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Proteasome activity is required for diverse cellular processes,
including transcriptional and epigenetic regulation. However,
inhibiting proteasome activity can lead to an increase in transcrip-
tional output that is correlated with enriched levels of trimethyl
H3K4 and phosphorylated forms of RNA polymerase (Pol) I at the
promoter and gene body. Here, we perform gene expression anal-
ysis and ChIP followed by sequencing (ChIP-seq) in MCF-7 breast
cancer cells treated with the proteasome inhibitor MG132, and we
further explore genome-wide effects of proteasome inhibition on
the chromatin state and RNA Pol II transcription. Analysis of gene
expression programs and chromatin architecture reveals that
chemically inhibiting proteasome activity creates a distinct
chromatin state, defined by spreading of the H3K4me3 mark
into the gene bodies of differentially-expressed genes. The dis-
tinct H3K4me3 chromatin profile and hyperacetylated nucleo-
somes at transcription start sites establish a chromatin land-
scape that facilitates recruitment of Ser-5- and Ser-2-
phosphorylated RNA Pol II. Subsequent transcriptional events
result in diverse gene expression changes. Alterations of
H3K36me3 levels in the gene body reflect productive RNA Pol II
elongation of transcripts of genes that are induced, underscoring
the requirement for proteasome activity at multiple phases of the
transcriptional cycle. Finally, by integrating genomics data and
pathway analysis, we find that the differential effects of proteasome
inhibition on the chromatin state modulate genes that are funda-
mental for cancer cell survival. Together, our results uncover
underappreciated downstream effects of proteasome inhibitors
that may underlie targeting of distinct chromatin states and key
steps of RNA Pol II-mediated transcription in cancer cells.

The 26S proteasome is a large multiprotease component of
the ubiquitin proteasome system (UPS)> that recognizes and
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destroys ubiquitylated and misfolded proteins (1). Proteasome
activity is required for multiple DNA transactions, and there is
increasing evidence the 26S proteasome regulates transcrip-
tion, chromatin organization, and ultimately the expression of
genetic information that governs gene networks critical for cel-
lular homeostasis. Dysfunction of the proteolytic activity of the
proteasome disrupts many cellular processes that are impor-
tant in health and disease (2).

A role for the 26S proteasome in transcription as a protein
degradation machine follows from the impact of proteasomal
degradation of activator or repressor proteins that influence
gene transcription. Transcription is a highly-coordinated pro-
cess involving multiple steps: transcription initiation, elonga-
tion, and termination, and the proteasome is involved in the
control of each of these steps (3—8). Typically, the transcription
cycle begins with the recognition of specific core promoter
DNA sequences by DNA-binding transcription factors to-
gether with coregulatory factors that remodel chromatin to
facilitate the recruitment of RNA Pol II and general transcrip-
tion factors that form the preinitiation complex (PIC) (9, 10).
Multiple studies have established the proteolytic activity of the
proteasome to be an important component in the formation of
the PIC and transcription initiation. For example, the wide-
spread overlap between transcription activation domains and
degradation signals of many transcription factors supports a
direct involvement of proteasome degradation in the formation
of the PIC and transcriptional activation (11-13). Furthermore,
studies showing that critical core components of the 26S pro-
teasome machinery were associated with the RNA Pol II holoen-
zyme and the mediator complex provided the first evidence sup-
porting a role for the proteasome in PIC formation (14-16).

Transcription occurs in the context of chromatin. Organiza-
tion of the genome into chromatin impedes transcription, and
as a result, chromatin must undergo structural modifications
for transcription to occur (17, 18). Posttranslational modifica-
tions (PTMs) of N-terminal histone tails and globular domains,
such as acetylation, methylation, and ubiquitination of lysine
residues, play a vital role in regulating the physical properties of
chromatin and the accessibility of the underlying DNA (19—
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21). Specific histone modifications such as trimethylation of
histone H3 lysine 4 (H3K4me3) and acetylation of H3 Lys-27
(H3K27ac), Lys-122 (H3K122ac), and Lys-9 and Lys-14 (H3K9/
14ac) are commonly associated with active transcriptional
response (22—24). The proteasome tightly regulates the turn-
over of the protein machinery that writes, reads, and erases
these PTMs to modulate transcriptional response (25-29).
Additionally, there are long-standing links between protea-
some and chromatin-dependent modifications, through the
ubiquitin proteasome system (30-32). Ubiquitylated histones
have profound influence on chromatin structure and transcrip-
tion (33). There are also several instances in biology where the
UPS and chromatin-modifying machinery either cross-talk or
are within the same biological complexes. For example, TBL1/
TBLR1 E3 ligases are subunits of the N-COR/HDAC repressor
complex (34, 35); the F-Box E3 ligases, KDM2A/B (FBXL
11/10), demethylate histone H3K36me2/3 and are in a complex
with the E3 ligase NEDD4 that ubiquitinates RNA Pol II (36);
and the SWI/SNF BAF subunit complex ARID1A (BAF250a)
associates with Elongin C, a component of Skpl1-Cull-F box
(SCF) E3 ligase that targets histone H2B (37).

Cancer cells exhibit unique chromatin states, and accumu-
lating evidence indicates different cancer types exhibit charac-
teristic histone modification patterns that drive specific gene
expression programs. Global levels of many histone marks have
been mapped in human cell lines and tissues, allowing correla-
tion between individual patterns and gene expression. For
example, genome-wide mapping of chromatin changes occur-
ring during tumorigenesis revealed loss of histone H4K16
acetylation and H4K20 trimethylation as hallmarks of human
cancers (38). Loss of H4K16ac in breast cancer may be an early
sign of cancer, whereas low levels of H3K9ac and Kl4ac are
prognostic of poor outcomes (39). The di- and trimethyl H3K27
marks are especially enriched in human breast cell lines (40).
Thus, alterations in the chromatin landscape are an important
hallmark of many types of cancers. Normal cells, as well as can-
cer cells, depend on the function of the proteasome to regulate
many processes critical for cell survival. Whereas the protea-
some has been implicated in the control of transcription and
regulation of chromatin structure (30-32), the effects of pro-
teasome inhibition on chromatin modifications and RNA Pol IT
transcription have not been extensively examined genome-
wide in cancer cells. Exploring how histone modifications and
proteasome activity cross-talk to regulate gene transcription
may help to better understand how the proteasome pathway
impacts cellular processes critical for cell survival.

