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Compensatory RNA polymerase 2 loading determines
the efficacy and transcriptional selectivity of JQ1 in
Myc-driven tumors
E Donato, O Croci, A Sabò, H Muller, MJ Morelli, M Pelizzola and S Campaner

Inhibition of bromodomain and extraterminal motif (BET) proteins such as BRD4 bears great promise for cancer treatment and its
efficacy has been frequently attributed to Myc downregulation. Here, we use B-cell tumors as a model to address the mechanism of
action of JQ1, a widely used BET inhibitor. Although JQ1 led to widespread eviction of BRD4 from chromatin, its effect on gene
transcription was limited to a restricted set of genes. This was unlinked to Myc downregulation or its chromatin association. Yet,
JQ1-sensitive genes were enriched for Myc and E2F targets, were expressed at high levels, and showed high promoter occupancy
by RNAPol2, BRD4, Myc and E2F. Their marked decrease in transcriptional elongation upon JQ1 treatment, indicated that BRD4-
dependent promoter clearance was rate limiting for transcription. At JQ1-insensitive genes the drop in transcriptional elongation
still occurred, but was compensated by enhanced RNAPol2 recruitment. Similar results were obtained with other inhibitors of
transcriptional elongation. Thus, the selective transcriptional effects following JQ1 treatment are linked to the inability of
JQ1-sensitive genes to sustain compensatory RNAPol2 recruitment to promoters. These observations highlight the role of BET
proteins in supporting transcriptional elongation and rationalize how a general suppression of elongation may selectively affects
transcription.
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INTRODUCTION
The c-Myc gene encodes for a basic helix-loop-helix leucine zipper
transcription factor that pleiotropically regulates the expression of
genes linked to cell cycle, cell growth and cellular metabolism.1 In
normal cells, the expression of c-Myc is tightly regulated by
upstream mitogenic signals to ensure time- and context-
dependent transcriptional activation and prevent unscheduled
cellular proliferation.2 The c-Myc proto-oncogene is frequently
deregulated in hematological cancers following chromosomal
rearrangements leading to its constitutive overexpression.3–5 In
solid tumors, c-Myc and its paralogues are found amplified or
upregulated by upstream oncogenic lesions activating the WNT,
RAS and Notch pathways.6 Upregulation of Myc in tumors
supports the high proliferative and metabolic activity of cancer
cells leading to their addiction and reliance on continuous Myc
expression for their proliferation and survival.7–10 As the c-Myc
protein, as a transcription factor, is resilient to small molecule
inhibition, several alternative venues have been explored in order
to target its activity and expression in cancer cells. One of the
most promising approaches comes from the use of chemical
inhibitors of BRD4,11 a chromatin reader that acts as a positive
regulator of transcription. BRD4 belongs to the bromodomain and
extraterminal motif (BET) family of bromodomain containing
proteins, which also includes BRD2, BRD3 and BRDT. These
proteins are characterized by two N-terminal bromodomains
(BRD), which mediate the binding to acetylated chromatin12 and
one extraterminal domain (ET), which is required for protein–
protein interactions.13 The use of competitive inhibitors such as
JQ1, designed to target the bromodomain binding pocket,14,15 has

demonstrated efficacy and selectivity in targeting tumor cells,
particularly in hematological tumors where their efficacy was
linked to Myc downregulation.11,15–17 Indeed, in multiple myelo-
mas bearing chromosomal rearrangements that bring the coding
region of c-Myc under the transcriptional control of the IgH locus,
BRD4 inhibition leads to the selective eviction of BRD4 from the
IgH enhancers, thus shutting off the expression of the translocated
c-Myc.17 Similarly, BRD4 inhibition in myeloid leukemia specifically
impairs Myc-deregulated expression orchestrated by the MLL/AF9
fusion protein.15

Here, we follow-up on these observations and investigate the
mechanism underlying the efficacy of BET inhibitors in Myc-driven
tumors by carrying out a detailed analysis based on genome-wide
mRNA expression and ChIPseq experiments. We provide evi-
dences that Myc activity can be targeted by BRD4 inhibitors even
in the absence of either its downregulation or its eviction from
chromatin. BRD4 inhibition, despite broadly targeting transcrip-
tional elongation, results in defined transcriptional changes
affecting a subset of expressed cellular genes. These genes are
characterized by high levels of promoter-associated chromatin
marks, such as H3K4me3 and H3K27Ac, which pair with strong
enrichment of promoter-associated RNAPol2, BRD4 and transcrip-
tion factors such as Myc and E2F.
This is linked to the high expression level of such genes,

reflecting a general strategy to support robust gene expression by
maximizing the recruitment of transcription factors and RNAPol2
on promoters. This efficient recruitment of positive transcription
factors represents a liability that makes the expression of such
genes ‘limited’ by BRD4-dependent promoter clearance. Indeed,
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upon BRD4 inhibition, although the majority of expressed genes
can compensate for the drop in transcriptional elongation by
enhancing the recruitment of RNAPol2 to their promoters,
JQ1-sensitive genes cannot, consequently their expression levels
will markedly decrease. Our results highlight how the targeting of
a housekeeping cellular function such as transcriptional elonga-
tion may result in the selective alteration of defined transcriptional
programs. These observations provide a strong rationale for the
pharmacological targeting of transcriptional elongation to selec-
tively eradicate cancer cells.

MATERIALS AND METHODS
Cell culture
Burkitt’s lymphoma (BL-2, BL-28, DAUDI, P3HR1, RAJI and RAMOS) and
acute myeloid leukemia (MV4.11 and THP.1) cell lines were purchased
from ATCC (Manassas, VA, USA). The multiple myeloma cell lines were
kindly provided by Dr G. Tonon. The Eμ-Myc lymphomas were derived
from Eμ-Myc mice.18 Eμ-Myc lymphoma cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM) and Iscove's Modified Dulbecco's
Medium (ratio 1:1) supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, 1% penicillin/streptomycin, 25 μM β-mercaptoethanol, 1% non-
essential amino acids. Murine embryonic fibroblasts (MEFs) were derived
from 13.5 day post-coitum C57/BL6 or MycER knock-in embryos.19 Burkitt's
lymphoma (BL), acute myeloid leukemia (AML) and multiple myeloma
(MM) cell lines were cultured in Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine
and 1% penicillin/streptomycin. MEFs were cultures with DMEM medium
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1%
penicillin/streptomycin, 25 μM β-mercaptoethanol, 1% non-essential amino
acids. All the cells were grown at 37 °C and 5% CO2, except for MEFs that
were grown at 37 °C in low oxygen.

Antibodies and primers
A full list of antibodies and primers used in this work is provided as
Supplementary Table 2.

Chemicals
Chemicals used: PHA-767491 (Cat no. 217707, Calbiochem, San Diego, CA,
USA) and 5,6-dichlorobenzimidazole 1-β-D-ribofuranoside (DRB, cat. no
D1916, Sigma-Aldrich S.r.l., St Louis, MO, USA) were used to inhibit CDK9.
JQ1 was kindly provided by Dr J Bradner.

