysis are included in Supplemental Figure S1. (C) H2B deubiquitination assay of USP49 and the USP49 complex. The top
panel shows the amount of USP49 used in the assay. Note: USP49 purified from sf9 cells migrated slower than USP49 purified from HeLa
stable cell lines on SDS-PAGE because two Myc tags were added to the USP49 C terminus. The middle panel shows assays with
nucleosomes as substrates, and the bottom panel shows assays with core histone as substrates. The NE 0.5 M fraction was used as
a positive control for nucleosomes, and the NE 0.3 M fraction was used as a positive control for core histone. BC50 was used as a negative
control. (D) H2A deubiquitination assay of USP49 and the USP49 complex. The top panel shows the amount of USP49 used in the assay.
The second and third panels show assays with nucleosomes as substrates, and the bottom two panels show assays with core histone as
substrates. The NE 0.5 M fraction was used as a positive control. BC50 was used as a negative control. (E) H2B deubiquitination assay of
reconstituted wild-type andmutant USP49 complex and the USP49 complex purified fromHeLa cells. The top panel shows the amount of
USP49 used in the assay. The middle panel shows assays with nucleosomes as substrates, and the bottom panel shows assays with core
histone as substrates. The NE 0.5 M fraction was used as a positive control for nucleosomes, and the NE 0.3 M fraction was used as
a positive control for core histone. BC50 was used as a negative control. (F) H2A deubiquitination assay of reconstituted wild-type and
mutant USP49 complex and the USP49 complex purified from HeLa cells. The top panel shows the amount of USP49 used in the assay.
The second and third panels show assays with nucleosomes as substrates, and the bottom two panels show assays with core histone as
substrates. The NE 0.5 M fraction was used as a positive control. BC50 was used as a negative control.
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and 3). To determine the substrate specificity of the
USP49 complex, we performed in vitro deubiquitination
assays with uH2B- or uH2A-containing histone or mono-
nucleosome substrates. We found that USP49, in complex
with RVB1 and SUG1, can efficiently deubiquitinate
uH2B-containing mononucleosomes (Fig. 2C, middle
panel, cf. lanes 3,4 and 5,6 [note that recombinant USP49
is triple-tagged, accounting for the slower migration]).
However, the USP49 complex displays no activity toward
histone uH2B, histone uH2A, or nucleosomal uH2A
(Fig. 2C [bottom panel, cf. lanes 3,4 and 5,6], D [second
and fourth panels, cf. lanes 3,4 and 5,6]). These results
suggest that RVB1 and SUG1 may regulate USP49’s enzy-
matic activity and/or substrate specificity. To confirm that
USP49 indeed forms a complex with SUG1 and RVB1
and deubiquitinates histone H2B, we reconstituted the
USP49–RVB1–SUG1 complex in sf9 cells. Both wild-
type and catalytically inactive C262A mutant USP49
can form complexes with SUG1 and RVB1 (Fig. 2B, right
panel). Importantly, complex reconstituted with wild-
type USP49 exhibits H2B deubiquitination activity and
substrate specificity similar to the USP49 complex puri-
fied from HeLa cells (Fig. 2E,F, second and fourth panels,
cf. lanes 4,5 and 3). In contrast, complex reconstituted
with USP49 C262A mutant does not have deubiquitina-
tion activities toward H2B and H2A in histone or nucle-
osome form (Fig. 2E,F, cf. lanes 6 and 3–5). This result
confirms USP49 as the catalytic subunit and RVB1 and
SUG1 as regulatory subunits of the USP49 complex.

USP49 mediates H2B deubiquitination in vivo

To determine whether USP49 deubiquitinates uH2B and/
or uH2A in vivo, we first investigated whether overex-
pression of USP49 affects histone ubiquitination. For
this purpose, we transfected expression vectors encoding
wild-type USP49 or the catalytically inactive USP49
C262A mutant into 293T cells (Fig. 3A). Overexpression
of wild-type but not C262A mutant USP49 resulted in
a significant reduction of uH2B levels (Fig. 3A, third
panel, cf. lanes 2,3 and 1). The reduction in histone
ubiquitination is specific for uH2B, as no change in H2A
ubiquitination levels was observed in cells expressing
either wild-type or mutant USP49 (Fig. 3A, fourth panel,
cf. lanes 2,3 and 1). To further determine the function of
USP49 in uH2B deubiquitination, we examined whether
knockdown of USP49 affects H2B ubiquitination levels.
As shown in Figure 3B, transfection of siRNA against
USP49 generated a dose-dependent decrease in USP49
protein levels (Fig. 3B, top two panels, cf. lanes 2,3 and 1).
Importantly, levels of uH2B were also increased in a dose-
dependent manner in these cells (Fig. 3B, third panel,
cf. lanes 2,3 and 1), while uH2A levels were unaffected
(Fig. 3B, fourth panel, cf. lanes 2,3 and 1). To ensure that
the increase in uH2B did not result from potential off-
target effects of siRNA, we established inducible USP49
knockdown HCT116 cell lines using different targeting
sequences. Doxycycline-induced USP49 knockdown led
to a dramatic reduction in USP49 protein levels (Supple-
mental Fig. S3, top panel, USP49 is marked with arrow,