In this study, we exposed MCF-7 breast cancer cells to the
proteasome inhibitor MG132 to better understand how block-
ing protein turnover impacts chromatin state and subsequent
gene-expression programs. We show that proteasome inhibi-
tion establishes a distinct hyperacetylated chromatin landscape
characterized by the spreading of the H3K4me3 mark into
the gene body. This chromatin environment facilitates the
recruitment and processivity of RNA Pol II leading to the
expression of genes whose functions are relevant to breast can-
cer pathology.
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Results

Treatment with proteasome inhibitor MG132 causes
widespread time-dependent gene expression changes in MCF-
7 cells

Proteasome inhibitors have emerged as powerful anti-cancer
drugs, but downstream mechanisms of their antitumor effects
are poorly understood. To begin to address mechanisms of pro-
teasome inhibitors in tumor cells, we monitored the changes in
gene expression and chromatin state in MCF-7 breast cancer
cells exposed to MG132, a drug that effectively blocks the activ-
ity of the 26S proteasome complex. We performed microarray
analysis of MCF-7 cells treated with vehicle (DMSO) or 1 um
MG132 for 4 h (MG4H) and 24 h (MG24H) and found pro-
found time-dependent changes in gene expression, with ~700
(519 up; 194 down) and ~5000 (2637 up; 2434 down) genes
being significantly changed (false discovery rate (FDR) <0.05
and fold change >[1.5|) at the 4- and 24-h time points, respec-
tively (Fig. 1, A and B). A majority of genes (~90%) changed at
4 h were also changed at 24 h, as indicated by the overlap on the
Venn diagram (Fig. 1B). Genes shared between 4 and 24 h
included induced genes PMAIPI and GABARAPLI and down-
regulated genes CYP26A1 and METTL7A, which were also val-
idated by quantitative PCR (Fig. S1A4). To confirm the effective-
ness of the proteasome inhibition, we first examined changes in
the expression of proteasome subunits. As expected, genes
encoding proteasomal subunits are up-regulated by MG132
treatment, demonstrating proteasome inhibition was effective
in our experimental system (Fig. S1B). Conversely, treatment
for 24 h elicits expression of an expanded set of genes, unique to
the 24-h treatment (Fig. 1B). Examples of genes changed at 24 h
include KLF6, IL6, ESR1, and E2F2 (Fig. S1A). Gene Ontology
(GO) analysis of the differentially changed genes revealed sig-
nificantly-enriched molecular terms that were time-dependent
(Fig. S1C). As expected, GO terms representing the proteasome
ubiquitin pathway and unfolded protein response were highly
enriched in proteasome-inhibited cells (Table S1). Commonly-
enriched (Z score >1) GO terms of genes up-regulated by
MG132 at 4 and 24 h included NRF2-mediated oxidative stress
response, hypoxia signaling in the cardiovascular system, death
receptor signaling, and PI3K/AKT signaling (Fig. S1C). p53 sig-
naling was an enriched term at 4 h, whereas downstream sig-
naling pathways like IL-6, nerve growth factor (NGF), and
NEF-kB were enriched at 24 h (Fig. S1C). Down-regulated genes
were predominantly enriched for terms representing cell cycle
and DNA damage, including Wnt/B-catenin signaling, role of
BRCA1 in DNA damage response, estrogen-mediated S-phase
entry, and aryl hydrocarbon receptor signaling (Fig. S1C).

Ingenuity pathway analysis (IPA) upstream regulator analy-
sis was done to predict relevant transcriptional regulators that
could play a role in the observed gene expression changes. The
analysis revealed several regulators of genes in the enriched GO
pathways. Upstream regulators of genes differentially changed
at the 4-h time point predominantly modulate cell cycle and
oxidative stress (Fig. 1C, left panel). Upstream regulators of
up-regulated genes include transcription factors, for example
TP53, whose activity is most increased and nuclear factor
erythroid 2 like 2 (NFE2L2, NRF2), a positive regulator of
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Figure 1. Time-dependent gene expression changes in MCF-7 cells treated with MG132. A, hierarchical clustering heatmap of gene expression changes
in MCF-7 cells treated with vehicle (Veh (DMSO)) or MG132 for 4 and 24 h. Red in the heatmap denotes up-regulation, and blue denotes down-regulation of
genes. B, Venn diagrams showing numbers of DEGs in cells exposed to MG132 for 4 and 24 h. C, heatmaps showing upstream regulators of DEGs. MG132 DEGs
encode biological information. The top 20 most-enriched upstream regulators of up-regulated (bold) and down-regulated (regular) DEGs in MCF-7 were cells
treated with MG132 for 4 h (p value =<9.88E~ %) and 24 h (p value =5.12E~ °8). D, GSEA analysis of the TP53 and ESR1 pathways showing genes induced at 4 h
are enriched with p53, and genes repressed at 24 h are enriched with ESR1 pathway signatures, respectively.
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NRF2-mediated oxidative stress. The loss in activity of aurora
kinase (AURK) and anillin actin-binding protein (ANLN) leads
to up-regulation of genes that control cell cycle, cell prolifera-
tion, and migration (Fig. 1C, left panel, bold). The activation of
the chromatin modifier, nuclear protein 1, transcriptional reg-
ulator (NUPR1), and miRNAs together with inhibition of TNF
and ERBB2 activity in cells treated with MG132 for 4 h suggests
gene repression may be mediated by these factors (Fig. 1C, left
panel). Consistent with proteasome inhibition, the activity of
the 26S proteasome is decreased (negative Z score) in cells
treated for 24 h (Fig. 1C, right panel, bold), and this reduced
activity results in up-regulation of a subset of genes, including
those encoding a majority of proteasome subunits (Fig. S1B).
Other upstream regulators of 24-h—induced DEGs are factors
involved in cell proliferation and migration, including Erb-B2
receptor tyrosine kinase 2 (ERBB2, HER2/neu), Kirsten rat sar-
coma (KRAS), and epidermal growth factor (EGF) (Fig. 1C,
right panel, bold). Finally, gene repression at 24 h may be partly
mediated by NUPRI and transcription factors, melanocyte-in-
ducing transcription factor, ERBB2, and FOXM1, whose activ-
ities primarily promote cell differentiation, proliferation, and
survival, and hence their activity is decreased by MG132 treat-
ment (Fig. 1C, right panel). Intriguingly, the latter transcription
factors largely regulate the activity of the estrogen receptor «
(ESR1), whose activity is also decreased by proteasome inhibi-
tion (Fig. 1C, right panel). Consistent with the finding that p53
and estrogen receptor (ERa) signaling pathways were activated
and inhibited at 4 and 24 h, respectively (Fig. 1C and Fig. S1C),
gene set enrichment analysis indicated that genes induced at4 h
were enriched in p53 targets, and genes repressed at 24 h were
enriched in ER targets (Fig. 1D). Notably, in agreement with the
gene expression data, p53 and ERa protein levels increased and
decreased at 4 and 24 h, respectively (Fig. S1D). These data
support the hypothesis that proteasome inhibition leads to sig-
nificant changes in expression of multiple genes, including
genes important for distinct pathways whose predicted
upstream regulators are key drivers of biological processes rel-
evant to breast cancer.

