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Abstract

Control of gene expression is one of the most complex yet continuous physiological processes impacting cellular
homeostasis. RNA polymerase II (Pol II) transcription is tightly regulated at promoter-proximal regions by intricate dynamic
processes including Pol II pausing, release into elongation and premature termination. Pol II pausing is a phenomenon
where Pol II complex pauses within 30–60 nucleotides after initiating the transcription. Negative elongation factor (NELF)
and DRB sensitivity inducing factor (DSIF) contribute in the establishment of Pol II pausing, and positive transcription
elongation factor b releases (P-TEFb) paused complex after phosphorylating DSIF that leads to dissociation of NELF. Pol II
pausing is observed in most expressed genes across the metazoan. The precise role of Pol II pausing is not well understood;
however, it’s required for integration of signals for gene regulation. In the present study, we investigated the role of
phosphatase and tensin homolog (PTEN) in genome-wide transcriptional regulation using PTEN overexpression and PTEN
knock-down models. Here we identify that PTEN alters the expression of hundreds of genes, and its restoration establishes
genome-wide Pol II promoter-proximal pausing in PTEN null cells. Furthermore, PTEN re-distributes Pol II occupancy across
the genome and possibly impacts Pol II pause duration, release and elongation rate in order to enable precise gene
regulation at the genome-wide scale. Our observations demonstrate an imperative role of PTEN in global transcriptional
regulation that will provide a new direction to understand PTEN-associated pathologies and its management.

Introduction
Phosphatase and tensin homolog (PTEN) is a well-studied tumor
suppressor gene on 10q23.3 frequently mutated or deleted in
diverse sporadic cancers and the autosomal dominant Cowden
syndrome (OMIM 158350) characterized by a high risk of breast,
thyroid and other cancers (1–7). PTEN is a dual specificity
phosphatase that dephosphorylates both lipids and proteins

(8). It canonically antagonizes PI3K-AKT-mTOR pathway due
to its phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase
activity, thereby regulating cell growth, proliferation and survival
(9,10). PTEN expresses ubiquitously and undergoes extensive
post-translational modifications that regulate PTEN protein
stability, activity, protein–protein interaction and localization
(9,11,12).
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Formerly believed only to be cytoplasmic, PTEN also localizes
to the nucleus and exhibits tumor suppressor functions, possibly
through both its phosphatase and non-phosphatase activity
(13,14). In the nucleus, PTEN helps in maintenance of genomic
integrity, homologous recombination and repair of DNA double-
strand breaks (15–17). It also regulates cellular senescence and
cell cycle progression (18–20). PTEN interacts with a wide variety
of nuclear factors including p53, CENP-C, HIF1α, CREB and MCRS1
(21–23). Intriguingly, PTEN contribution in regulating chromatin
condensation suggests its broader role in transcriptional regula-
tion (24,25). A study by Horita et al. (26) reported the interaction of
serum response factor with PTEN that regulates smooth muscle-
specific genes. rRNA transcription is also regulated by PTEN
and its alternatively translated isoform PTENβ (27). Numerous
genome-wide transcription studies, including both in human
cell line and animal models, strongly suggest the involvement of
PTEN in the (direct and indirect) regulation of hundreds of genes
(28,29). However, the precise mechanism of PTEN in regulating
global transcription is not known.

Gene transcription is a complex process and tightly regulated
at multiple levels. Rpb1, the largest subunit of RNA Polymerase
II (Pol II) complex, contains an unusual C-terminal domain
(CTD) comprising the highly conserved 25–52 tandemly repeated
heptad sequence YSPTSPS. The dynamic post-translational
modifications of Pol II CTD provide an interactive platform for
various factors required for transcription initiation, elongation,
termination, as well as RNA processing (30). Once transcription
starts, Pol II pauses within 30–60 nucleotides from the transcrip-
tion start site (TSS) (31). The precise role of Pol II pausing is not
well known. Pol II pausing can be retained or acquired during
transcriptional responses (32), suggesting a possible decision-
making mechanism taking place at the paused site. As such, we
hypothesized that nuclear PTEN contributes to the regulation
of RNA Pol II pausing dynamics to maintain transcriptional
homeostasis. Considering the known functions of nuclear
PTEN and its probable involvement in gene transcription, we,
therefore, sought to understand the in-depth role of PTEN in
global transcriptional regulation.