and nonspecific bands are marked with asterisks) accom-
panied by a specific increase of H2B ubiquitination levels
(Supplemental Fig. S3, cf. third and fourth panels, cf. lanes
1,3 and 2,4). Importantly, the effect of USP49 knockdown
on H2B deubiquitination could be specifically rescued by
expression of wild-type but not C262A mutant USP49
(Fig. 3C, fourth panel, cf. lanes 3,4 and 1,2). Based on these
data, we conclude that the USP49 complex specifically
deubiquitinates histone H2B in vivo.

Figure 3. USP49 deubiquitinates uH2B in vivo. (A) Overex-
pression of wild-type but not C262A mutant USP49 reduces the
levels of uH2B in 293T cells. Western blot assay of cells trans-
fected with expression vectors as indicated at the top of the
panels. Antibodies used are indicated at the left side of the panels.
(B) Knockdown of USP49 results in an increase of the levels
of uH2B in 293T cells. Cells were transfected with siRNA as
indicated at the top of the panels and were subjected to Western
blot assay. Antibodies used are indicated at the left side of the
panels. (C) Expression of wild-type but not C262A mutant
USP49 restores histone uH2B levels induced by USP49 knock-
down. USP49-inducible knockdown cells were transfected with
wild-type and C262A mutant USP49 and subjected to Western
blot assay. USP49 is marked with an arrow, and nonspecific
bands are marked with asterisks. Antibodies used are indicated
at the left side of the panels.
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USP49 depletion affects cotranscriptional pre-mRNA
splicing

Since USP49 deubiquitinates uH2B, we investigated
whether USP49 regulates gene expression by performing
RNA sequencing (RNA-seq) experiments. We performed
a differential expression analysis and identified ;170
genes significantly (P = 0.05) up-regulated or down-
regulated in USP49 knockdown cells (Fig. 4A). Median
log2 fold change in the expression of these genes was
slightly negative, suggesting that USP49 may act as a
positive regulator of transcription (Fig. 4A). Interestingly,
we found that USP49 significantly regulated the differ-
ential expression of >9000 gene isoforms, suggesting that,
in addition to functions in transcriptional regulation,
USP49 may also regulate pre-mRNA splicing (Fig. 4A).
To determine whether USP49 affects splicing, we counted
the number of spliced tags indicative of exon inclusion
and exon skipping for each internal exon. Next, we
calculated the percentage of inclusive splicing events for
each internal exon in control and USP49 knockdown
cells (see the Materials and Methods). Intriguingly, we
found that exons down-regulated in USP49 knockdown
cells also showed a small but statistically significant
decrease in the rate of exon inclusion (Fig. 4B). Upon
visual inspection of these exons, we observed a consistent
relative increase in the number of tags aligning to flank-
ing introns after USP49 knockdown, suggesting that
USP49 may regulate the efficiency of splicing for these
exons (Fig. 4C). Since alternative exons are often more
slowly spliced in vivo (Ameur et al. 2011; Tilgner et al.
2012), we determined whether USP49 knockdown affects
splicing efficiency by calculating a measure of splicing
completion (SC) for each internal exon (see the Materials
andMethods). As expected, we found that most exons are
completely spliced (SC > 0.95) (Supplemental Fig. S4),
although exons down-regulated in USP49 knockdown
cells have generally lower SC values both before and after
USP49 knockdown (Supplemental Fig. S5). Consistent
with our results demonstrating that exons down-regu-
lated in USP49 knockdown cells show higher levels of
exon exclusion, we found that these exons also show
a decrease in median SC value after USP49 knockdown
(Supplemental Fig. S6). To quantify the relative increase
in unspliced transcripts in USP49 knockdown cells, we
calculated the fold change in unspliced transcripts for all
internal exons. We found that exons down-regulated in
USP49 knockdown cells show a slightly positive fold
change in unspliced transcripts, with a maximal change
of nearly threefold (Fig. 4D). To confirm that these
changes were not an artifact of RNA-seq normalization,
we performed oligo-dt-primed RT-qPCR assays for exons
with lower SC values in USP49 knockdown cells. As
shown in Figure 4E, RPS3 and RPS6 intron-containing
transcripts are enriched greater than fourfold in USP49
knockdown cells. Recent work has suggested that splic-
ing is the final licensing factor for release of polyade-
nylated transcripts from chromatin (Gu et al. 2013). To
determine the subcellular localization of aberrant tran-
scripts in USP49 knockdown cells, we purified chroma-