Cell transfection, viral production and infection
Viral particles were produced as previously described.20 BL cells were
infected using spin infection protocol. Briefly, 2 × 106 cells were
resuspended in 2 ml of viral supernantant supplemented with 8 μg/ml of
polybrene. The cells were spun at 1800 r.p.m. for 1.5 h and then grown at
37 °C for 3 h. The medium was replaced with 2 ml of fresh medium for an
overnight recovery. Twenty-four hours post infection, cells were selected
with 2.5 μg/ml of puromycin. When doxycycline-inducible vectors were
used, transfection, virus production and cell culture were performed using
medium supplemented with 10% of fetal bovine serum Tet-free. Induction
was performed with 2 μg/μl doxycycline.

Plasmids
LT3GEPIR shREN and RT3GEN shBRD4 were kindly provided by Dr J Zuber.21

LT3GEPIR shBRD4 (602-1817-1838) vectors were obtained subcloning small
hairpin RNA (shRNA) targeting BRD4 from RT3GEN to LT3GEPIR, using XhoI
and EcoRI restriction enzymes.

Cell growth assay
The cell growth was measured using the CellTiterGlo Luminescent Cell
Viability Assay (Promega, Fitchburg, WI, USA). For cells growing in
suspension (BL, AML, MM and Eμ-Myc lymphoma cells) 250 000 cells per
ml in a total volume of 4 ml were cultured in 6-well plate in presence of the
indicated drugs or vehicle dimethyl sulfoxide (DMSO). The assay was
performed in triplicate every 24 h using 100 μl of cell suspension and
100 μl of CellTiterGlo. The luminescence was read in a white 96-well plate

using a multiwell plate reader (Glomax, Promega). For adherent cells
(MEFs), 500 cells were plated in each well of a white 96-well plate, with a
total volume of 100 μl. Each condition was plated in triplicate and the
luminescence was read after the addition of 100 μl of CellTiterGlo using a
multiwell plate reader (Glomax, Promega).

Cell cycle and dead cell discrimination analysis
The cell cycle progression was analyzed by BromodeoxyUridine (BrdU)
incorporation. Overall 250 000 cells per ml of BL, AML, MM or Eμ-Myc
lymphomas were cultured in a total volume of 15 ml in presence of DMSO
or JQ1 (100 nM for BL, AML and MM and 50 nM for Eμ-Myc lymphomas) for
24 h. BrdU (33 μM) was added to the culture 20 min before collecting. Cells
were collected and processed as described.20 To assess viability, live cells
were washed once with 1 ml of 1% bovine serum albumin. Cells were
incubated in the presence of propidium iodide (50 μg/ml in phosphate-
buffered saline (PBS)) for 5 min at room temperature and then analyzed by
FACS (fluorescence-activated cell sorting).

Western blot
For western blot analysis, 250 000 cells per ml of BL, AML, MM and Eμ-Myc
lymphoma cells were cultured in a total volume of 20 ml. Twenty-four
hours after plating, different concentrations of JQ1 (0, 50, 100, 250 and
500 nM) were added to the culture for either 6 or 24 h. Cells were collected,
washed once in PBS and lysed for 10 min on ice in an adequate volume of
lysis buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM EDTA, 10% glycerol,
1% Triton X-100) supplemented with MINI-complete Protease Inhibitor
Cocktail Tablets (Roche, Indianapolis, IN, USA) and phosphatase inhibition
(0.4 mM ortovanadate, 10 mM NaF). The cell lysate was sonicated with
Branson sonicator and cleared by centrifugation at full speed at 4 °C. Proteins
were quantified by Bradford assay. Proteins (20–30 μg) were boiled at 95 °C
with Laemmli sample buffer and loaded on Mini-PROTEAN TGX Gel (Bio-Rad,
Hercules, CA, USA). Trans-Blot Turbo Transfer System (Bio-Rad) was used to
transfer proteins to Trans-Blot Turbo Nitrocellulose Transfer Packs (Bio-Rad).
Blocking was performed with Tris-buffered saline (TBS)+5% of non-fat milk or
with TBS+5% of bovine serum albumin. Primary antibody was incubated
overnight at 4 °C, whereas secondary antibody was incubated for 1 h at
room temperature. The western blots were developed with ECL (Amsharm)
using the ChemiDoc System (Bio-Rad).

RNA extraction and expression quantification
For expression analysis, 250 000 cells per ml of BL, AML, MM and Eμ-Myc
lymphoma cells (total volume of 20 ml) or 500 000 cells per 10 cm plate of
MEFs were treated, 24 h after plating, with different concentrations of JQ1
(0, 50, 100, 250 and 500 nM) for either 6 or 24 h. Cells were collected
and washed once in PBS. RNA was extracted using RNeasy columns
(Qiagen, Hilden, Germany) performing on-column DNA digestion with
DNase (Qiagen). 1 μg of RNA was retrotranscribed using the ImPromII kit
(Promega) according to the manufacture’s instruction. cDNA (10 ng) were
used to perform real-time qPCR using FAST SYBR Green Master Mix
(Applied Biosystems, Waltham, MA, USA).
RNA for Microarray assay was extracted using TRIzol reagent (Invitrogen,

Waltham, MA, USA) from 107 RAJI cells (250 000 cells per ml) treated, 24 h
after the plating, with DMSO or 100 nM of JQ1 for additional 24 h. Total
RNA was treated with TurboDNase (Ambion, Waltham, MA, USA) and
processed for oligonucleotide microarray profile through Affymetrix
Human Gene 1.0 ST arrays platform. Nanostring assay was performed
using a codeset containing probes for known genes deregulated by Myc.23

Briefly, 107 cells (250 000 cells per ml) of Eμ-Myc lymphoma (ly9644,
ly27805 and ly28514) were cultured, for 24 h and then treated with either
DMSO or 50 nM JQ1 for an additional 24 h. Total RNA was extracted using
TRIZOL reagent (Invitrogen) according to manufacturer’s instructions and
DNA digestion was performed using TurboDNase (Ambion). Overall 100 ng
of total RNA was used to proceed with the probe hybridization according
to manufacturer’s instructions.