Proteasome inhibition increases H3K4me3 spreading
downstream of TSS into gene bodies

To investigate the functional relationship between chroma-
tin landscape and gene expression changes that occur during
proteasome inhibition, we performed at least two independent
biological replicates of ChIP followed by sequencing (ChIP-seq)
of histone marks generally associated with active transcription,
such as H3K4me3 (41, 42). We first analyzed chromatin fea-
tures of genes that were differentially expressed upon MG132
treatment, focusing on genomic regions surrounding the tran-
scription start sites (TSS). H3K4me3 signal centered around
the TSS (=2 kb) of all expressed (~13,500) and differentially-
expressed genes (up- and down-regulated) in MCE-7 cells were
similar between vehicle (UNTR) and MG132-treated cells (Fig.
S2A). However, in contrast to regions in close proximity to the
TSS (~+750 bp), a subset of genes up-regulated upon MG132
treatment showed a tendency of increased H3K4me3 signal
downstream of TSS starting (~+1 kb) and extending into the
gene body, as is evident in the heatmaps showing the difference
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in H3K4me3 signal (=5 kb) of the up-regulated genes (Fig. 24
and Fig. S2B). We observed spreading of the H3K4me3 mark
into the gene body of the up-regulated but not the down-regu-
lated genes on the metagene plots representing the difference
between H3K4me3 signal in control and cells treated for 4 and
24 h (Fig. 2B, DIFF 4H and DIFF 24H). Interestingly, close
examination of the metagene plots reveal a loss in H3K4me3
(—1)-modified nucleosome signal and what seems to be a shift
in the +1 H3K4me3-modified nucleosome into the gene body
at 24 h (DIFF 24 h). The differences in the distribution of the
H3K4me3 at induced compared with repressed genes can be
observed on examples of UCSC genome browser tracks show-
ing the spreading of H3K4me3 signal into the gene body of
GABARAPLI1, which is the induced and not the repressed
CYP26A1 (Fig. 2C and Fig. S1A).

Proteasome inhibition induces a distinct hyperacetylated
chromatin landscape at TSS marked with extended H3K4me3
domain

To further assess the chromatin state underlying proteasome
inhibition-mediated spreading of H3K4me3 into gene bodies
and gene expression changes, we examined the effect of MG132
treatment on the acetylation of H3K27ac, K9/14ac, and K122ac,
marks associated with active transcription (22-24). We first
asked whether the enriched ChIP-seq signal at TSSs (2 kb)
for each acetylated mark was different between control and
MG132-treated cells. H3K27ac ChIP signal at TSSs of genes
that were up-regulated increased within 4 h of treatment and
remained enriched albeit at lower levels after 24 h (Fig. S3A, UP,
compare 4- and 24-h signal). In contrast, the H3K27ac signals at
the TSS of repressed genes were similar to those observed at all
expressed genes and did not show substantial difference in
H3K27ac signal compared with control (Fig. S3A, ALL, DOWN).
Metagene analysis of the difference in H3K27ac signal at TSSs
clearly showed enriched H3K27ac signal within 4 h in up-reg-
ulated genes (Fig. 34, UP). In contrast, repressed genes show a
loss of H3K27ac modified nucleosome (Fig. 34, DOWN). Thus,
the increase in H3K27ac signal upon MG132 treatment is spe-
cific to genes that are induced, because MG132 does not
increase H3K27ac at all expressed TSSs (Fig. 34 and Fig. S34,
All genes).

H3K9/14 acetylation is another mark that has been associ-
ated with active transcription at many human promoters (23).
We examined the effect of MG132 on H3K9/14ac at TSSs and
found that nucleosomes at TSS of all genes expressed in MCF-7
cells were enriched with H3K9/14ac (Fig. 3B and Fig. S3B, left
panel). However, TSSs of induced genes gained H3K9/14ac sig-
nal within 4 h, which progressively increased at 24 h (Fig. 3B
and Fig. S3B, UP). The difference in H3K9/14ac signal between
control and MG132-treated samples is evident in metagene
plots (Fig. 3B, DIFF 4 H, DIFF 24 H). Additionally, although
TSSs of repressed genes globally have less signal, they maintain
H3K9/14ac nucleosomes particularly after 24 h of treatment, in
contrast to what was observed for H3K27ac (Fig. 3, A and B,
DOWN, DIFF 24 H). Notably, H3K9/14ac signal extends into
the gene body of induced genes particularly in cells treated with
MG132 for 24 h (Fig. 3B, UP, DIFF 24 H).
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Figure 2. Proteasome inhibition increases H3K4me3 spreading downstream of TSS into gene bodies. A, MG132 treatment causes an increase in
H3K4me3 signal downstream of TSS of up-regulated genes. Heatmaps depicting differential normalized H3K4me3 ChiP-seq signal ranked by gene expression
and centered around TSS = 5 kb. All expressed genes are as follows: left panel: 13,574; MG4H DEGs, middle panel: UP, 519, and DOWN, 194; and MG24H DEGs:
right panel: UP, 2637; DOWN, 2434. The two heatmaps for each expression group represent the difference in H3K4me3 signal at 4 and 24 h, respectively.
Up-regulated genes are indicated in red, and down-regulated genes are indicated in blue. B, metagene plots of average H3K4me3 differential signal after 4 and
24 h of treatment. C, UCSC browser representation showing H3K4me3 spreading (black bar) at TSS of GABARAPL1 (shared up), but not at TSS of CYP26A1 (shared
down). Black arrow represents putative TSS and direction of transcription.

Acetylation of globular domain residue H3K122 correlates  of treatment, progressively increasing at 24 h (DIFF24H) (Fig.
with active transcription (24, 43). We found that H3K122acwas  3C, UP, and Fig. S3C, UP). H3K122ac signal at repressed TSSs
enriched above basal levels in cells treated with MG132 com- was much lower than the global average signal, although cells
pared with control (Fig. 3Cand Fig. S3C, All expressed genes). At  treated with MG132 for 24 h show some evidence of H3K122ac
induced TSSs, H3K122ac signal increases within 4 h (DIFF4H) nucleosome (DIFF 24 h, Fig. 3C, DOWN). We note the kinetics
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Figure 4. Proteasome inhibition affects the dynamics of RNA Pol Il binding at TSS. Differential binding of nonphosphorylated and pSer-5 RNA Pol Il at
TSSs of up- and down-regulated genes. Metagene plots of average nonphosphorylated Pol Il CTD metagene plots signal centered around TSS =5 kb. A, all
expressed genes; B, MG4H DEGs; C, MG24H DEGs. Metagene plots of average pSer-5 Pol Il CTD signal centered around TSS =5 kb. D, all expressed genes; E,

MG4H DEGs; F, MG24H DEGS. Numbers of genes per each category are as indicated in Fig. 2.

of H3K122ac accumulation at induced genes are distinct from
that of H3K27ac and H3K9/14ac in that there is a large increase
of H3K122ac in MG132-treated samples compared with con-
trol (Fig. S3C, 4H and 24H signal). Furthermore, the H3K122ac
footprint is discrete9 within TSS *1 kb and does not extend
into the gene body as observed for the H3K9/14ac (Fig. 3C and
Fig. S30C).