tin-bound and nucleoplasmic mRNA (Tilgner et al. 2012).
The efficiency of cotranscriptional splicing is severely
impaired in USP49 knockdown cells, as evidenced by the
increase in intron-containing transcripts in the chroma-
tin-bound fraction (Fig. 4F,G; Supplemental Fig. S7A–C,
red bars). To determine whether the elevated levels of
partially spliced mRNA in USP49 knockdown cells are
the result of defects in splicing or defects in mRNA
surveillance, we monitored mRNA decay rate in control
and knockdown cells. We performed RT-qPCR analysis
on total mRNA isolated from control and knockdown
cells at different time points after actinomycin D
inhibition of transcription. As shown in Supplemental
Figure S8A–D, intron levels are elevated in USP49 knock-
down cells, confirming our RT-qPCR and RNA-seq re-
sults. Interestingly, the half-life of intron-containing
mRNA is not affected by USP49 knockdown (;1 h).
Intron-containing transcripts are rapidly degraded and
return to control levels within ;2 h (Supplemental Fig.
S8A–D). These results suggest that USP49 affects pre-
mRNA splicing but not mRNA decay.
To more precisely define the relationship between

USP49 and splicing, we performed anti-Flag chromatin
immunoprecipitation (ChIP) in a USP49-inducible knock-
down cell line stably expressing Flag-USP49. We found
that USP49 is highly enriched near the transcription start
site and is relatively enriched at coding regions of the
genome (Fig. 6A, below). More than 4000 genes are bound
by USP49 (MACS, mfold > 8), the majority of which are
housekeeping genes (data not shown). Interestingly, nearly
3000 of the exons down-regulated in USP49 knockdown
cells are transcribed from these genes. This set of exons
shows a larger increase in exon skipping and a larger
decrease in splicing efficiency in USP49 knockdown cells
than the set of all exons down-regulated in USP49
knockdown cells (Supplemental Figs. S9, S10). We there-
fore focused our analysis on exons from genes bound by
USP49. Importantly, although exons from genes bound
by USP49 are both up-regulated and down-regulated in
USP49 knockdown cells, we found that the down-
regulated exons are significantly enriched for USP49
binding (Fig. 5A,B). USP49 is also enriched in regions
spanning their 59 and 39 (6500 nucleotides [nt]) splice
sites (Fig. 5A,B; Supplemental Fig. S11). As shown in
Supplemental Figure S12, down-regulated exons from
USP49-bound genes show a median increase in unspliced
transcripts. To determine whether USP49 mediates these
splicing defects, we performed RT-qPCR validation. As
shown in Figure 5, C and D, the increase in intron-
containing pre-mRNA in USP49 knockdown cells could
be rescued by expression of wild-type but not C262A
mutant USP49. Similar rescue effects were seen for other
genes (data not shown). These data demonstrate that it is
the USP49 deubiquitinase activity that regulates mRNA
splicing. To determine whether splicing regulation is a
common feature of histone H2B deubiquitinases or a
unique function of USP49, we examined the effect of
knockdown of other known histone H2B deubiquitinases
on mRNA splicing. Knockdown of USP22 and USP12 had
no detectable effect on splicing for any of the examined
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Figure 4. USP49 depletion affects pre-mRNA splicing. (A) A box and whisker plot of fold change (log2) in differentially expressed genes
and transcripts (cutoff value, P = 0.05) in control and USP49 knockdown cells as determined by RNA-seq analysis. The lower end of the
box represents the 25th percentile, the upper end of the box represents the 75th percentile, the bar represents the median, and the upper
and lower whiskers represent the 99th and first percentiles, respectively. (B) The mean (columns) and variance (bars) of change in exon
inclusion levels for exons up-regulated or down-regulated in USP49 knockdown cells. Statistical significance was calculated using
a Student’s t-test. (C) A representative image of the SLMO2 transcript, showing a relative increase in intron-aligning tags in USP49
knockdown cells. The control RNA-seq is shown in blue, and the USP49 knockdown are in red. The exons (thick blue boxes) and introns
(thin blue lines) are shown at the bottom of the panels. The region showing decreased splicing efficiency is indicated by the red box. (D) A
box and whisker plot, as described in Figure 3A, showing the fold change in unspliced transcripts for exons up-regulated or down-regulated
in USP49 knockdown cells. Statistical significance was calculated using a Student’s t-test. (E) Real-time RT–PCR analysis of intron 4 of
RPS3 (left) and RPS6 (right) genes in control and USP49 knockdown cells. USP49 knockdown is associated with an increase in intron
levels. (F,G) Real-time quantitative PCR (qPCR) analysis of intron 4 of RPS3 (F) and RPS6 (G) in chromatin-bound and nucleoplasmic RNA
fractions. Blue bars indicate intron levels in controls. Red bars represent intron levels in USP49 knockdown cells.
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genes (Supplemental Fig. S13). These results establish
USP49 as a unique regulator of cotranscriptional splicing.
The efficiency of cotranscriptional splicing is known to

be affected by a number of factors, including splice site
strength, transcription level, and proximity to the 59 and
39 ends of a gene (Ameur et al. 2011; Tilgner et al. 2012).
To determine whether exons regulated by USP49 are
enriched for these characteristics, we analyzed these
exons. As shown in Figure 5, E and F, and Supplemental
Figure S14, these exons are from shorter genes, are located
closer to the transcription termination site, and have

generally elevated 39 splice site strength. These results
suggest that USP49 binding enhances the inhibitory ef-
fects of gene length and 39 end proximity and suppresses
the stimulatory effect of 39 splice strength on splicing.