4-Thiouridine labeling
4-Thiouridine (4-sU) labeling was performed as previously described23 with
minor modifications. RAJI (300 000 cells per ml) were cultured in 100 ml of
complete medium. Twenty-four hours after plating, cells were treated with
either vehicle (DMSO) or JQ1 (100 nM) for 24 h. A pulse of 30 min of 4-sU
(300 μM) was performed. After collecting the cells, RNA was extracted with
the Qiagen miRNeasy kit according to the manufacturer’s instructions and
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DNase I digestion was performed. Around 40 μg in 100 μl of RNase-free
water of total RNA were used for the biotinylation reaction (2 h at 25 °C)
with 100 μl of biotinylation buffer (2.53 stock: 25 mM Tris pH 7.4, 2.5 mM

EDTA) and 50 μl of EZ-link biotin-HPDP (1 mg/ml in DMF; Pierce/Thermo
Scientific 21341). RNA was precipitated and unbound biotin-HPDP was
removed by a combination of chloroform/isoamyl alcohol (24:1) precipita-
tion with purification using MaXtract high density tubes from Qiagen.
Biotinylated RNA was purified using Dynabeads MyOne Streptavidin T1
(Invitrogen). 50 μL of beads were first washed (twice in washing buffer A
(100 mM NaOH, 50 mM NaCl) and once in washing buffer B (100 mM NaCl))
and then resuspended in 100 μl of buffer C (2 M NaCl, 10 mM Tris pH 7.5,
1 mM EDTA, 0.1% Tween-20) to a final concentration of 5 μg/μl. RNA was
added in an equal volume to beads and rotated at room temperature for
15 min. Beads were washed three times with washing buffer C. RNA was
eluted from the beads in 100 μl of 10 mM EDTA in 95% formamide (65 °C,
10 min). RNA was extracted with the RNeasy MinElute Spin columns from
Qiagen according to the manufacturer and eluted in 14 μl of RNase-free
water. RNA was retrotranscribed with SuperScript VILO cDNA Synthesis Kit,
according to manufacturer’s instruction. Real-time qPCR was performed
using FAST SYBR Green Master Mix (Applied Biosystems).

Chromatin immunoprecipitation
BL, MM cells (250 000 cells per ml) were plated and DMSO or JQ1 (100 nM
for the cell lines, 50 nM for Eμ-Myc lymphomas) were added 24 h after the
initial plating. After 24 h of drug treatment, cells were counted and washed
once with PBS. Cells (108) were resuspended in 10 ml PBS and fixed. For
Myc, Histone Marks, RNA PolII and E2F1 ChIP, cells were fixed using
formaldehyde (final concentration of 1%), for BRD4 ChIP cells were fixed
using glutaraldehyde (final concentration 1%). The fixation step was
carried out at room temperature for 10 min and quenched with 0.125 M

glycine for 5 min at room temperature. Cells were washed twice with PBS
and resuspended in LB1 buffer (50 mM HEPES pH 7.5, 140 mM NaCl, 1 mM

EDTA, 10% Glycerol, 0.5% NP-40, 0.25% Triton X-100) for 10 min on ice.
After centrifugation, nuclei were extracted resuspending cells at room
temperature for 10 min in LB2 buffer (10 mM Tris-HCl pH 8, 200 mM NaCl,
1 mM EDTA, 0.5 mM EGTA). The extracted nuclei were finally resuspended in
LB3 buffer (10 mM Tris-HCl pH 8, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine) and sonicated in order to
obtain DNA fragments of 300–100 bp. For BRD4, Myc, E2F1, total RNAPol2
and RNAPol2-S5p ChIP, the lysate from 50×106 cells was incubated with
10 μg of antibody previously bound to protein G Dynabeads (Invitrogen) in
PBS+0.5% bovine serum albumin. For Histone Marks ChIP, the DNA from
20× 106 cells was incubated with 5 μg of the antibody previously bound to
protein G Dynabeads (Invitrogen) in PBS+0.5% bovine serum albumin. For
RNAPol2-S2p ChIP, the lysate corresponding to 10 × 107 cells was
incubated with 60 μl of hybridoma overnight on a rotating wheel at
+4 °C. After the incubation with the antibody, beads were collected
using the DynaMag magnet, washed six times with 1 ml of RIPA buffer
(50 mM HEPES pH 7.5, 500 mM LiCl, 1 mM EDTA, 1% NP-40, 0.7%
Na-Deoxycholate) and once with 1 ml of TE 1X+50 mM NaCl. For cells
fixed with formaldehyde, de-crosslinking was performed overnight at 65 °C
with 150 μl of TE 1X+2% SDS. For cells fixed with glutaraldehyde, de-
crosslinking was performed with 150 μl of TE+1% SDS+ 100 mM NaHCO3.
Samples were first treated for 1 h with RNaseA at 37 °C, then Proteinase K
was added and the de-crosslink reaction was incubated overnight at 65 °C.
DNA was purified with PCR Qiaquick columns (Qiagen) and quantified
using PicoGreen (Invitrogen) or QUBIT (Invitrogen). For ChIPqPCR, 1 μl of
purified was used to perform real-time PCR using FAST SYBR Green Master
Mix (Applied Biosystems).

Publicly available data sets analyzed in this work
Data were retrieved from GEO database. MM.1S cell line: GSE31365
(expression data), GSE42355 (ChIPseq data relative to BRD4, RNAPol2, Cdk9
and MED1), GSE42161 (Myc ChIPseq), GSE43743 (RNAPol2 ChIPseq in
CDK9i treated cells). OCLY cell line: GSE45630 (expression data) and
GSE46663 (ChIPeq).

NGS data filtering and quality assessment
ChIPseq and RNA-Seq reads sequenced with the Illumina HiSeq2000 were
filtered using the fastq_masker (setting the options to -Q33 -q 20 -r -N -v -i)
and, for ChIPseq reads, also with fastq_quality_trimmer (setting the
options to -Q33 -t 20 -l 10 –v -i). These tools are part of the FASTX-Toolkit
suite (http://hannonlab.cshl.edu/fastx_toolkit/). Their quality was evaluated

and confirmed using the FastQC application (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/).

Analysis of ChIPseq and RNA-Seq data
ChIPseq NGS reads were aligned with the BWA tool.24 Alignment was
performed with BWA-MEM and with default settings, using hg19 genome
assembly for OCLY and Raji cells and hg18 for MM1.S cells. Peaks were
called with the MACS v1.4 software.25 Peaks’ P-value threshold was set to
10− 9 for MM1.S data and 10− 8 for RAJI and OCLY cells, using the R script
‘filterpeaks.R’. FDR (false discovery rate), determined as the ratio between
the negative and the positive peaks, was set to 5% for all the data.
Negative peaks were found by MACS on the input samples, using the ChIP
as reference. Normalized reads count within a genomic region was
determined as the number of reads per million of library aligned reads
(r.p.m.), that were subtracted by the input normalized reads, ‘compEpiTools’
bioconductor R package.26 Peak read density (reads per million of reads
per base pair) for a particular region was determined as the ratio between
the normalized reads count and the length of the region in base pair.
Random Forest is a supervised machine learning algorithm that predicts an
output variable from a set of input features. As input features we used
gene expression levels in DMSO-treated cells, enrichments of transcription
factors and histone marks on the TSSs of the genes. Gene downregulation
(that is, JQ1 sensitivity) was set as the output variable. The analysis was
carried out using ‘randomForest’ R package.27