Results
PTEN modulates global gene expression

To understand how PTEN contributes to genome-wide
transcriptional regulation, we have generated a stable PTEN
wild-type expressing line using the BT-549 (PTEN null) cells.
In this overexpression model, a robust expression of exoge-
nous 3X FLAG-tagged PTEN was observed and functionally
active as evidenced by downregulation of pAKT (Fig. 1A;
Supplementary Material, Fig. S1A). RNA sequencing (RNA-seq)
analysis revealed that wild-type PTEN overexpression in BT-
549 cells resulted in 2146 differentially expressed genes (DEGs)
(FDR-corrected P-value <0.05) (Fig. 1B; Supplementary Material,
Fig. S1B). We confirmed our RNA-seq results by examining the
expression of few selected genes using reverse transcription
(RT-qPCR) method (Supplementary Material, Fig. S1C). We per-
formed pathway analysis using Ingenuity Pathway Analysis
(IPA, Qiagen Bioinformatics, Redwood City, CA), which revealed
these DEGs clustering in diverse canonical signaling pathways
including BRCA1 in DNA damage, mismatch repair, AMPK
signaling, EIF2 signaling, iNOS signaling, NFκB signaling, etc.
(Fig. 1C).

In another model using MCF7 cells, we knock down PTEN
using short hairpin RNA (shRNA) (Fig. 1D) and performed

RNA-seq analysis. PTEN knock-down in MCF7 cells resulted in
1242 DEGs (FDR-corrected P-value <0.05) (Fig. 1E; Supplementary
Material, Fig. S1D). Gene ontology (GO) analysis using IPA showed
various canonical signaling pathways including protein ubiqui-
tination, AHR signaling, DNA methylation and transcriptional
repression signaling and p70S6K signaling (Fig. 1F). Remarkably,
we found that 137 genes that were relatively overexpressed
due to wild-type PTEN overexpression in BT-549 cells were also
relatively underexpressed due to PTEN knock-down in MCF7
cells. Furthermore, 134 genes that were underexpressed in
BT-549_PTEN cells were found overexpressed in MCF7_PTEN-
shRNA cells (Supplementary Material, Fig. S1E).

PTEN expression regulates genome-wide RNA Pol II
pausing

To get an in-depth understanding of transcriptional processes
and its modulation by PTEN, we performed RNA Pol II chro-
matin immuno-precipitation sequencing (ChIP-seq) analysis.
We observed a significant global increase in Pol II pausing
at promoter proximal region after PTEN overexpression in
BT-549 cells (Fig. 2A and B; Supplementary Material, Fig. S2A).
However, a small group of genes (n = 136) had decreased Pol II
pausing after PTEN re-expression in BT-549 cells (Fig. 2C and D;
Supplementary Material, Fig. S2B). After reducing PTEN expres-
sion by adding tetracycline in BT-549-PTEN cells (pTet-Off
expression system) for 48 h, we observed a decrease in Pol
II pausing (Fig. 2E) confirming an intriguing role of PTEN
in the maintenance of Pol II pausing. Furthermore, to con-
firm the role of PTEN in maintaining Pol II pausing, we
knocked down PTEN using shRNA and performed Pol II ChIP-
seq analysis. We observed a decrease in Pol II pausing at
promoter-proximal regions, further confirming a new role
of PTEN in the maintenance of Pol II pausing (Fig. 2F and G;
Supplementary Material, Fig. S2C). Interestingly, only a small
group of genes (n = 89) showed a modest increase in Pol II
occupancy at promoter proximal regions after PTEN knock-down
in MCF7 cells (Supplementary Material, Fig. S2D and E).