USP49 knockdown leads to an accumulation of uH2B
at affected exons

To determine whether the widespread defects in pre-
mRNA splicing in USP49 knockdown cells are related
to changes in uH2B level, we performed anti-uH2B ChIP

Figure 5. USP49 is enriched at a subset of down-regulated exons and regulates exon splicing. (A,B) A metaexon analysis of USP49
ChIP-seq signal at the 59 intron–exon boundary (A) or 39 exon–intron boundary (B) from exons up-regulated (blue; n = 4038) or down-
regulated (red; n = 2995) in USP49 knockdown cells. Coordinates are numbered relative to the 59 intron–exon or 39 exon–intron
boundaries. The average number of tags that were found at each position is shown on the Y-axis normalized according to tags per
million total unique tags. (C,D) Real-time qPCR of RPS4 (C) and RPS6 (D) intron 4 in control or USP49 knockdown cells transfected
with wild-type or C262A mutant USP49. The defects in intron splicing of RPS3 and RPS6 transcripts can be rescued by expression of
wild-type but not C262A mutant USP49. (E) A box and whisker plot showing the median length of genes containing exons up-regulated
or down-regulated in USP49 knockdown cells. Statistical significance was calculated using a Student’s t-test. (F) A diagram depicting
the percent of exons up-regulated (blue) or down-regulated (red) at different relative positions along the gene body. Down-regulated
exons are preferentially located toward the 39 end of the gene. Statistical significance was calculated using a Student’s t-test. (TSS)
Transcription start site; (pA) cleavage/polyadenylation site.
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sequencing (ChIP-seq) experiments. Consistent with the
roles of H2B ubiquitination in transcription, uH2B and
USP49 were highly enriched in the coding regions of the
genome (Fig. 6A). uH2B forms a broad peak that begins
just downstream from the transcriptional start site and
tapers off across the gene body before returning to basal
levels near the 39 end (Fig. 6A, blue line). The distribution
of uH2B is consistent with previously published reports
(Minsky et al. 2008; Jung et al. 2012). USP49 occupancy
peaks sharply at the transcriptional start site and de-
creases over the gene body (Fig. 6A, green line). Notably,
the USP49 peak at the transcription start site is associ-
ated with a local decrease in uH2B levels (Fig. 6A, green
line and blue line). This dip appears to be significant even
after accounting for lower levels of nucleosomes near the
transcription start site. Genes enriched for uH2B were
also enriched for USP49 (R2

= 0.765502) (Supplemental
Fig. S15). In USP49 knockdown cells, the levels of uH2B
increased (Fig. 6A, red line), supporting our biochemical
studies. Genes directly bound by USP49 show the greatest
increase in uH2B levels in USP49 knockdown cells (Sup-
plemental Fig. S16). Intriguingly, uH2B levels at exons
down-regulated in USP49 knockdown cells also show
a greater sensitivity to USP49 knockdown than up-
regulated exons (Fig. 6B). The change in uH2B levels is
significantly greater at down-regulated exons as well as
regions (6500 nt) spanning their 59 and 39 splice sites than
up-regulated exons and their splice sites (Fig. 6B). As
shown in Figure 6C, USP49 binding to the regions around
intron 2 and exons 2 and 3 of the SLMO2 gene, which
shows defects in splicing in USP49 knockdown cells, is
correlated with a significant increase in uH2B level in
USP49 knockdown cells (Fig. 6C, cf. USP49 [top panel]
and uH2B control and knockdown levels [bottom two
panels]). More than two-thirds of exons displaying lower
splicing efficiency in USP49 knockdown cells are either
enriched for USP49 or enriched for uH2B after USP49
knockdown (Supplemental Fig. S17). The strong link
between H2B ubiquitination, USP49 binding, and de-
creased splicing efficiency suggests that USP49 might
regulate splicing through H2B ubiquitination. To test
this hypothesis, we transfected wild-type H2B and the
ubiquitination site mutant H2B K120R into control and
USP49 knockdown cells and measured the effects on
splicing. As shown in Figure 6, D and E, splicing defects
induced by USP49 knockdown were evident in cells
transfected with wild-type histone H2B (Fig. 6D,E, cf.
control and USP49 knockdown); however, the effects
were suppressed in cells expressing the H2B K120Rmutant
(Fig. 6D,E, cf. control and USP49 knockdown). Therefore,
although USP49 may have other substrates, this result
demonstrates that USP49 regulates pre-mRNA splicing
largely through H2B deubiquitination.
Previous studies indicate that nucleosome positioning