Together, our data suggest that inhibiting proteasome activ-
ity causes the spreading of H3K4me3 signal into the gene body,
and this chromatin landscape coincides with distinct acetyla-
tion of nucleosomes at gene TSS based on the level of gene
expression. H3K27ac is specifically enriched only at TSS of
induced genes and at an early time point (4 h), whereas the
H3K9/14ac and H3K122ac signals at TSS progressively
increase in a time-dependent manner. Notably H3K9/14ac
spreading occurs within the H3K4me3 domain at induced
genes. The combinatorial patterns of H3K4me3 and acetylated
marks are observed on the heatmap showing the average den-
sity of the epigenetic marks at TSS (*+5 kb) of up- and down-

regulated genes (Fig. 3D) and browser tracks of GABARAPL1
and CYP26A1 (Fig. S3D).

Proteasome inhibition alters distribution of nonphosphory-
lated and Ser-5-phosphorylated Pol Il CTD at expressed gene
TSS

Recent studies show that chromatin landscape established by
the extended H3K4me3 domains is a key step in the recruit-
ment of RNA Pol IT and transcription of genes that determine
cell fate and cancer phenotypes (44 —47). Based on these obser-
vations, we asked whether changes in the chromatin state
observed upon MG132 treatment influenced genome-wide
dynamics of RNA Pol II binding at TSSs of genes expressed in
MCE-7 breast cancer cells. Analysis of nonphosphorylated Pol
IT within the *5-kb TSS window revealed that treatment for
24 h caused global accumulation of nonphosphorylated Pol Il at
TSS of all genes expressed in MCEF-7 cells (Fig. 44 and Fig. S44).
However, there was a significant time-dependent increase in
the recruitment of nonphosphorylated RNA Pol II at TSS of

Figure 3. Proteasome inhibition establishes dynamic hyperacetylated chromatin landscape at TSS. A, metagene plots of H3K27ac average differential
ChlIP-seq signal centered around TSS =5 kb. All expressed genes (left panel), MG4H DEGs (middle panels), and MG24H DEGs (right panels) are shown. Number
of genes per each category are as indicated in Fig. 2. B, metagene plots of H3K9/14ac average differential signal centered around TSS =5 kb. C, metagene plots
of H3K122ac average differential signals centered around TSS =5 kb. D, heatmap showing average density of H3K4me3 and acetylated H3 at TSS =5 kb of
genes differentially expressed at 4 and 24 h. The intensity of black and white represents the increase and decrease in signal centered around TSS =5 kb,
respectively.
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up-regulated compared with down-regulated genes (Fig. 4, B
and C, and Fig. S4, B and C). Genes up-regulated at both 4- and
24-h time points gain nonphosphorylated RNA Pol Il at the TSS
within 4 h of treatment, and Pol II occupancy is progressively
maintained at the 24-h time point (Fig. 4, B and C). Interest-
ingly, although basal levels of nonphosphorylated Pol II in the
control cells were similar between the 4- and 24-h DEGs, genes
induced during the 4-h treatment showed more RNA Pol II
occupancy at 4 and 24 h (Fig. 4, B and C). Remarkably, in cells
treated with MG132 for 24 h, nonphosphorylated RNA Pol II
also accumulates at repressed genes (Fig. 4, B and C, DOWN).
These data indicate that inhibiting proteasome activity causes
accumulation of nonphosphorylated RNA Pol II at TSSs of all
expressed genes.

To determine whether RNA Pol II occupancy resulted in
productive transcription initiation, we performed ChIP-seq
with an antibody against Ser-5—phosphorylated Pol II CTD
(pSer-5), which is a marker of transcription initiation (48, 49).
In contrast to nonphosphorylated RNA Pol II CTD, pSer-5 Pol
II signal was not significantly enriched at the TSS of all genes
(Fig. 4D, compare with Fig. 44 and Fig. S4D). Induced genes
gained pSer-5 Pol II at their TSS compared with genes that are
repressed (Fig. 4, E and F, and Fig. S4, E and F). Up-regulation of
genes coincided with increased abundance of pSer-5 Pol II at
the TSS for 4- and 24-h time points (Fig. 4, E and F). A close-up
of the pSer-5 Pol II profiles revealed induced 4-h DEGs gained
pSer-5 Pol II within 4 h with no further accumulation of pSer-5
Pol II signal during the 24-h treatment (Fig. 4E). We also note
genes induced at 4 h have a substantial increase in pSer-5 Pol I1
enrichment compared with those induced at 24 h (Fig. 4, E and
F, UP). Notably, unlike nonphosphorylated Pol 11, pSer-5 Pol II
is not enriched at TSSs of repressed genes (Fig. 4, E and F,
DOWN). These observations suggest different dynamics of
pSer-5 CTD recruitment in cells treated with MG132 for 4 h
compared with 24 h. pSer-5 CTD recruitment may be an
important bookmark for genes that undergo rapid transcrip-
tion initiation and induction in proteasome-inhibited cells.

Inhibiting proteasome activity increases recruitment and pro-
cessivity of RNA Pol Il

Because proteasome-inhibited cells exhibited hyperphos-
phorylation of CTD on Ser-5, which suggested formation of a
competent initiation complex, we asked whether proteasome
inhibition results in the transition of RNA Pol II to productive
elongation. We performed ChIP-seq for the pSer-2 phosphor-
ylation, which is a marker of elongation (50, 51). Intriguingly,
long-term MG132 treatment (24 h) causes a global accumula-
tion of pSer-2 Pol I at TSS, gene bodies, and 3’ end of all genes
as evident on the heatmap and in metagene plots of ChIP signal
from over 13,000 genes expressed in MCEF-7 cells (Fig. 5, A and
B). There were significant differences in pSer-2 Pol II recruit-
ment at genes up-regulated during 4 h (519) compared with
24 h (2637) of treatment (Fig. 5, C and D, E and F). Proteasome
inhibition causes recruitment of pSer-2 Pol IT at TSS within 4 h,
and the signal remains high at TSS, gene body, and the 3" end at
the 24-h time point as is evident on the heat map and metagene
analysis of pSer-2 signal at ~500 up-regulated genes (Fig. 5, C
and D, metaplot, MG4H DEGs, UP). In contrast, the ~2600
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genes induced at 24 h slowly gain pSer-2 Pol II within the tran-
scription unit, with maximum signal at 24 h for both the 4- and
24-h DEGs (Fig. 5, E and F, metaplot, MG24H DEGs, UP).