PTEN modulates RNA Pol II pause release

RNA Pol II complex enters into productive elongation phase
after release from pausing. Regulation of pause release into
elongation contributes in overall transcriptional outcome.
We calculated Pol II pause release ratio (PRR) by taking the
ratio of gene body (+300 bp to +2 kb from TSS) counts
to promoter (−50 bp to +300 bp form TSS) counts (see
Materials and Methods for details). As expected, we observed an
overall decrease in PRR after PTEN re-expression in BT-549 cells
(10 141 genes, P < 0.0001) (Fig. 3A). Furthermore, we categorized
these genes and noted that over 60% genes (n = 6269) exhibit
decreased PRR after PTEN re-expression, while PRR of 2403
genes remained the same (Fig. 3B). Surprisingly, a significant
increase in PRR was observed in 1479 genes (P < 0.0001) (Fig. 3B;
Supplementary Material, Fig. S3A). GO analysis revealed that
they are mainly involved in transcriptional regulation (Fig. 3C;
Supplementary Material, Fig. S3B). To re-confirm the role of
PTEN in Pol II pause release, we calculated the PRR of 14 300
genes in MCF7 cells after PTEN knock-down. We observed an
overall increase in PRR (P < 0.0001) corroborating our previous
findings (Fig. 3D). Among them, 5686 genes showed increased
PRR (P < 0.0001), 7483 genes had no change, while 2231 genes
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Figure 1. PTEN modulates global gene expression. (A) Overexpression of PTEN in BT-549 cells. (B) Volcano plot showing differential gene expression in BT-549 cells

after overexpression of PTEN followed by RNA-seq analysis. A total of 2146 genes were differentially expressed (FDR-corrected P-value <0.05) including 400 and 299

genes 2-fold or more overexpressed and underexpressed, respectively. (C) IPA analysis of top canonical pathways in BT-549 cells with and without PTEN overexpression.

(D) Immunoblot showing knock-down of PTEN in MCF7 cells. (E) Volcano plot showing differential gene expression (1242 genes, FDR-corrected P-value <0.05) in MCF7

cells after knock-down of PTEN using shRNA followed by RNA-seq analysis. With ≥2-fold change cut-off, 167 genes are relatively underexpressed and 87 genes are

overexpressed. (F) IPA analysis of top canonical pathways of DEGs in MCF7 cells followed by PTEN knock-down.

exhibited a decrease in PRR after PTEN knock-down in MCF7
cells (P < 0.0001, Fig. 3E; Supplementary Material, Fig. S3C). The
top GO categories of genes with decreased PRR (n = 2231)
were inflammatory responses and cell migration (Fig. 3F;
Supplementary Material, Fig. S3D).

Since PTEN null BT-549 cells have exhibited diminished Pol II
occupancy at promoter proximal region in most of the genes,

we hypothesized that lack of PTEN may be causing very rapid
Pol II turnover in BT-549 cells. To test this hypothesis, we used
TFIIH inhibitor Triptolide (Trp) to block transcription initiation
followed by Pol II ChIP-qPCR analysis using specific primers
targeting promoter proximal regions (see Supplementary
Material for primer list). BT-549-Vector and BT-549-PTEN cells
were treated with Trp (0.5 mM) for 1 and 2 min, and Pol II ChIP
signals (% input) were used to generate a decay curve. Our Trp
experiments demonstrated a rapid turnover of paused Pol II in
PTEN null BT-549 cells compared to PTEN re-expressing BT-549
cells (Fig. 3G). This was an intriguing observation suggesting
a possible role of PTEN in modulating Pol II pause duration
or pause release. We have illustrated this with three genes
(FOS, SOX4 and SRSF3) using ChIP-qPCR. Our observations
here would suggest a future genome-wide study, using more
precise techniques such as PRO-seq, etc. that will be needed
to understand the impact of PTEN on Pol II pause duration
and release.