and histone modifications around the 59 and 39 splice
sites are highly conserved and may play important roles
in splice site recognition and selection (Andersson et al.
2009; Tilgner et al. 2009; Fox-Walsh and Fu 2010). Our
data indicate that uH2B fold change at the 59 and 39 splice
sites is greater for the group of exons displaying lower

median levels of splicing in USP49 knockdown cells. To
determine whether USP49 regulates nucleosome posi-
tioning and histone modifications at splice sites, we
analyzed nucleosome density and uH2B levels across 59
and 39 splice sites of down-regulated and up-regulated
exons. Nucleosome density and positioning, as judged by
histone H3 abundance, are similar for the sets of down-
regulated and up-regulated exons (Supplemental Fig. S18),
and differences in tag density in control and USP49 knock-
down cells are not dramatic (Supplemental Fig. S19). Fold
change in uH2B levels is significantly increased near
down-regulated exons in USP49 knockdown cells, with
the greatest fold change at nucleosomes positioned up-
stream of the 39 splice site (59 end of the exon) (Fig. 6F).
Intriguingly, although H3 levels are relatively stable
(Supplemental Fig. S18), we detected a dramatic increase
in H2B levels across, downstream from, and upstream of
exons (Fig. 6G; Supplemental Fig. S20). Although H2B
levels increase at both up-regulated and down-regulated
exons in USP49 knockdown cells, the effect is most
evident at down-regulated exons, which also show the
greatest increase in uH2B. These data are consistent with
previous experiments showing that uH2B stabilizes nu-
cleosomes in vivo (Chandrasekharan et al. 2009). These
results suggest that USP49 bound at exons regulates local
uH2B levels, thereby affecting nucleosome stability, a
fundamental chromatin characteristic thought to play
profound roles in transcription elongation and cotran-
scriptional splicing (Chandrasekharan et al. 2010; Dujardin
et al. 2013).