Examination of repressed genes revealed distinct differences
in pSer-2 Pol IT occupancy compared with induced genes. First,
we note a decrease in pSer-2 Pol II occupancy within 4 h com-
pared with control cells as is evident from pSer-2 profiles at
~200 and ~2400 repressed genes (Fig. 5, D and F, metaplots,
DOWN). Close examination of this group of genes revealed that
at the 24-h time point, pSer-2 Pol II signal within the transcrip-
tion unit is similar to control cells (Fig. 5, D and F, metagene
plot, DOWN). In addition, the dynamics of pSer-2 Pol Il binding
at the 3’ end of the repressed and induced group of genes is
distinct (Fig. 5, G-I, expanded 3’ end). We noted that in pro-
teasome-inhibited cells, compared with repressed genes,
pSer-2 Pol II binding at induced genes progressively increased
upstream and downstream of the TTS (Fig. 5, H and I). How-
ever, this seems to be a global phenomenon, as the trend is
observed at TTS of all expressed genes (Fig. 5G); metagene
analysis of the pSer-2 Pol II signal at the 3’-end region (TTS *
5 kb) shows a clear time-dependent increase in the upstream
and downstream signal at induced compared with repressed
genes (Fig. 5, H and /). Our results imply the following: 1) pro-
teasome inhibition may cause increased or longer pSer-2 Pol I
dwell times at TSS, and 2) pSer-2 Pol Il in proteasome-inhibited
cells can travel through the entire length of genes that are
induced, suggesting proteasome inhibition also enhances
pSer-2 Pol II processivity at a subset of differentially-expressed
genes. Finally, we note that the differential enrichment of RNA
Pol ITat induced and repressed genes was not due to RNA Pol II
abundance, as the protein levels of RNA Pol II forms in the
nucleus remained relatively equal upon MG132 treatment (Fig.
S5). However, cells treated with MG132 appear to have more
nuclear polyubiquitinated Ser-5- and Ser-2—phosphorylated
forms.

pSer-2 Pol II processivity during the elongation process has
been coupled with the histone H3K36me3 chromatin mod-
ification mark (52-55). We next asked whether histone
H3K36me3 deposition was affected in proteasome-inhibited
cells. H3K36me3 ChIP-seq signal at all genes expressed in
MCE-7 cells was similar between the control and proteasome-
inhibited cells (Fig. 6, A and B). Analysis of the ChIP signal at
differentially-expressed genes showed that proteasome inhibi-
tion enhanced H3K36me3 5’ to 3" deposition at ~500 and 2600
genes that were induced during the 4- and 24-h treatment,
respectively (Fig. 6, C—F). This effect was evident in metagene
plots of ~500 and 2600 genes up-regulated after 4 and 24 h of
treatment with proteasome inhibitor (Fig. 6, D and F). The
H3K36me3 signal at ~200 repressed genes during 4 h of treat-
ment did not differ from those of control cells at 4 h, although
the signal at the same genes decreased at 24 h (Fig. 6D, DOWN).
Analysis of ~2400 genes repressed during 24 h of treatment
revealed that H3K36me3 5’ to 3’ signal decreased progressively
in a time-dependent manner (Fig. 6F, metaplot, DOWN). We
also noted differences in the H3K36me3 profiles at the 3" end of
genes (Fig. 6, G-I). The H3K36me3 signal remains high
upstream and progressively decreases downstream of TTS at
genes induced by proteasome inhibition (Fig. 6, H and I, UP),
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whereas an opposite effect is observed at repressed genes,
where proteasome inhibition does not affect the progressive
decrease in H3K36me3 downstream from the TTS (Fig. 6, H
and I, DOWN). The differences in H3K36me3 deposition are
specific for differentially-expressed genes because they are not
observed at all genes expressed in MCEF-7 cells (Fig. 6, Band G).

Intriguingly, the H3K36me3 5’ to 3’ profiles differ from those
seen with pSer-2 Pol II in proteasome-inhibited cells. Protea-
some inhibition causes global accumulation of the pSer-2 Pol I
signal at all genes expressed in MCEF-7 cells, particularly at 24 h
(Fig. 5, A and B), whereas H3K36me3 deposition correlates with
time-dependent changes in transcriptional output. Further-
more, as we observed for pSer-2 Pol II binding, the dynamics of
H3K36me3 occupancy at the 3" end of induced and repressed
genes are distinct (Fig. 6, H and ). Inhibiting proteasome activ-
ity causes a distinct decoupling of pSer-2 Pol II and H3K36me3
upstream and downstream of TTS of induced (Fig. S6, Band C,
UP) compared with repressed genes, and this effect is maximal
in cells treated with inhibitor for 24 h (Fig. S6, D and E, DOWN).
The different kinetics of pSer-2 Pol II and H3K36me3 at the 3’
end of induced and repressed genes suggests gene regulation
mechanisms involving the 3'-end region mediate gene repres-
sion effects during proteasome inhibition. In addition, pSer-2
Poll IT accumulation downstream of the TTS indicates protea-
some activity is critical for RNA pol II transactions at the 3" end
of genes and Pol II accumulation or stalling at the transcription
termination sites during proteasome inhibition could ulti-
mately result in defects in transcriptional termination.

Discussion

The 26S proteasome system is essential for the integrity of
the genome and proper gene expression, and dysregulation of
proteasome function disrupts many basic cellular processes
that are important in health and disease. We examined how
proteasome inhibition affected chromatin modifications and
RNA Pol II transcription by performing genome-wide gene
expression and ChIP-seq studies in MCEF-7 breast cancer cells
treated with a chemical inhibitor of the 26S proteasome. We
find that proteasome inhibition causes time-dependent and
pathway-specific targeted changes in gene expression. The
changes in gene expression are concomitant with a distinct
reorganization of the chromatin architecture that involves
spreading of the H3K4me3 into the gene bodies, together with
dynamic recruitment and processivity of the RNA Pol II at dif-
ferentially-expressed genes. Our analyses of chromatin state
and RNA Pol II transcription in proteasome-inhibited breast
cancer cells is a promising resource for future studies in the
field.

Cancer cells depend on the activity of the 26S proteasome to
maintain gene expression programs that preserve their tumor
state (56). Indeed, gene expression analysis reveals that protea-
some inhibition enhances antiproliferative while dampening

cell-proliferative gene expression programs. In particular,
MCE-7 breast cancer cells thrive by their estrogen receptor—
dependent proliferative capacity (57). We show genes that are
repressed encode pathways related to cell cycle, DNA damage,
and estrogen-mediated S-phase entry. Conversely, genes
encoding signaling pathways associated with cell death such as
NF-«B, oxidative stress, and p53 signaling are up-regulated.
Furthermore, we observe a general dysregulation of genes
encoding proteasome subunits indicating treatment with
MG132 effectively blocks proteasome activity (58). Our find-
ings in breast cancer cells are in general agreement with other
gene expression analysis in tumor cells treated with proteasome
inhibitors. The majority of studies examining gene expression
changes in tumor cells have been performed in multiple
myeloma cells (59). Similar to our observations, proteasome-
inhibited multiple myeloma cells predominantly express genes
encoding cell cycle regulators, apoptosis/cell death, and NF-«B
signaling (59).