Definition of promoter, intragenic and intergenic regions and
superenhancers
In order to assess if a specific ChIPseq peak mapped to a promoter, a gene
body or to an intergenic region, the following criteria were applied: regions
that overlap with at least one bp with any promoter (defined as genomic
region (− 2000; +1000) bp spanning TSSs, transcription start sites), were
considered as belonging to promoters; regions that were not promoters
but had at least 1 bp overlapping with any gene body were considered
intragenic. The remaining regions (that did not overlap either with
promoters or gene bodies) were considered intergenic. Annotations were
performed with the R annotation packages TxDb.Hsapiens.UCSC.hg19.
knownGene for OCLY and RAJI cells and TxDb.Hsapiens.UCSC.hg18.
knownGene for MM1.S cells of Bioconductor. Superenhancers were called
according to Lovèn et al.28 using BRD4 as factor of interest. Briefly, BRD4
peaks that were close to each other within a distance of 12.5 kb were
merged together; they were then ranked according to BRD4 r.p.m. Stitched
peaks above the inflection point of the curve where BRD4 peaks where
ranked by their enrichment (Supplementary Figure 8) were defined
superenhancers (SE). For in silico association of SE and enhancers (E) to
neighboring genes, promoters were classified as active if both RNAPol2,
BRD4, H3K4me3 and H3K27Ac peaks (in untreated samples) were found
within a window of ± 5000 bp from annotated TSSs. BRD4-bound
enhancers were defined as those stitched BRD4 peaks, not defined as
SE, that did not have any overlap with an active promoter. An active gene
was considered associated to SE or E if its TSS was within a 50 kb window
from their boundaries.

RNAPol2 stalling index
The RNA polymerase II stalling index (SI, also called elongation rate)29 was
calculated as SI = Prom/GB; prom refers to the read counts on the promoter
(TSS± 300 bp interval) and GB to the read counts in the gene body (the
interval between TSS +301 and 3,000 bp after the TSS). These values were
normalized both to library size (total number of reads) and to the length of
the interval, and only genes with GB4600 and with a RNAPol2 ChIPseq
peak in the promoter region were considered. RNAPol2 signal in gene
bodies was plotted using the same criteria that were used for SI
calculation; genes were expanded by 20% upstream and 20% downstream
and then divided into 150 bins, for which the input-subtracted reads were
counted. Reads were normalized both for library size and gene length,
using ‘GRcoverageInbins’ function of compEpiTools R package.26

Analysis of microarray data
Microarray raw data (CEL files) were analyzed with Genespring GX 11 with
RMA with probe level summarization. Raw data were normalized for the
median of the expression between the six samples. P-values were
calculated with t-test and adjusted with BH (Benjamini–Hochberg) multiple
testing correction. The first quartile of values distribution was eliminated
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and a threshold of Log2 Fold Change o− 0.5 or Log2 Fold Change 40.5
was used to define downregulated or upregulated genes, respectively.

RESULTS
Cell growth inhibition by JQ1 is independent of Myc
downregulation
To gain additional insight into the mechanism of action of JQ1 and
its relation to Myc expression, we focused our attention on B-cell
lymphomas bearing chromosomal translocations involving the
c-Myc locus. We selected a panel of Burkitt’s lymphomas lines (BL),
as human model and Eμ-Myc primary lymphomas as mouse
models of poorly differentiated B-cell lymphomas carrying a IgH-
Myc chromosomal rearrangement.30 We assessed the sensitivity of
BL and Eμ-Myc lymphomas cells to BET inhibition by evaluating
cell growth in samples treated with increasing doses of JQ1,
ranging from 50 to 500 nM (Figures 1a and b; Supplementary Figures 1
and 2a). As positive controls, we used MM (MM.1 S, OPM1, KMS11)
and AML cell lines (MV4.11, THP.1) for which the sensitivity to BET
inhibitors has already been reported11,17 (Supplementary Figures
3a and d). All the BL cell lines (BL-2, BL-28, DAUDI, P3HR1, RAJI and
RAMOS) and Eμ-Myc lymphomas tested were responsive to BET
inhibition, showing growth arrest in a time- and dose-dependent
manner (Figure 1a; Supplementary Figures 1a and 2a). RAJI cells
and Eμ-Myc lymphomas were among the most sensitive, showing
a marked decrease in cell growth already after 48 h of treatment,
at relatively low doses of JQ1 (100 nM and 50 nM, respectively;
Figure 1b; Supplementary Figures 1 and 2). We next addressed
whether JQ1 treatment would affect Myc levels. As expected, JQ1
effectively downregulated Myc in AML and MM cell lines, with a
maximum effect achieved at 500 nM (Supplementary Figures 3b–f).
Instead, pharmacological treatment of Burkitt’s cell lines gave a
composite response in terms of Myc downregulation with RAMOS,
DAUDI and BL-2 cells showing a clear dose-dependent decrease of
mRNA (Supplementary Figure 1b) and protein levels (Figure 1d),
while in P3H1R, BL-28 and RAJI cells, Myc protein and mRNA
were downregulated only at the highest concentration of JQ1
(Figure 1c; Supplementary Figure 1b). RAJI cells were already
sensitive to JQ1 at low concentrations, at which Myc levels were
unaffected (Figures 1a–c). Similarly, in Eμ-Myc lymphomas, the
growth inhibitory effect of JQ1 did not associate with Myc

downregulation (Supplementary Figures 2b and c). Thus, the anti-
proliferative effect of JQ1 was independent from its ability to
downregulate Myc.