PTEN redistributes genome-wide Pol II occupancy

We observed a positive correlation between PTEN levels and Pol
II occupancy at various locations across the genome including
enhancers and regions encoding micro RNA (miRNA) and
long interspersed non-coding RNA (Supplementary Material,
Fig. S4A–C). Furthermore, PTEN overexpression in BT-549 cells
led to re-distribution and increased Pol II occupancy across the
gene body (Fig. 4A). Surprisingly, Pol II occupancy was dimin-
ished across the genome in PTEN null BT-549 cells possibly
due to rapid Pol II turnover. To rule out any possible artifact,
we compared our data with publicly available Pol II ChIP-seq
datasets of different cell types. We re-analyzed Pol II ChIP-
seq datasets of various cells including breast epithelium, T47D,
MCF7, MDA-MB-231, iPSCs and dermal fibroblasts. We observed
that the patterns of Pol II pausing and overall occupancy across
the gene body were highly conserved across various cell types
(Fig. 4B). Furthermore, knock-down of PTEN expression in MCF7
cells resulted in the converse, thus corroborating the observation
in BT-549-PTEN overexpression model (Fig. 4C).

Knowing the direct involvement of PTEN in RNA splicing
(33) and PTEN-dependent increases in Pol II occupancy on
the gene body, we postulated that PTEN might play some
role in regulating Pol II elongation rate, hence impacting co-
transcriptional events. PTEN null and PTEN re-expressing BT-
549 cells were treated with Trp (block transcription initiation
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Figure 2. PTEN expression regulates genome-wide RNA Pol II pausing. (A) Metagene plot showing Pol II signals at TSS (average of 16 290 genes) in BT-549 cells after re-

expression of PTEN followed by Pol II ChIP-seq. (B) Pol II occupancy at representative genes are shown using UCSC browser. (C) A small group of genes (n = 136) showing

decrease in Pol II pausing after PTEN overexpression. (D) Decrease in Pol II occupancy after PTEN re-expression in BT-549 cells at representative genes are shown using

UCSC browser. (E) PTEN expression after 48 h of tetracycline treatment (left), and Metagene plot showing Pol II signals at TSS in BT-549-PTEN +/− tetracycline treatment

followed by Pol II ChIP-seq (right). (F) Metagene plot showing Pol II signals at TSS (average of 16 290 genes) in MCF7 cells after knock-down of PTEN using shRNA followed

by Pol II ChIP-seq. (G) Pol II occupancy at representative genes are shown using UCSC browser.

by inhibiting TFIIH) for 5 and 10 min before Pol II occupancy
at the terminal exon of representative genes were measured
by ChIP-qPCR. Genes were selected based on their size (∼10–
25 kb) so that elongating Pol II complex reaching the terminal
exon after 5 and 10 min of Trp treatments could be measured.
Intriguingly, we observed increased Pol II levels at the last
exons of the genes in BT-549-PTEN cells, suggesting a relatively
slow elongation rate in PTEN expressing cells (Fig. 4D–F;
Supplementary Material, Fig. S5A and B). Interestingly, no sig-
nificant difference in elongation rate was observed in IFI44
gene that was already paused in PTEN null cells and exhibited
reduced Pol II pausing due to PTEN overexpression; further
support the role of PTEN in modulating Pol II elongation rate
(Supplementary Material, Fig. S5C).

Discussion
Transcriptional dysregulation is a hallmark of almost all types
of cancers. Due to rapid emergence of cancer drug resistance,
transcriptional regulators are promising therapeutic targets for a
broad range of cancer therapies (34,35). The knowledge regarding
the effects of available therapies on transcriptional control in
patients is lacking. Since cancer development, progression and
its phenotypes are defined by alterations in specific transcrip-
tional networks (e.g. MYC-regulated cancers), in-depth under-
standing and mechanistic insight of transcriptional regulation
are necessary to develop transcriptional inhibitor-based novel
therapies in the future. Our current observations along with

other published transcriptome studies (28,29,33) strongly sug-
gest that PTEN plays a much wider role in the regulation of
genome-wide transcription, thus strengthening its far-reaching
implications from molecular diagnostics to therapeutics.