Chromatin may act as a barrier to transcription, and the
global changes in steady-state mRNA expression that we
observe could be attributed to changes in chromatin architec-
ture. We identify a distinct chromatin state, characterized by
the spreading of the H3K4me3 mark into gene bodies and
hyperacetylation of TSSs at genes altered by the proteasome
inhibitor. H3K4me3 occupancy is normally restricted within a
narrow genomic region around the active TSS (22, 42). How-
ever, recent studies show that the spreading of the H3K4me3
domain downstream of the TSS represents a distinct gene reg-
ulatory feature that is associated with diverse and cell-specific
gene expression programs (44 —46, 60 —63). Here, we show that
proteasome inhibition causes spreading of H3K4me3 marks
into gene bodies of induced genes, several of which are targets
of the tumor suppressor p53. Our finding is consistent with a
recent study that examined genome-wide epigenetic signatures
of cancer driver genes and found that broad H3K4me3 domains
were associated with high expression of tumor suppressor
genes (45).

In addition to the spreading of the H3K4me3 mark, protea-
some inhibition also creates a hyperacetylated chromatin land-
scape at the TSS of altered genes. Combinatorial patterns of
active marks like H3K27ac, H3K122ac, and H3K9/14ac and the
spreading of H3K4me3 can create cross-talk between specific
histone posttranslational modifications to influence gene
expression changes (19, 64). Interestingly, although the marked
H3K4me3 regions are hyperacetylated, the distribution of each
acetylated mark is distinct. H3K27ac is strictly enriched at the
TSS of induced but not repressed genes, whereas H3K9/14 and
H3K122ac marks are globally enriched at all genes, with an
increased association of the marks at induced TSSs suggestive
of a more open chromatin architecture. The distinct distribu-
tion of each acetylated mark may indicate differential regula-

Figure 5. Proteasome inhibition increases recruitment and processivity of RNA Pol Il. A, C, and £, genome-wide accumulation of pSer-2 Pol Il around TSS
and gene body. Heatmap analysis of pSer-2 Pol Il signal in cells treated with vehicle (UNTR) or proteasome inhibitor for the region flanking =5 kb relative to TSS
(black arrow) and TTS (red triangle). Gene body regions were split into 100 total bins per gene. Rows represent genes, and Pol Il signal is sorted according to fold
gene expression for specific time of treatment. A, all expressed genes; C, MG4H DEGs; E, MG24H DEGs. B, D, and F, metagene plot pSer-2 Pol Il occupancy
indicating proteasome inhibition causes altered processivity of Pol II. B, all expressed genes; D, MG4H DEGs; F, MG24H DEGs. G, H, and /, expanded metagene
plots of TTS region =5 kb shows distinct differences in pSer-2 Pol Il occupancy between up- and down-regulated genes.
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and /, expanded metagene plots TTS region =5 show distinct differences in H3K36me3 occupancy between up- and down-regulated genes.
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tion of histone acetyltransferases by proteasome inhibition, a
concept that warrants further investigation. Combinatorial
occurrence of active marks, such as H3K27ac and spreading of
H3K4me3, define open chromatin architecture at regulatory
regions that are associated with higher transcriptional activity,
transcriptional consistency, and cell type—specific gene expres-
sion networks (44, 45, 62, 63).

The extended open chromatin architecture, established dur-
ing proteasome inhibition, may result in a loss of —1 and a shift
of +1 H3K4me3-modified nucleosomes, particularly in cells
treated with the inhibitor for 24 h. However, we have not con-
firmed alterations of nucleosome positioning under these con-
ditions. Interestingly, a previous MNase-seq study showed that
broad H3K4me3 domains exhibited fuzzier nucleosome posi-
tions when compared with sharp H3K4me3 peaks normally
observed at TSSs (45). Furthermore, numerous elegant studies
have shown that most transcriptionally-active gene promoters
are characterized by the presence of a nucleosome-depleted
region flanked by two well-positioned nucleosomes, —1 and +1
nucleosomes, followed by a nucleosomal array into the gene
bodies (22, 65, 66). In general, —1 nucleosome is decorated with
histone tail modifications, including acetylation and methyla-
tion, which are proposed to facilitate nucleosome eviction to
allow formation of the pre-initiation complex and increased
gene expression (17, 22, 67). Thus, we conclude that protea-
some inhibition reorganizes chromatin at TSS of differentially-
expressed genes primarily by weakening inter-nucleosomal
interactions governed by spreading of H3K4me3 and key acety-
lated modifications downstream of TSS into the gene bodies of
the affected genes.

One consequence of the open chromatin established by the
spreading of the H3K4me3 mark is the recruitment of RNA Pol
II, which coincides with increased levels of gene expression
during proteasome inhibition. Broad H3K4me3 domains are
associated with highly-transcribed genes with characteristical-
ly-frequent RNA Pol II initiation events and enriched binding
of positive regulators of transcriptional elongation (44, 45, 63).
RNA Pol II is a well-known target of the proteasome, and
consequently, proteasome inhibition should have significant
effects on RNA Pol II genomic distribution and underlying
effects on gene expression (36, 68). We identify diverse
responses of RNA Pol Il in proteasome-inhibited cells. First, we
show a global time-dependent accumulation of nonphosphor-
ylated RNA Pol II at all TSSs independent of the level of gene
expression. We predict these are stalled RNA Pol II complexes
as proteasome activity is required to turn over RNA Pol Il com-
plexes (36, 68). By analyzing ChIP profiles at TSSs of expressed
genes, we identify distinct RNA Pol II CTD phosphorylation
patterns that may distinguish the stalled Pol II from transcrip-
tionally productive RNA Pol II. The 5’ to 3’ profiles of Ser-5-
and Ser-2—phosphorylated Pol II show a subset of genes in
proteasome-inhibited cells undergo a full transcriptional cycle
with production of mature mRNA, as induced and not
repressed genes are enriched with Ser-5 and pSer-2 Pol II at
TSSs and 5’ to 3’ of the full transcription unit. This correlation
between the spreading H3K4me3 domain and increased
recruitment of pSer-5 recruitment in proteasome-inhibited
cells resonates well with recent findings showing TFIIH activity
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is associated with H3K4me3 spreading and the corresponding
gene expression changes (47).