BET inhibition affects Myc and E2F-dependent transcriptional
programs
As BET inhibition has been frequently associated to either Myc
downregulation11,16,17,31,32 or selective inhibition of its transcrip-
tional programs,33,34 we asked whether in those cell lines that
showed sensitivity to JQ1 in the absence of Myc downregulation,
JQ1 could act by regulating Myc activity rather than its expression.
We first assessed the expression levels of selected Myc target
genes in BL lines treated with increasing concentrations of JQ1. In
all the cell lines analyzed, we observed a dose-dependent
inhibition of the expression of NCL and IFRD2, two well-
characterized Myc target genes23 (Supplementary Figure 4a).
The effect of JQ1 was rather rapid as downregulation of Myc
target genes could be appreciated already at 6 h after the addition
of JQ1, thus suggesting a direct transcriptional effect. RAJI, P3HR1
and BL-28 showed downregulation of NCL and IRFD2 already at
100 nM, a concentration of JQ1 that did not affect Myc levels in
these cell lines (Figure 1c; Supplementary Figure 4a). Next, we
performed a genome-wide transcriptional analysis in RAJI cells,
chosen as a paradigm for BL lines that showed sensitivity to JQ1 in
the absence of Myc downregulation. Microarray analysis resulted
in the identification of 1498 differentially expressed genes (DEGs;
Figure 2a; Supplementary Table 1): 1017 genes were down-
regulated by JQ1 (68% of all the DEGs) while 481 genes were
upregulated (32% of all the DEGs). The expression of selected
genes was verified by RT-qPCR (Supplementary Figure 4b). In line
with the observed cytostatic effect of JQ1 (Supplementary
Figure 5), downregulated genes were enriched in genes linked
to cell cycle control, cell cycle progression and DNA replication
(Figure 2b). Accordingly, these genes had promoters enriched
for transcription factors binding motifs recognized by E2F1
(Figure 2c). DEG-up genes were less defined from an ontological
perspective and, as noted by others,35 contained genes such as
HEXIM1 which may represent compensatory transcriptional
responses (not shown). GSEA revealed a clear enrichment of
Myc bound genes36 in DEG-down (51% were Myc bound) whereas
only a slight enrichment in Myc bound genes was noted for the
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Figure 1. BET inhibition is cytostatic in B-cell lymphomas. (a) Cell growth analysis of Burkitt’s lymphoma cell lines (RAJI, DAUDI and BL-28) and
a representative primary Eμ-Myc lymphoma grown in vitro in the presence of increasing concentrations of JQ1. For each time point, the mean
and the s.d. of three technical replicates is reported. (b) Heatmap reporting the relative cell growth of different cell lines exposed to increasing
concentration of JQ1 for 48 h. (c) Western blotting analysis of c-Myc level assessed in different BL cell lines at 6 and 24 h post JQ1
administration. Vinculin (vin) was used as a loading control.
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upregulated (24% were Myc bound; Figure 2d). As the ontology of
DEGs in RAJI was reminiscent of the ontological annotation of all
the differentially expressed genes identified upon BET inhibition in
MM cell lines, we also performed GSEA using as a gene set the
differentially expressed genes identified in MM.1 S upon JQ1
treatment.17 A significant enrichment score was measured for
either up- and down-regulated genes. Thus, although JQ1
treatment in different cell lines may lead to a different outcome
in terms of Myc regulation, the downstream transcriptional
programs affected by JQ1 were similar (Figure 2e). Similar results
were observed when shRNAs targeting BRD4 were used in RAJI
cells (Supplementary Figures 6a and b): not only silencing BRD4
had a marked cytostatic effect (Supplementary Figure 6c), but also
led to the selective decrease in mRNA levels of KIF2C and MCM2,
two DEG-down genes (Supplementary Figure 6d), whereas the
expression of either c-Myc or RPL36 (a No-DEG gene) was
unaltered (Supplementary Figures 6e and f), thus suggesting that
BRD4 is a prominent target of JQ1 in this cell line. We also profiled
three independent Eμ-Myc lymphomas for the expression of a
subset Myc target genes that have been previously identified as
being bound and regulated by Myc in B-cells isolated from Eμ-Myc
mice:23 virtually all of the 80 Myc target genes showed significant
downregulation upon JQ1 treatment (Supplementary Figure 4c).
Thus, despite the lack of Myc downregulation in RAJI and in
Eμ-myc lymphomas following JQ1 treatment, alterations at the
transcriptional level were associated with low expression of Myc
target genes suggesting that BET inhibition may selectively affect
Myc activity.

JQ1 causes BRD4 eviction without affecting Myc or E2F binding to
chromatin
The observation that JQ1 administration affected the expression
of Myc target genes without altering Myc expression lead us to
evaluate whether the effect of JQ1 was mediated by selective
eviction of BRD4 from specific genomic loci (that is, Myc target
genes). We profiled BRD4 genome-wide chromatin association by
ChIPseq and identified a total of 11915 BRD4 ChIP peaks in vehicle

treated RAJI (Figure 3a), 36% of which were proximal to an
annotated promoter (Supplementary Figures 7a and b). BRD4
inhibition led to its widespread eviction from chromatin, with only
3084 peaks detected in cells treated with JQ1 (Figure 3a). Both
promoter associated and the intergenic/intragenic peaks were
equally reduced in number and enrichment (Supplementary
Figure 7b). Thus our genome-wide analysis did not show any
evidence for selective eviction of BRD4 from a subset of defined
genomic loci, but rather a widespread loss of chromatin
associated BRD4. We then focused on the genes that were
differentially expressed upon JQ1 treatment, in order to evaluate
their association with the ChIPseq data sets. Around 60% of the
DEG-down genes had a promoter-associated BRD4 peak, whereas
only 18% of the genes not showing relevant expression changes
had a proximal BRD4 peak (Figure 3b). There was also a substantial
fraction of the DEG-up genes with BRD4 bound at their promoter
(Figure 3b). Thus despite the presence of BRD4 on gene promoters
was not predictive of the transcriptional response, there was a
good association between binding of BRD4 and differential
expression. We next mapped SEs, given their relevance in the
control of oncogenic programs.11,34,37–40 Based on the BRD4-
ChIPseq, we identified 269 SEs in RAJI (Supplementary Figure 8a).
These genomic regions were highly enriched for enhancer
activation marks as H3K27Ac, which was greater than the
enrichment found on promoters or regular enhancers
(Supplementary Figure 8b). SEs were also characterized by a
high H3K4me1/H3K4me3 ratio a feature typical of enhancers
(Supplementary Figure 8c). Annotation of genes associated
to SE revealed a slight enrichment for genes affected by JQ1,
with 50 genes, out of the 1017 DEGs, found proximal to SE
(Supplementary Figure 8d).
We next evaluated whether BET inhibition would affect the

genome distribution of either Myc or E2F. Unexpectedly, ChIPseq
analyses revealed that for both transcription factors ChIPseq peaks
there was a slight increase in peak numbers and relative
enrichment, with a more pronounced effect on peaks annotated
to promoters (Figures 3d and e; Supplementary Figures 7a, c and d).

NES: 1.32
FDR: 0.084

NES: -1.32
FDR: 0.04

NES: -1.3
FDR: 0.096

NES: -2.6
FDR=0

NES: -2.4
FDR=0

NES: -2.6
FDR=0

NES: -2.8
FDR: 0

RAJI CELL CYCLE PHASE DNA replication Mitotic cell cycle E2F1 

Myc bound-RAJI MM.1S_DN W/ JQ1 MM1S_UP W/ JQ1

Figure 2. BET inhibition leads to selective transcriptional alterations. (a) Heatmap of the relative fold change of the top 50 deregulated genes
determined by microarray analysis in RAJI cells treated with 100 nM JQ1 for 24 h. (b–e) GSEA plots of differentially expressed genes identified
in RAJI cells, following JQ1 treatment (100 nM for 24 h)
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Profiling of RNAPol2 by ChIPseq revealed that although its
genome-wide distribution was largely unaffected by JQ1, as
evidenced by the large overlap of the peaks detected in either
control or JQ1 samples, the enrichment of RNAPol2 peaks
associated to promoters increased in a slight but significant way
(Figure 3f; Supplementary Figures 7a and e). Thus, the selective
transcriptional effect exerted by JQ1, did not depend on either
Myc or E2F levels neither was due to their failure to localize on
chromatin. In line with this, ectopic overexpression of either Myc
(Supplementary Figure 9), E2F1 (Supplementary Figures 10a–c) or
both (Supplementary Figures 10d and e) failed to rescue the
expression of JQ1-sensitive genes.