USP49-mediated H2B deubiquitination regulates
splicing factor mRNA binding

Splicing is a largely cotranscriptional process catalyzed
by the spliceosome, whose assembly is initiated by U1
small nuclear ribonucleoprotein (snRNP) recognition of
and binding to the 59 splice site and U2B association with
the 39 branch point. The association of splicing factors
with chromatin influences splicing, and histone modifi-
cations and chromatin features are thought to regulate
these processes (Luco et al. 2010; Hnilicova et al. 2011;
Saint-Andre et al. 2011; Schor et al. 2012; Gomez Acuna
et al. 2013). To determine whether H2B ubiquitination
levels at exons regulate splicing factor binding, we mea-
sured the binding of U1A and U2B to MAD2L1 nascent
pre-mRNA transcripts in control and USP49 knockdown
cells. RT-qPCR analysis of control and USP49 knock-
down cells confirmed a significant increase of intron
2-containing transcripts in USP49 knockdown cells
(Fig. 7A,C). RNA immunoprecipitation results reveal that
U1A binding to the 59 exon–intron junction and U2B
binding to the 39 intron–exon junction was dramatically
decreased in USP49 knockdown cells (Fig. 7B,D, region 2).
To ensure that the decreased U1A binding is not a general
effect of USP49 knockdown, we determined U1A binding
at the 59 splice site of b-actin nascent transcripts, which
are normally spliced in USP49 knockdown cells. U1A
is recruited normally to the 59 splice site of b-actin na-
scent transcripts in USP49 knockdown cells (Supplemental
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Figure 6. USP49 knockdown results in an increase of uH2B level. (A) Average USP49 (green) and uH2B (control [blue]; USP49
knockdown [red]) occupancy profiles across transcribed regions of expressed genes plus 10 kb upstream of and downstream from the
transcriptional start and transcriptional termination sites. (TSS) Transcription start site; (pA) cleavage/polyadenylation site. (B) Fold
change (log2) in uH2B levels of exons up-regulated or down-regulated in USP49 knockdown cells. Log2 fold change is significantly
greater at down-regulated exons and their 39 and 59 splice sites. Statistical significance was calculated using a Student’s t-test. (C) A
representative image of SLMO2 with aligned tags from the USP49 ChIP-seq, RNA-seq, and uH2B ChIP-seq in control and USP49
knockdown cells. Control samples are shown in blue, and USP49 knockdown samples are shown in red. The red box indicates the
region with lower SC in USP49 knockdown cells. (D,E) Real-time RT–PCR analysis of MAD2L1 intron 2 (D) and SLMO2 intron 2 (E) in
control and USP49 knockdown cells transfected with wild-type H2B and the H2B K120R mutant. Transfection of wild-type H2B does
not interfere with USP49 knockdown-induced splicing defects, but transfection of H2B K120R abolishes USP49 knockdown-induced
splicing defects. A Western blot assay of the expression level of wild-type and K120R mutant H2B is inset in D. (F,G) A metaexon
analysis of fold change in uH2B (F) and H2B (G) ChIP-seq signal at the 59 intron–exon boundary from exons up-regulated (blue; n = 4038)
or down-regulated (red; n = 2995) in USP49 knockdown cells. Coordinates are numbered relative to the 59 intron–exon boundary.
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Figure 7. USP49 and H2B deubiquitination regulates U1A and U2B association with chromatin and mRNA. (A,B) RT-qPCR analysis of
input (A) and U1A RNA immunoprecipitates (B) on MAD2L1 transcript. Regions for real-time PCR amplification, corresponding to
exon–intron junctions, are shown at the bottom. (C,D) RT-qPCR analysis of input (C) and U2B RNA immunoprecipitates (D) on
MAD2L1 transcript. Regions for real-time PCR amplification, corresponding to exon–intron junctions, are shown at the bottom.
(E) Western blot assay of U1A and U2B binding to chromatin in control and USP49 knockdown cells. Antibodies used are labeled at the
left side of the panels. (F) Western blot assay of U1A and U2B binding to chromatin in USP49 control and USP49 knockdown cells
transfected with wild-type H2B and the H2B K120Rmutant. Transfection of wild-type H2B has no effect on USP49 knockdown-induced
decrease of U1A or U2B binding to chromatin, but transfection of H2B K120R abolishes the USP49 knockdown-induced decrease of
U1A and U2B binding to chromatin. (G) H2B-ubiquitin fusion protein reduces the association of U1A with chromatin. Western blot
assay of U1A tethering to chromatin in control and USP49 knockdown cells transfected with H2B and H2B-ubiquitin fusion constructs.
(H) A proposed model of USP49-regulated cotranscriptional splicing. USP49 regulates uH2B levels at specific exons and 39 and 59 splice
regions. In USP49 knockdown cells, uH2B levels are increased at these regions. uH2B enhances nucleosome stability, altering RNAP II
elongation. The RNAP II elongation rate has been shown to regulate cotranscriptional splicing efficiency and splicing factor
recruitment and favor alternative splicing.
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Fig. S21). Previous studies suggest that U1A is constitu-
tively associated with RNAP II, while U2B is condition-
ally associated with RNAP II (Spiluttini et al. 2010; Gu
et al. 2013). To determine whether USP49 regulates the
association of U1A and U2B with chromatin, we per-
formed anti-U1A and anti-U2B ChIP. Intriguingly, we
found that both chromatin-bound U1A and U2B are
decreased in USP49 knockdown cells (Supplemental Fig.
S22A,B). Confirming these studies, Western blot analysis
of formaldehyde cross-linked cell lysates revealed that
USP49 knockdown significantly reduced the tethering of
U1A and U2B to chromatin and that this reduction in
chromatin-tethered U1A and U2B is offset by an increase
of U1A andU2B levels in nonchromatin fractions (Fig. 7E,
top two panels, cf. lanes 5 and 6 and lanes 3 and 4). Total
levels of U1A and U2B are similar in control and knock-
down cells (Fig. 6C, top two panels, cf. lanes 1 and 2),
indicating that USP49 knockdown affects U1A and U2B
localization but not expression. Importantly, USP49 reg-
ulates U1A localization through H2B deubiquitination.
As shown in Figure 7F, expression of the H2B K120R
mutant suppresses changes in U1A and U2B localization
induced by USP49 knockdown, while expression of wild-
type H2B cannot (Fig. 7F, cf. lanes 5,6 and 7,8). Confirm-
ing these results, expression of a ubiquitin-H2B fusion
protein phenocopies USP49 knockdown, reducing U1A
and U2B association with chromatin (Fig. 7G, cf. lanes 7,8
and 5). Together, these data suggest that H2B deubiquiti-
nation, as regulated by USP49, controls splicing factor
binding to specific nascent pre-mRNAs.