In general, eukaryotic transcription units are characterized
by 5’ to 3’ profiles of specific Pol II CTD phospho-isoforms,
pSer-5 at the 5" end and pSer-2 at the 3’ end (4, 48, 69). The
analysis of proteasome-inhibited cells reveals an uncharacter-
istic 5' to 3’ profile of pSer-2 RNA Pol II. The pSer-2 signal in
the gene body and 3’ end of genes reflected gene expression
levels in proteasome-inhibited cells as expected. In addition, we
observed two uncharacteristic profiles different from the con-
served canonical pSer-2 5’ low to 3’ high profile: 1) a large
accumulation of pSer-2 at TSS of all expressed genes particu-
larly at 24 h, and 2) an extended accumulation of pSer-2 at 3’
end and downstream of TTSs. Recent elegant studies that com-
bine RNA Pol II ChIP and other assays to monitor RNA Pol II
transcription have detected the presence of noncanonical
pSer-2 at the 5’ end of human genes (52, 70). pSer-2 at TSSs is
associated with longer dwell times at start sites, which is plau-
sible in proteasome-inhibited cells, because turnover of RNA
Pol II complexes is inhibited (52). In contrast, pSer-2 at TSSs
was also associated with reduced transcriptional polarity and
antisense transcription at promoters of human cells (52).
Reduced transcriptional polarity at promoters of proteasome-
inhibited cells seems unlikely because there is a concomitant
enhancement of pSer-2 in the entire transcriptional unit of
expressed genes, suggesting these genes undergo competent
transcriptional initiation and elongation. The current studies
are not sufficient to determine whether pSer-2 at TSS denotes
divergent transcription; however, analysis of metagene ChIP
signal profiles do not detect the characteristic bimodal distri-
bution of nonphosphorylated Pol II normally associated with
divergent transcription (71, 72). Alternatively, the uncharacter-
istic 5" to 3’ pSer-2 profiles may result from an additional mod-
ification to the CTD, such as ubiquitination, established during
proteasome inhibition that then alters the dynamics of pSer-2
binding in the genome.

The appearance of the pSer-2 signal downstream of TTSs in
proteasome-inhibited cells suggests proteasome inhibition may
increase readthrough transcription that is reminiscent of the
recruitment of proteasome activity in resolving RNA com-
plexes at termination sites (73, 74). Moreover, analysis of pSer-2
signal at 3’ end also uncovers uncoupling of pSer-2 and
H3K36me3. pSer-2 Pol II and H3K36me3 increase in the gene
bodies of up-regulated genes, although the ChIP profiles are
distinct. pSer-2 and H3K36me3 downstream of TTSs are
decoupled supporting the notion that proteasome inhibition
causes defects in both transcriptional termination and 3’ end
mRNA processing (73, 75). Indeed, recent studies have discov-
ered a noncanonical function of H3K36me3 in transcriptional
termination and 3’ end mRNA processing (76 —78).

The observations that pSer-2 and H3K36me3 downstream of
TTSs are decoupled suggest proteasome-inhibited cells may
use alternative mechanisms to modulate chromatin state and
gene expression. A switch from H3K36me3-active chromatin
state to a repressive mark at down-regulated genes is an attrac-
tive mechanism for gene repression. In this regard, binding of
the heterochromatic mark H3K9me3 at gene bodies and tran-
scription termination sites correlates with the gene repression
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(79, 80). Interestingly, the deposition of H3K9me2 at transcrip-
tion termination sites and the 3’ end also results in RNAi-de-
pendent gene repression of mammalian protein-coding genes
(81). Furthermore, the analyses uncovering miRNAs as up-
stream regulators of a subset of genes affected by MG132 treat-
ment supports an RNAi-dependent mechanism for regulating
gene repression in proteasome-inhibited cells. A mechanism
whereby HOKme3 deposition modulates the chromatin state at
the 3’ end to regulate mRNA processing and gene expression
in proteasome-inhibited cells remains to be tested.

These findings may have important implications for the
mechanism of action by proteasome inhibitors as anti-cancer
therapy. The proteasome is clearly a valuable drug target for
many diseases (82). Our results suggest that proteasome inhib-
itors may represent a class of potential drugs that specifically
target key steps of RNA pol II transcriptional processes in var-
ious cancers. This would be consistent with recent studies
where small molecule inhibitors of the transcriptional machin-
ery have shown promising antiproliferative effects in cancer
cells (83-85). Although this study does not identify the specific
epigenetic and transcriptional regulators that are targeted by
the proteasome, our findings demonstrate that downstream
effects of proteasome inhibitors involve epigenetic mechanisms
that regulate specific gene networks. Overall, these findings
support an intriguing mechanism, where dysregulation of the
proteasome function causes alterations in chromatin modifica-
tions that modulate RNA Pol II transcription to regulate gene
expression patterns relevant to breast cancer.

Experimental procedures

For essential reagents and resources used in this publication
refer to the key resource table (Table S2).

Cell culture

MCF-7 (ATCC® HTB-22"™) breast cancer cells were grown
in a humidified incubator at 37 °C with 5% CO, in modified
Eagle’s medium (MEM, GIBCO) supplemented with 10% fetal
bovine serum (Atlanta Biologicals), 100 pg/ml penicillin/strep-
tomycin, 2 mm glutamine, and 10 mm HEPES (GIBCO). For
MG@G132 treatment, cells were seeded overnight in phenol red-
free MEM supplemented with 5% charcoal-stripped calf serum
(Atlanta Biologicals) and 2 mm glutamate. The next day, cells
were treated with vehicle (DMSO, Sigma) or 1 um MG132 (Cal-
biochem) for 4 or 24 h.

Gene expression profiling and analysis

Total RNA samples were prepared from three biological rep-
licates of MCF-7 cells treated with vehicle (DMSO) or 1 um
MG@G132 for 4 or 24 h using total RNA, mirVana RNA isolation
kit (AM1560, Applied Biosystems). Gene expression analysis
was conducted using Agilent whole-human genome 4 X 44
multiplex format oligonucleotide arrays (Agilent Technolo-
gies) following the Agilent one-color microarray-based gene
expression analysis according to the manufacturer’s protocol.
Data were obtained using the Agilent Feature Extraction soft-
ware (version 9.5), using the one-color defaults for all parame-
ters. The Agilent Feature Extraction Software performed error
modeling, adjusting for additive and multiplicative noise. The
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resulting data were processed using the Rosetta Resolver® sys-
tem (version 7.2) (Rosetta Biosoftware, Kirkland, WA).

Preprocessing of the data

Pixel intensity data were log2-transformed and quantile-nor-
malized. To remove noisy genes at the low end of the intensity
distribution, genes above the 20th percentile in 13 of 15 samples
were retained. Missing data were imputed with the value at the
20th percentile = 3.17501.

Statistical data analysis

The following two-way analysis of variance (Equation 1) was
used to model the log2 quantile-normalized data from the
29,503 genes passing the low intensity filter:

Yijk = w + Ci + Tj + (C- Nij + €ijk (Eq. 1)
where u is grand mean of the experiment; Yijk represents the
kth gene expression observation on the ith cell line (C) and jth
time (7), and eijk is the random error assumed to be normally
and independently distributed with mean 0 and standard devi-
ation 0 for all measurements. Fisher’s least significant differ-
ence ¢ test was performed for each gene to compare the mean of
the treated samples to the mean of the control (0 h) matched by
cell line type. DEGs were detected at a Benjamini and Hochberg
false discovery rate (FDR) <0.05 and absolute fold change >1.5
(86).

Gene set enrichment analysis (GSEA)

GSEA version 3.0 was run using default parameters (87).
Input data were the microarray probe expression values for all
expressed genes, normalized to log2 fold change from the aver-
age at time 0. Probe values were collapsed to gene values inter-
nally within GSEA using the default of maximum probe. The
gene sets tested were those in collection c2.cp from the Molec-
ular Signatures Database (MSigDB). Enrichment plots were
obtained to demonstrate the degree of positive or negative
enrichment of the gene sets.