JQ1-sensitive genes are highly expressed and present marked
promoter enrichment for RNAPol2 and transcription factors
To gain further insight into the selective transcriptional effect
observed upon BRD4 inhibition, we calculated the enrichments of
transcription factors and RNAPol2 on promoter of genes that were
either unaffected (No-DEG) or downregulated (DEG-down) by JQ1.
We observed a marked difference on promoter occupancy of
RNAPol2, BRD4, Myc or E2F, with DEG-down genes displaying a
robust binding of all these factors (Figures 4a–c). Of note, the
higher promoter occupancy associated with high levels of
activating chromatin marks such as H3K4me3 and H3K27Ac
(Figures 4a–c). This suggested a link between the transcriptional
alteration observed upon BET inhibition and promoter occupancy.
To verify whether this was a general feature of JQ1-sensitive
genes, we analyzed promoter occupancy in MM.1S (a MM cell line)
and OCLY (a DLBCL cell line), for which there were publicly
available data sets reporting ChIPseq data of cells treated with
JQ1.17,34 Expressed genes were subsetted based on their
differential expression upon JQ1 treatment.17,34 For both cell
lines, genes downregulated upon BET inhibition were character-
ized by higher binding of RNAPol2 and transcription factors
(Supplementary Figures 11 and 12), suggesting that this might be
a common characteristic of promoters of JQ1-sensitive genes. In
order to evaluate whether intrinsic properties of mRNAs may also

account for the differential transcriptional responses, we deter-
mined whether differential gene expression was associated with
general properties of the mRNAs transcribed, such as mRNA levels
and relative stability. We failed to observe a clear link between
mRNAs stability and their differential expression upon JQ1
treatment, as the two genes subsets, DEG-down and No-DEG,
both showed no statistically significant differences in the half-life
of their mRNAs (Figure 4d). Instead, a peculiar feature of
DEG-down genes was related to their expression levels as genes
downregulated by JQ1 were significantly more abundant than
No-DEGs (Figure 4e). This feature matched with the promoter
composition of these genes that showed high occupancy of
RNAPol2, Myc, E2F and BRD4 (Figures 4a–c). Thus, genes down-
regulated by JQ1 were highly expressed genes with promoters
enriched in BRD4, Myc and E2F binding. Nascent mRNA analysis
performed by 4-sU labeling confirmed that DEG-down genes were
transcriptionally inhibited upon JQ1 treatment, while mRNA
synthesis of No-DEGs was unaltered (Figure 4f). Given the
association between expression levels and promoter features,
we set out to test whether mRNA abundance, transcription factors
binding and RNApol2 enrichment would be good predictors for
genes that will be differentially expressed upon BRD4 inhibition.
We used machine learning techniques based on random forest to
evaluate if the features described above would be good classifiers
of the differential gene expression observed upon BRD4 inhibition.
The ROC curve showed good predicting power of our features
(Figure 4g). Ranking our features based on their predictive power
revealed that they all contributed significantly to the prediction
(Figure 4h).

Compensatory RNAPol2 recruitment accounts for selective
transcriptional downregulation following BET inhibition
As BRD4 had been previously implicated in the regulation of
transcriptional elongation,11,41–44 we sought to determine tran-
scriptional dynamics by analyzing RNA polymerase 2 distribution
along transcribed genes. Upon BET inhibition, we observed an
increase in the RNAPol2 stalling index (that is, the ratio of the
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Figure 4. Analysis of promoter occupancy in JQ1-sensitive genes. RAJI cells were treated with 100 nM JQ1 or vehicle (DMSO) for 24 h. Genes
were subsetted based on their differential expression following JQ1 treatment in DEG-down (genes downregulated) or No-DEG (genes not
affected by JQ1). (a) The enrichment of RNAPol2, BRD4, Myc, E2F and selected chromatin marks is reported as a box plot (left) and as
cumulative reads distribution (center and right panels) calculated around the TSS. (b) Genome browser views of representative DEG-down or
No-DEG genes. (c) Ranked heatmap showing the distribution of transcription factors, RNAPol2 and chromatin marks on the promoter of either
DEG-down or No-DEG genes. For each factor the signal relative to mock-treated cells (− ) and JQ1-treated cells (+) is shown. (d) Box plot
showing the analysis of mRNA stability based on Schwanhäusser et al.63 *P-value o0.05 (Student’s t-test). (e) Box plot showing relative
expression levels of either DEG-down or No-DEG genes, based on μArray analysis. *P-value o0.05 (Student’s t-test). (f) Nascent mRNA analysis
of selected DEG-down or No-DEG genes performed by 4-sU labeling. Data are reported as normalized to the values determined for mock-
treated cells (g) Receiver operating characteristic (ROC) curve associated to the Random Forest classifier. Area under the curve (AUC) shows
that the response to JQ1 treatment (downregulation of a gene) could be predicted using the expression levels and the transcription factors
and chromatin marks enrichments on the TSSs. (h) Predictive power of the features used in g. Features were ranked based on their variable
importance in the prediction of JQ1 response. All the features contributed significantly to the prediction, with gene expression level, E2F and
RNAPol2 enrichments being among the most predictive.
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enrichment measured at promoter versus the enrichment
determined on the gene body) for both DEG-down and No-DEG
genes (Supplementary Figure 13a), thus suggesting a general role
of BRD4 in regulating RNAPol2 activity. Yet, the increase in stalling

index was due to diametrically opposite effects of JQ1 on RNAPol2
distribution in the two gene subsets.
DEG-down genes showed a clear decrease in elongating

RNAPol2, shortly after BET inhibition (6 h), which persisted also
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at longer time points, whereas RNAPol2 occupancy at promoters
was unaltered (Figures 5a–c). Accordingly, there was a clear
reduction in the elongating form of RNAPol2 (Pol2Ser2P,
phosphorylated on Ser2) along gene bodies of DEG-down
(Figure 5h; Supplementary Figure 13b) whereas the initiating
form of RNAPol2 (Pol2Ser5P, phosphorylated on Ser5) localized at
the TSSs, was only slightly reduced (Figure 5j). Thus, while JQ1
treatment clearly affected RNAPol2 elongation in DEG-down
genes, at promoter level, these genes did not show any evidence
for a compensatory increase in either recruitment or initiation of
RNAPol2, thus suggesting that RNAPol2 recruitment was already
at near-equilibrium. On the other hand, following BET inhibition,
No-DEG genes showed a decrease in elongating RNAPol2
(6 h post-BET inhibition) which was transient and was rescued at
longer time points to reach a level comparable to that observed in
unchallenged cells. Concomitantly, promoter-associated RNAPol2
increased progressively with time (Figures 5d–f). Profiling of
Pol2Ser5P and Pol2Ser2P confirmed the increase in initiating
RNAPol2 (Figure 5i; Supplementary Figure 13c) and the rescue of
elongating RNAPol2 (Figure 5g; Supplementary Figure 13d) at
longer time points. Thus, on No-DEG genes, perturbation of the
elongation rate constant (due to inhibitory effect of JQ1) led to a
transient increase in the amount of promoter-associated RNAPol2
leading to a new steady state where the increment in promoter-
associated RNAPol2, compensated for the lowering of RNAPol2
promoter escape by acting on mass effect (that is, more substrate),
thus allowing proficient mRNA transcription. Thus, while No-DEGs
can rescue a less efficient elongation by increasing RNAPol2
recruitment and initiation, DEG-down genes, by having maximized
the promoter recruitment of RNAPol2 and transcription factors,
have little ability to compensate for the drop in elongating
RNAPol2. This regulation may reflect the need to support the
high expression levels of DEG-down genes with robust
transcriptional flux.
To strengthen our observations, we re-analyzed a published