Pol II pausing is a stable, highly conserved, yet dynamic reg-
ulatory process during transcription. Pol II pausing is prevalent
across the metazoan genomes and can regulate the expression
of pivotal genes that code for transcription factors and signaling
proteins (36,37). Pol II competes with nucleosomes for promoter-
proximal occupancy in order to prevent formation of repressive
chromatin (38). Henriques et al. (39) suggested that Pol II pausing
provides a platform for the integration of regulatory signals. A
recent report revealed that tumor suppressor BRCA2 regulates
Pol II pause release to prevent R-loop formation and DNA dam-
age (40). CTR9, another tumor suppressor, is a component of
PAF1 complex that regulates promoter proximal Pol II pausing
(41). Here we present the first direct observation of PTEN main-
taining Pol II promoter-proximal pausing in two different cell
lines (Fig. 2). Our data build on the above published works and
point to an integral role for Pol II pausing in global transcriptional
regulation.

Recent studies suggest that Pol II undergoes rapid turnover
after pausing (42,43). Our data indicate that PTEN may play
a critical role in regulating Pol II pause release and/or pause
duration at the promoter-proximal region (Fig. 3). Since genome-
wide Pol II pausing was increased due to PTEN re-expression in
BT-549 cells, overall decrease in PRR was expected. We identified
a small subgroup that exhibited significant increase in PRR

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz112#supplementary-data
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Figure 3. PTEN regulates RNA Pol II pause release. (A) PRR was calculated by taking the ratio of gene body (+300 bp to +2 kb from TSS) counts to promoter (−50 bp to

+300 bp form TSS) counts. PRR is represented by cumulative frequency plots showing an overall decrease in PRR after re-expression of PTEN in BT-549 PTEN-null cells.

(B) All the genes (n = 10.141) in panel ‘A’ were classified in to three groups based on their PRR. Genes are categorized under groups representing decreased (left, ≥1.5-fold

reduction in PRR after PTEN re-expression in BT-549 cells), unchanged (center, between 0.67 and 1.5-fold change in PRR) and increased (right, ≥1.5-fold increase) PRR

after PTEN expression in BT-549 cells. (C) Top GO categories for genes with an increase in PRR after PTEN re-expression in BT-549 cells. (D) Cumulative frequency plot

representing an overall increase in PRR after knock-down of PTEN in MCF7 cells (n = 14 300 genes). (E) Box plots represent changes in PRR in three groups of genes. Genes

are grouped based on their PRR: increased PRR group (left), ≥1.5-fold increase in PRR after PTEN knock-down in MCF7 cells; unchanged PRR group (center), between

0.67 and 1.5-fold change in PRR; and decreased PRR group (right), ≥1.5-fold reduction in PRR after PTEN knock-down in MCF7 cells. (F) Top GO categories for genes with

a decrease in PRR after knock-down of PTEN in MCF7 cells. (F) BT-549 cells were treated with 0.5 mM Trp for 1 and 2 min and Pol II ChIP signals (% input) were used to

generate a decay curve. Representative genes showing increase in Pol II pause duration after re-expression of PTEN in BT-549 cells.

mostly enriched with genes involved in the transcriptional
regulation (Fig. 3B; Supplementary Material, Fig. S3A and B).
This very intriguing observation further suggests a strong role of
PTEN in transcriptional regulation. Furthermore, we elucidated
that FOS, SOX4 and SRSF3 genes undergo rapid turnover of
paused Pol II in PTEN-deficient BT-549 cells compared to PTEN
re-expressing BT-549 cells (Fig. 3G). However, we do not know
precisely how PTEN stabilizes the Pol II pausing at a genome-
wide scale nor how it regulates Pol II pause release. We postulate
that PTEN may impact recruitment of positive transcription
elongation factor b (P-TEFb) and super elongation complex (SEC)
in order to regulate Pol II pausing and pause release. Future
investigations will need to evaluate the possible involvement of
PTEN in regulating P-TEFb and/or SEC to get a more in-depth
understanding of Pol II turnover at promoter-proximal regions.
Understanding the exact mechanism will help in identifying
newer therapeutic targets for PTEN-related pathologies.