Discussion

In this study, we identify USP49 as a histone H2B-specific
deubiquitinase (Fig. 1) and demonstrate that USP49-
mediated H2B deubiquitination is an important regulator
of splicing (Fig. 5). Unlike previously characterized H2B
deubiquitinases, which exhibit uH2B and uH2A dual-
substrate specificity, the USP49 complex specifically
deubiquitinates uH2B in vitro and in vivo (Figs. 2, 3). The
significant change of uH2B levels in USP49 knockdown
cells suggests that USP49 is an important regulator of
uH2B levels in vivo (Figs. 3, 6). In the absence of USP49,
exon and splice site chromatin architecture is perturbed;
increased uH2B impairs the association of U1A and U2B
with chromatin and decreases binding of spliceosome
components U1A and U2B to mRNA transcripts, result-
ing in defects in cotranscriptional splicing (Figs. 4, 6, 7).
Therefore, this study identifies USP49 as a novel H2B-
specific deubiquitinase and uncovers critical roles for
H2B deubiquitination in splicing.
In eukaryotic cells, gene transcription is coupled to

RNA processing events such as splicing, polyadenylation,
and 59 capping. During transcription, RNAP II serves as
a platform for assembly of both mRNA processing ma-
chinery and chromatin-modifying/remodeling complexes
(for review, see Shukla and Oberdoerffer 2012). Links
between chromatin and mRNA processing are supported
by several recent reports indicating that exons and in-
trons possess subtly different chromatin architecture

(Schwartz et al. 2009; Dhami et al. 2010; Wilhelm et al.
2011). Marks of active transcription, including H3K36,
H3K4, and H3K79 methylations, preferentially decorate
exons, while repressive marks are enriched in introns
(Andersson et al. 2009; Schwartz et al. 2009; Dhami et al.
2010; Huff et al. 2010; Wilhelm et al. 2011). These modifi-
cations appear to play functional roles; both H3K36 and
H3K4 methylation have been shown to direct splicing
events (for review, see Luco et al. 2011). uH2B also marks
exon–intron junctions in both humans and yeasts and has
been implicated in spliceosome recruitment through in-
teraction with the SR-like protein Npl3 in yeast (Shieh
et al. 2011; Jung et al. 2012). Our data revealed that, upon
USP49 knockdown, a large subset of exons is differen-
tially and incompletely spliced (Fig. 4). Importantly, the
splicing defect evident upon USP49 knockdown is res-
cued by expression of an ubiquitination site H2B mutant,
demonstrating that USP49 regulates splicing through
H2B deubiquitination (Fig. 6D,E). USP49 recruitment is
increased at a subset of exons whose expression is de-
creased in USP49 knockdown cells (Fig. 5A,B). USP49
knockdown promotes the increase in uH2B and H2B
levels at these exons and regions flanking the upstream
39 and downstream 59 splice sites, inhibiting splicing
factor association with RNAP II and spliceosome assem-
bly on nascent RNA (Fig. 7). Therefore, this study pro-
vides direct evidence linking H2B deubiquitination and
pre-mRNA splicing.
How chromatin modifications may inform splicing

decisions is an area of active research. Previous studies
linking histone methylation and acetylation to splice site
choice suggest that chromatin–spliceosome adaptor pro-
teins may mediate these regulations (Luco et al. 2010;
Hnilicova et al. 2011; Saint-Andre et al. 2011; Schor et al.
2012). Chromatin modifications may also regulate splic-
ing by modulating the RNAP II elongation rate, a potent
regulator of both alternative splicing and cotranscrip-
tional splicing (for review, see Luco et al. 2011; Gomez
Acuna et al. 2013). Our data suggest a heretofore un-
known role for H2B deubiquitination in splicing factor
localization and mRNA binding, linking this chromatin
modification with the core splicing machinery (Fig. 7).
Splicing is initiated upon binding of the U1 snRNP to the
59 splice site and of the U2 snRNP to the branch point. We
found that recruitment of U1A and U2B, core compo-
nents of the U1 and U2 snRNPs, is severely diminished
at the 59 and 39 splice junctions of affected but not un-
affected exons in USP49 knockdown cells (Fig. 7; Supple-
mental Fig. S21). The impaired U1A and U2B binding
typical of USP49 knockdown cells can be mimicked by
expression of a ubiquitin-H2B fusion protein (Fig. 7G).
How ubiquitinated H2B affects U1A and U2B exclusion is
not yet clear, but the known roles of uH2B suggest several
possibilities. Ubiquitinated H2B causes local changes in
chromatin structure, as evidenced by the increase in H2B
relative to H3 seen in our data (Fig. 6G; Supplemental Fig.
S18). Chromatin remodeling factors facilitate RNAP II
elongation by partially disassembling nucleosomes
ahead of RNAP II (Kulaeva et al. 2013). This involves
the disassociation of a H2B/H2A dimer, while the H3/H4
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tetramer is thought to remain associated with chromatin
(Kireeva et al. 2002). In USP49 knockdown cells, uH2B is
increased at down-regulated exons, enhancing the stabil-
ity of the nucleosome spanning these exons. These stable
nucleosomes could alter RNAP II elongation rates,
thereby lowering transcription level, increasing alter-
native splicing, and decreasing cotranscriptional splic-
ing of these uH2B-containing nucleosome-enriched exons
(Fig. 7H; Carrillo Oesterreich et al. 2011; Shukla and
Oberdoerffer 2012). In addition, uH2B is also an upstream
regulator of histone H3 Lys 4 and Lys 36 methylation,
modifications known to regulate localization of the splic-
ing machinery (Zhang 2003; Luco et al. 2011). Our data
suggest a model in which uH2B levels at exons and exon-
adjacent regions modulate splicing factor localization and
binding and that USP49 regulates the utilization of these
splice sites through H2B deubiquitination. Our studies
expand the roles of chromatin in splicing beyond alter-
native exon inclusion and suggest that chromatin fea-
tures are significant regulators of constitutive splicing
events.