data set describing BRD4 inhibition in MM.1S cells.17 Genes
downregulated by JQ1 showed a clear drop in elongating

RNAPol2 as evidenced by the reduction in gene body occupancy
(Supplementary Figures 14a–d and i), whereas the enrichment of
RNAPol2 associated to their promoters was largely unchanged
(Supplementary Figures 14a–d). Conversely, No-DEGs showed
RNAPol2 promoter stalling with negligible changes in gene body-
associated RNAPol2 (Supplementary Figures 14e–h). Similarly to
what observed in RAJI, genes downregulated by JQ1 in MM.1S
displayed promoters that were strongly enriched for Myc, RNAPol2
and BRD4 binding compared with No-DEGs (Supplementary
Figure 11), thus again a selective transcriptional response was
associated to genes that displayed features of high promoter
occupancy and therefore were intrinsically more susceptible to
drops in elongation rates.

Targeting CDK9-dependent elongation selectively affects specific
transcriptional programs
Our data suggests that DEG-down genes, due to their scant ability
to increase the recruitment of RNAPol2 to promoters, have a
limited capacity to compensate gene transcription when drops in
transcriptional elongation occur. A consequence of this model will
be the prediction that any event leading to impairment of
elongation may (i) selectively alter RNApol2 dynamics and (ii) lead
to transcriptional alterations that are similar to the one observed
upon BRD4 inhibition.
To address the first point, we re-analyzed a published data set

reporting RNAPol2 ChIPseq data of MM.1S cells treated with a
CDK9i,37 with the aim of verifying whether the DEG-down genes
identified upon BRD4 inhibition in MM.1S would show poor
promoter stalling also when elongation was impaired by
pharmacological inhibition of CDK9. As expected given the high
concentration of CDK9i used in this study, we observed a broad
effect on the stalling index of either JQ1 DEG-down and JQ1 No-
DEG genes (Supplementary Figure 15). This was due to a general
reduction in elongation as either JQ1 DEG-down and the No-DEG
genes showed a sizable drop in RNAPol2 occupancy on gene
bodies (Figures 6b and e). Yet, this decrease in elongation was
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more pronounced in the JQ1 dependent DEG-down genes as
shown in the cumulative graph relative to RNAPol2 enrichment at
gene bodies, where the cumulative enrichment of RNAPol2 in
CDK9i treated cells (Figure 6b, red curve of the gene body plot) is
more right shifted with respect to the control distribution (black
line, DMSO), compared to the corresponding curve calculated for
No-DEGs (Figure 6e). Accordingly, proximal promoter stalling of
RNAPol2 upon Cdk9 inhibition was more pronounced in No-DEGs
(Figures 6a, c, d and f), again underscoring their intrinsic flexibility
in mounting compensatory responses. This supports the hypoth-
esis that different subsets of cellular genes may be subjected to a
differential transcriptional control that depends on either promo-
ter occupancy and efficiency of transcriptional elongation. Highly
expressed genes will display highly occupied promoters to
support their high transcriptional flux and will be more sensitive
to fluctuations in elongation rates (that is, their expression is
limited by elongation). This behavior would be relatively
independent on the drug used to impair elongation but will be
a direct consequence of the degree of gene activity. To
experimentally validate this hypothesis, we asked whether CDK9
inhibition in RAJI would selectively affect gene transcription,
similarly to what observed following BET inhibition. We treated
RAJI cells with increasing doses of two commonly used elongation
inhibitors, PHA-767491 and DRB. At each dose tested, we
measured the expression of a subset of JQ1 dependent DEG-
down and a subset of No-DEGs. At intermediate concentrations of
DRB, we observed selective downregulation of the DEG-down
genes whereas the No-DEGs were relatively stable (Figure 6g). The
relative transcriptional resilience of the No-DEGs was confirmed
even at the highest DRB concentration (that is, 100 μM). Similar
results were observed with PHA-767491: at intermediate doses
DEGs-down expression was generally affected while No-DEGs
were relatively insensitive (Figure 6h). Notably, Myc and E2F mRNA
levels were affected only at the highest concentration of DRB and
PHA-767491, whereas at intermediate concentration, where a
selective effect on DEG-down was already observed, their relative
levels were comparable to those measured in untreated cells
(Supplementary Figures 16a and b).

DISCUSSION
Here, we report an investigation on the mechanism of action of
JQ1, a BET inhibitor with potent and broad anti-cancer activity.
Although in several blood-borne tumors the efficacy of JQ1 and
other BET inhibitors has been ascribed to the selective control of
the expression of the Myc oncogene,11,15–17 therefore providing a
strong rationale for their anti-tumoral activity, we here describe a
number of instances where, despite showing robust anti-growth
activity, BET inhibition does not lead to Myc downregulation. This
was unexpected given that BLs and Eμ-Myc tumors bear
rearrangements that have features similar to those reported in
MMs, and suggests that the expression of translocated Myc in BLs
may depend on different regulatory elements. Indeed, we noticed
that although in MMs the IgH enhancers translocated upstream
the Myc gene are strongly acetylated and bound by BRD4, in RAJI
and other BL cell lines, these enhancers show low levels of BRD4,
despite having prominent H3K27Ac (Supplementary Figure 17).
Also, despite in RAJI the Myc 5’ enhancer and its promoter are
bound by BRD4, this binding does not appear to be sensitive to
JQ1 (Supplementary Figure 17). These observations may explain
why BRD4 inhibition does not affect Myc transcription in some BL
tumors (Supplementary Figure 17). Regardless the effect on Myc
levels, we noticed that the transcriptional programs altered upon
BRD4 inhibition were similar among different hematological
tumors, thus suggesting that the selective transcriptional effects
observed were not solely due to Myc downregulation but to a
more complex effect that led to inhibition of Myc-dependent
transcription. Our data shows that BET inhibition targets