RNA splicing is regulated by co-transcriptional events and
is often regulated by Pol II elongation rate (44). Cells maintain
a diverse RNA and proteins populations by using alternative
splicing. Changes in splicing patterns may result in tumorige-
nesis (45). Very recently, Shen et al. (33) demonstrated that PTEN
regulates several hundreds of alternative splicing events that
are associated with the worst outcomes for cancer patients.
Our data demonstrating the involvement of PTEN in modulating
Pol II elongation rate (Fig. 4D–F; Supplementary Material, Fig. S5)
begin to provide functional insight into these somatic clinical
observations and provide further evidence that PTEN modulates
alternative splicing, likely via co-transcription.

In conclusion, PTEN, encoded by a tumor suppressor cancer
predisposition gene, plays a role in the maintenance of Pol II
pausing, and possibly modulates Pol II elongation rate, sug-
gesting a much deeper non-canonical function than previously
suspected. However, further work is needed to understand its
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Figure 4. PTEN redistributes genome-wide Pol II occupancy. (A) Metagene plot showing Pol II signals on gene bodies in BT-549 cells after overexpression of PTEN followed

by Pol II ChIP-seq. (B) Heatmap showing Pol II signals on gene bodies in various cell types (Breast epithelium, SRR2301044; T47D, SRR7965856; MCF7, SRR1290687; MDA-

MB-231, SRR5919406; iPSCs, SRR5935361; and Dermal fibroblasts, SRR4340777). (C) Metagene plot showing Pol II signals on gene bodies in MCF7 cells after knock-down of

PTEN followed by Pol II ChIP-seq. (D) Pol II elongation was compared after 5 and 10 min of Trp treatment (0.5 μM) followed by ChIP-qPCR for Pol II signal at the terminal

exon of TBL2 gene. (E) Pol II elongation was compared after 5 and 10 min of Trp treatment followed by ChIP-qPCR for Pol II signal at the terminal exon of CTSB gene. (F)
Pol II elongation was compared after 5 and 10 min of Trp treatment followed by ChIP-qPCR for Pol II signal at the terminal exon of RND3 gene. Dotted vertical red line

indicates the primer position used in ChIP-qPCR.

role in transcriptional regulation, specifically in the context of
cancer development and neurological disorders. For instance,
understanding the roles of different PTEN mutations, as well as
its proteoforms, in transcriptional regulation, may provide a road
map for improved diagnostic and therapeutic management of
PTEN-related disorders, both germline and somatic.

Materials and Methods
Cell culture and reagents

BT-549 (HTB-122TM) and MCF7 (HTB-22TM) cell lines were
obtained from American Type Culture Collection (ATCC,
Manassas, VA). Both were molecularly authenticated by STRS
analyses and utilized at passage range 3–6 for experiments. Cells
were cultured in DMEM/F-12 medium (Life Technologies, Grand
Island, NY) supplemented with 10% FBS (Thermo Scientific
Gibco, Waltham, MA) at 37◦C with 5% CO2. To prepare PTEN
expressing stable lines, BT-549 (PTEN null) cells were transfected
with pTet-Off (Clontech Takara, Mountain View, CA) using
Fugene® 6 (Promega, Madison, WI) according to manufacturer’s
protocols. Multiple stable clones were isolated using neomycin
selection and tested with pTRE2Hyg-Luc according to man-
ufacturer’s protocols for optimal expression and tetracycline
regulation. Clone B2 was chosen and transfected using Fugene®

6 with a pTRE2Hyg (Clontech Takara) backbone containing
3X N-terminal FLAG-tagged PTEN or empty vector control.
Both stable PTEN expressing and stable control clones were
selected by hygromycin treatment. PTEN clones were grown in
1 ug/ml tetracycline and screened for Tet-regulated expression

of PTEN according to manufacturer’s protocols. Optimal clones
were expanded, and earliest passages were frozen for future
use. MCF7 cells were transfected using Lipofectamine® 2000
(Invitrogen, Carlsbad, CA) with PTEN-targeting MISSIONTM TRC
shRNA TRCN0000002746 shRNA or the MISSION Non-targeting
control SHC002 (both from Sigma-Aldrich, St. Louis, MO). Stable
clones were selected by puromycin treatment and PTEN knock-
down of each targeting clone determined by western blot. The
clone with the best knock-down was expanded and frozen for
future use. All the experiments were performed when cells were
at 70–80% confluency. Triptolide (Trp) (Sigma-Aldrich, St. Louis,
MO) treatment was given at the concentration of 500 nM for the
given time course.