Quantitative RT-PCR

Total RNA was extracted from MCF-7 cells treated with
vehicle (DMSO) or 1 um MG132 for 4 or 24 h using the Qiagen
kit (Qiagen, Valencia, CA). For reverse transcriptase—PCR (RT-
PCR) analysis, cDNA was synthesized according to standard
protocols after DNase I treatment (Invitrogen). Following reverse
transcription, cDNA was used for real-time PCR employing SYBR
Green detection. Real-time PCR was performed with CFX96 real-
time PCR Detection System (Bio-Rad). Ribosomal protein L13A
(RPL13A) and TATA-binding protein were used to normalize the
differences in the amounts of mRNA in each reaction mixture.
PCR primer pairs used in this study are available upon request.

Western blot analysis

For whole-cell extracts, cells were lysed as described previ-
ously (88). Cytosolic and nuclear extracts from cells treated
with vehicle (control) or 1 um MG132 for 4 and 24 h were
prepared using NE-PER™ kit (Thermo Fisher Scientific).
Twenty micrograms of protein were fractionated by SDS-
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PAGE and transferred to polyvinylidene difluoride membrane
according to standard methods (88). Proteins were immuno-
blotted using the following primary antibodies: from ABCAM,
pSer-5 (ab5131) and pSer-2 (ab5095); from Santa Cruz Bio-
technology, nonphosphorylated RNA Pol II CTD (8WG16,
sc-56767), GR (sc-393232), Lamin A/C (sc-20681), p53 (sc-
126), and ERa (Sc-8004); and from Cell Signaling Technology,
GR (CST catalog no. 3660). After washing, membranes were
incubated with IRDye secondary antibodies following the man-
ufacturer’s recommendations (LI-COR, Biosciences). Mem-
branes were washed, and signal was detected using LI-COR
odyssey CLX imaging system (LICOR, Biosciences).

ChlP-seq

MCE-7 cells were treated with vehicle (DMSO) or protea-
some inhibitor (MG132) as specified above. ChIP for histone
modifications was done as follows. MCE-7 cells were briefly
cross-linked in 1% formaldehyde for 5 min in phosphate-buff-
ered saline (PBS) and quenched with glycine (125 mwm) for 5
min. The quenched cross-linker was quickly discarded in a
waste beaker. Cells were rinsed twice with PBS supplemented
with protease inhibitors and harvested in 5 ml of PBS and an
additional 5 ml of PBS rinse to collect the majority of the cells.
The cells were then pelleted at 4 °C and followed by nuclei iso-
lation, as described previously (88, 92). To fragment chromatin,
nuclei were resuspended in MNase (Worthington) digestion
buffer (10 mm Tris-HCI, pH 7.4, 15 mMm NaCl, 60 mm KCI, 1 mm
CaCl,, 0.15 mm spermidine, 0.5 mM spermidine) on ice. Nuclei
were digested with 50 units of MNase nuclease on a tempera-
ture-controlled block at 25 °C for 20 min with gentle mixing at
400 rpm. Following digestion, samples were quickly placed on
ice, and the reaction was stopped by adding EDTA/EGTA stop
buffer (100 mm, EDTA, 10 mm EGTA, pH 7.5), gently mixing by
pipetting, followed by addition of SDS lysis buffer (4% SDS, 40
mmMm EDTA, 200 mm Tris, pH 8.0), final concentration 1%
SDS supplemented with Halt™ Protease Inhibitor Mixture
(Thermo Fisher Scientific). To further release chromatin,
nuclei were briefly disrupted using a mini homogenizer for 5 s
and further incubated on the Hulamixer sample mixer (Invit-
rogen) for 10 min at 4 °C. Chromatin was recovered by centrif-
ugation at 14,000 rpm for 10 min.

Following centrifugation, an aliquot of MNase-fragmented
chromatin was diluted 10X with immune precipitation buffer
(20 mm Tris, 8.0, 150 mm NaCl, 0.5% Triton X-100, 2 mm
EDTA, 10% glycerol) and supplemented with protease inhibi-
tors (Roche Applied Science). Antibodies against histone mod-
ification of interest were added, and chromatin was incubated
overnight at 4 °C on a slow-rotating nutator. Next day, 20 ul of
protein A and G magnetic Dynabeads (Invitrogen) was added,
and samples were incubated for 2 h at 4°C on a nutator to
capture DNA/protein immunocomplexes. Following incuba-
tion, protein/DNA immunocomplexes were recovered by sub-
sequent washes and eluted as described previously (8). Eluted
immunoprecipitated complexes were digested with RNase A
(Qiagen) followed by proteinase K digestion and reverse cross-
linking as described previously (8). DNA was recovered using
the Qiagen PCR kit purification system (Qiagen)and quantified
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using Quant-iT™ dsDNA HS assay kit with Qubit™ fluorom-
eter (Invitrogen).

For RNA Pol II ChIP, cells were cross-linked, pelleted, and
harvested as described above. Pelleted cells were resuspended
in sonication buffer (20 mMm Tris, pH 8.0, 150 mm NaCl, 0.5%
Triton X-100, 2 mm EDTA, 10% glycerol) supplemented with
protease inhibitors and incubated on ice for 10 min. Chromatin
was fragmented in 15-ml tubes using the bioruptor (Diagenode)
for 12 cycles (30 s on/30 s off), total sonication time 6 min. After
sonication, the fragmented chromatin was spun briefly in a
cooled centrifuge, transferred to 1.5-ml Eppendorf tubes, and
centrifuged at 14,000 rpm for 10 min. Following centrifugation,
an aliquot of the chromatin diluted with immunoprecipitation
buffer was incubated with various RNA Pol II antibodies, and
DNA/protein immunocomplexes were recovered as described
above. Following DNA recovery, all libraries were prepared
with [lumina-compatible NEXTflex Rapid DNA-seq kit and se-
quenced on a NextSeq2000 (Illumina). At least two indepen-
dent biological replicates were performed for all histone mod-
ifications and RNA Pol II ChIP assays.

ChlIP-Seq processing (histone modifications and RNA Pol II)

The FASTQ files for each biological replicate were concate-
nated for each sample. Raw reads were quality-filtered to only
include those with a mean Phred quality score of 20 or greater.
Adapter was trimmed using Cutadapt version 1.12 (89). The
preprocessed reads were aligned to the hgl9 assembly using
Bowtie version 1.2 and parameters -v 2 -m -best -strata (90).
Aligned reads were deduplicated by only keeping one read pair
when multiple pairs had both mates aligned to the same posi-
tion. Bound locations were obtained from the aligned reads by
extracting the entire length of the aligned fragment. Coverage
tracks were generated from these bound locations using the
genomecov tool from the bedtools suite version 2.17.0 (91). The
coverage tracks were normalized to depth per 10 million
mapped reads.
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