transcriptional elongation and that BRD4 (and its paralogs) can
control elongation on a broad set of genes, as indicated by the
large number of promoters bound by BRD4 in our data set, as well
as in published ones.17,45,46 This is in line with previous data
supporting a role for BRD4 in regulating elongation and
transcriptional activation mediated by either promoters and/or
promoter/enhancer activation.41–43,47 Despite this pervasive inter-
action at promoters of expressed genes, the consequences of BET
inhibition on transcription are not global but restricted to a subset
of genes that show defined characteristics: these genes are
expressed at high levels, have promoters highly enriched for
chromatin marks associated with gene activation (that is, H3K27Ac
and H3K4me3) and show high promoter occupancy by RNAPol2
and associated transcription factors (Myc, E2F and BRD4). This
peculiar promoter configuration likely reflects a general strategy in
transcriptional control based on the maximization of the
recruitment of RNAPol2 and transcription factors in order to
support a robust transcriptional flux. High RNAPol2 promoter
occupancy is likely dictated by the chromatin state of such
promoters as suggested by their high enrichments in chromatin
marks linked to transcriptional activation48 (H3K27Ac and
H3K4me3), while BRD4 and Myc seem to be dispensable since
neither BRD4 eviction (us) nor Myc downregulation17,29 impairs
RNAPol2 recruitment. This is also supported by recent genome-
wide studies showing that in vitro and in vivo Myc progressively
invades promoters already pre-marked by RNAPol2.23,49–51

Our work is in agreement with previous evidences that link
BRD4 to the control of elongation43,52–54 and support a model
where Myc29,55–57 and other transcription factors may be critical in
the regulation of transcriptional elongation, with BRD4 laying
downstream of Myc in the control of CDK9-dependent RNAPol2
activation. This does not exclude an involvement of distal
regulatory elements, indeed BRD441,47 and other cofactors like
JMJD644 have been implicated in the long-range control of
promoter proximal paused genes and have been shown to favor
enhancer-mediated transcriptional activation. Further work will be
needed to assess this relevant point.
The association of high RNAPol2 promoter occupancy, BRD4

and transcriptional flux may also reflect intrinsic and basic
principles of genes transcription, as recent evidences suggest
that highly transcribed genes rely on BRD4 to efficiently recruit
topoisomerase 1 (TOP1) to prevent topological stress due to high
transcriptional rates.58 This may be particularly relevant in Myc-
driven tumor, where transcriptional amplification of Myc target
genes will be predicted to be reliant on BRD4 and TOP1.
Although the recruitment of transcription factors and RNAPol2

to promoters is not diminished by BRD4 inhibition, RNAPol2
distribution along genes is clearly affected at a global level
(Figures 5c and f; Supplementary Figure 13a). Yet, the con-
sequences on transcription are selectively observed on those
genes, DEG-down, that show high levels of RNAPol2 occupancy at
promoters. This differential effect is due to kinetic compensation
of RNAPol2 elongation occurring on No-DEG genes. On these
genes the amount of promoter-associated RNAPol2 is at the
steady state and depends on both RNAPol2 recruitment and
initiation (loading on promoters) and its release into the gene
body upon its conversion to the elongating form (promoter
release). If RNAPol2 promoter release is lowered (that is, upon JQ1
treatment) then the immediate effect will be that the amount of
elongating RNAPol2 will decrease, while, as a consequence, the
amount of paused RNAPol2 will gradually increase. This increase in
paused RNAPol2 will be the substrate of the second arm of the
reaction (elongation), thus as promoter-associated RNAPol2 builds
up, its conversion to the elongating form will increase as well. At
the point in time when the new steady state is reached, there will
be an increase in promoter-associated RNAPol2 compared with
the starting steady state (unchallenged elongation) and a
substantial amount of elongating RNAPol2 (despite the rate
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constant of the elongation is reduced). This re-adjustment to
the new steady state provides an intrinsic compensation to
transcription. This is the behavior we observed in JQ1-insensitive
genes (No-DEGs), where, upon JQ1 treatment, a clear increase in
promoter paused RNAPol2 was observed, while elongation,
despite being affected shortly after BET inhibition, was restored
at longer time points. On the other hand, the epigenetic state and
the high levels of positive transcription factors (BRD4, Myc and
E2F) found on promoters of DEG-down genes allows an efficient
recruitment of RNAPol2, that is thus at the near-equilibrium, as
evidenced by the observation that inhibition of elongation does
not lead to a further increase in promoter paused RNAPol2.
Therefore, DEG-down genes are (i) rate limited by the release of
the promoter-associated RNAPol2 and its conversion to the
elongating form and (ii) inherently susceptible to elongation
inhibitors given their scarce ability to compensate for elongation
drops by enhancing RNAPol2 recruitment at promoters.
This is supported by our observations, the re-analysis of

published data set17,37 and the use of CDK9/DSIF inhibitors,
overall suggesting that transcriptional elongation is rate limiting
for the control of the expression levels of DEG-down genes. Thus,
even in the instances where BET inhibition does not lead to Myc
downregulation, the efficacy and cancer selectivity of such
compounds is due to their selective targeting of highly transcribed
genes such as proliferative and metabolic genes, that, given the
prominent role exerted by Myc in rewiring such programs during
cell transformation,2 will be enriched in Myc targets. This may also
help explaining why targeting general transcriptional regulators
such as CDK9 may indeed lead to specific transcriptional
alterations and effectively target Myc addicted cancers.59 This
link is also confirmed by unbiased approaches as we (Sara Rohban
and Stefano Campaner, unpublished) and others60 have noticed
that inhibition of components of the basal transcriptional
machinery is synthetic lethal with Myc overexpression. Thus,
RNAPol2 promoter clearance represents a cancer cell liability that
sensitizes cancer cells to the action of elongation inhibitors. This
concept may also expand beyond cancer, being RNAPol2
promoter pausing a general mechanism required for selective
and quantitative transcriptional regulation of pathways like cell
cycle, developmental processes and stress responses.61 Indeed in
m-ESC, cell cycle genes have a high pausing index which
associates with high levels of promoter-associated RNAPol2.62

Interestingly, also there the alteration of pause elongation was
linked to specific transcriptional deregulation since genetic
inactivation of the pausing factor NELF primarily deregulated
genes involved in cell cycle and signal transduction.62 On the
other hand, lowly transcribed genes, which bear ‘unsaturated’
promoters, will still have the chance to compensate for drops in
elongation efficiency by enhancing RNAPol2 recruitment.
In summary, our work suggests that the high proliferative and

metabolic avidity of cancer cells requires a quantitatively robust
transcriptional output. This is supported by oncogenic pathways
that sustain a strong transcriptional flux by maximizing promoter
recruitment of RNAPol2 and transcription factors such as Myc, E2F
an BRD4. This renders gene expression rate limited by RNApol2
promoter clearance, thereby exposing cancer cells to the action of
elongation inhibitors (such as BET inhibitors). Thus, transcriptional
elongation is a pathway that can be targeted for selective cancer
treatment.
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