Immunoblotting

Protein lysates were prepared using the M-PER (Thermo Scien-
tific) supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich) and quantified by using BCA protein assay
(Thermo Scientific). Lysates were separated by SDS-PAGE and
transferred onto nitrocellulose membranes followed by probing
with appropriate antibodies (see Supplementary Material for
the list of antibodies). Blots were scanned digitally using the
GE Amersham Imager 600 (GE Healthcare Life Science, Chicago,
Illinois).

RNA isolation and RT-qPCR

Total RNA was extracted from cells using the RNeasy kit (Qiagen,
Germantown, MD). On-column DNase treatment was given
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following the procedure provided by the manufacturer. One
microgram of RNA was used for cDNA preparation using
random hexamer priming and SSRT III reverse transcriptase
(Life Technologies) followed by qPCR using specific primer
sets. Results were analyzed using the standard ��CT method.
Data were derived from at least three independent biological
replicates and are shown as mean ± SEM values.

RNA-seq

RNA-seq was performed using Qiagen kit-purified RNA at the
Genomics Core, Lerner Research Institute, Cleveland Clinic. RNA
quality was assessed via the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA). All samples have RIN numbers
≥9.5. Two independent biological replicates (each containing two
technical replicates) were used for RNA-seq. The library was
prepared using Illumina TruSeq stranded total RNA kit (Illumina,
San Diego, CA) according to manufacturer’s protocols. Sequenc-
ing was performed using Illumina HiSeq 2500 using 100 bp
paired-end rapid run format.

ChIP, library preparation and sequencing

Nuclei were isolated from formaldehyde (1% w/v, methanol-free)
crosslinked cells by using NEXSON method (46) followed by chro-
matin preparation using a Covaris sonicator (Covaris, Woburn,
MA). Chromatin was immunoprecipitated using an appropriate
antibody, washed, reverse-crosslinked and DNA isolated using
the phenol–chloroform method. Precipitated DNA was quanti-
fied by quantitative PCR and normalized against 1% input. Each
experiment was performed using a minimum of three indepen-
dent biological replicates for quantitative PCR analysis and two
independent biological replicates (each containing two techni-
cal replicates) for ChIP-sequencing. For ChIP-sequencing, 10 ng
precipitated DNA was used to prepare library using Illumina
TruSeq ChIP library preparation kit. Libraries were quantified for
cluster generation using KAPA Library Quantification Kit (Kapa
Biosystems, Wilmington, MA). Sequencing was performed using
Illumina HiSeq2500 using 50 bp paired-end rapid run format.

Data analysis

RNA-seq and ChIP-seq sequencing quality was initially checked
by running FastQC. RNA-seq reads were mapped against hg19
using STAR aligner. Differential gene expression analysis was
performed using DESeq2 with adjusted P-value <0.05 considered
statistically significant. In the MCF7 RNA-seq analysis, the batch
effect was modeled by using a design of ‘∼condition + date’
in the DESeq2 program. Pathway analysis was performed using
IPA (Qiagen). For ChIP-seq analysis, reads were aligned against
hg19 by using Bowtie2. BAM files were normalized by depth after
removal of PCR duplicates and blacklisted regions. For heatmap
and metagene plots, ngs.plot program was used. GRCh37/hg19
gene list was curated after removing non-canonical, mitochon-
drial, genes shorter than 2 kb and overlapping genes on the same
strand, which resulted in 21 396 genes. UCSC genome browser
was used to visualize individual gene tracks. To calculate the Pol
II PRR, first, two bed files were generated using 21 396 genes list
by modifying the coordinates for promoter and gene body. Pol
II ChIP-seq signals were counted by using bedcov function of
samtools. PRR was calculated by taking the ratio of gene body
(+300 bp to +2 kb from TSS) counts to promoter (−50 bp to

+300 bp form TSS) counts. Cumulative frequency plots and box
plots were plotted by using PRR.
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