Materials and methods

Constructs, cell lines, and antibodies

Full-length cDNA of USP49 was purchased from Open Biosys-
tems (MHS1011-76095) and cloned into the pcDNA3-Flag vec-
tor, pFastBacHTb vector (Invitrogen), and retroviral pMIGR1
vector (Joo et al. 2011) through PCR and verified by sequencing.
C262A point mutation was carried out through PCR-directed
mutagenesis and verified by sequencing. Recombinant baculo-
viruses were generated and amplified following the manufac-
turer’s protocol (Joo et al. 2011). Since GFP and Flag-HA-USP49
were produced in the same bicistronic transcript, cell sorting
for GFP expression was done twice to enrich GFP- and USP49-
positive cells to >90% of cells.

Human adenocarcinomic alveolar basal epithelial cell line
A549 and SV40 Tantigen transformed human embryonic kidney
293T cells were purchased from American Type Culture Collec-
tion. A549 cells were cultured in DMEM/F12 (Invitrogen) supple-
mentedwith 10%FBS (Hyclone) and 1%ampicillin–streptomycin
(Hyclone). 293T cells were cultured in DMEM (Hyclone) supple-
mentedwith 10%FBS (Hyclone) and 1%ampicillin–streptomycin
(Hyclone). Tetracycline-inducible USP49 knockdown HCT116
cells were established using the T-REx expression system (Invi-
trogen). Briefly, HCT116 cells were transfected with pcDNA6/
TR. The stable clones were selected and maintained by blasticidin.

To knock down USP49, two different shRNA oligonucleotides
(sense strands: GGTCATGCATCACGGGAAA and GGACTAC
GTGCTCAATGAT) were synthesized (Integrated DNA Tech-
nologies), cloned into plasmid pBabe-U6 (kindly provided by
Dr. Xinbin Chen, University of California at Davis), and used to
transfect pcDNA6/TR-positive colonies (Yan et al. 2008). The
transfected cells were then cultured with puromycin, and the
positive clones were screened for tetracycline-inducible knock-
down of USP49 by Western blot assay.

USP49 antibody was generated by standard protocols and
affinity-purified by antigen column. Anti-ubiquitin-H2B anti-
body was kindly provided by Dr. Moshe Oren (Weizmann
Institute of Science, Israel) and was also purchased from Milli-
pore (catalog no. 05-1312). Antibody against ubiquitinated H2A
(catalog no. 05-678) was purchased from Millipore. Anti-Flag
antibody (catalog no. F3165) and anti-FlagM2 affinity gel (catalog

no. A2220) were purchased from Sigma. Antibodies against
RVB1 (catalog no. ab51500) and SUG1 (catalog no. ab3323) were
purchased from Abcam. The anti-HA antibody was derived from
the mouse hybridoma 12CA5.

In vitro and in vivo histone deubiquitination assay

uH2A-containing nucleosomes were isolated from HeLa stable
cell lines expressing Flag-H2A and HA-ubiquitin, and uH2A-
containing core histones were prepared from these nucleosomes
by hydroxyapatite columns (Joo et al. 2007, 2011). uH2B-containing
nucleosomes were purified from a yeast strain expressing Flag-
humanH2B by anti-FlagM2 affinity purification, and core histones
were obtained by hydroxyapatite columns (Joo et al. 2011). Histone
deubiquitination reactions were performed as described (Joo
et al. 2007). For in vivo histone deubiquitination assays, control
or siRNA oligonucleotides against USP49 purchased from
Invitrogen in a purified, annealed duplex form were transfected
into cells using Lipofectamine 2000 (Wang et al. 2006; Wei et al.
2006). USP49 and USP49 C262A mutants were transfected into
cells with Effectene following the manufacturer’s instructions.
A Western blot assay with anti-uH2A and anti-uH2B antibodies
on transfected cells was performed as described (Joo et al. 2007).

ChIP-seq and RNA-seq

mRNA samples were prepared as described in the Illumina
mRNA sequencing sample preparation guide. ChIP was prepared
following a protocol provided by Dr. Zhibin Wang (Johns Hopkins
University) (Wang et al. 2009). Reads were aligned with TopHat
(RNA-seq) or Bowtie (ChIP-seq) in the University of Alabama at
Birmingham (UAB) instance of Galaxy. Additional analyses were
performed in BedTools, Samtools, or PICARD or using custom
scripts. Statistical analyses were performed in R.
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