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ABSTRACT

Bromodomain and extra-terminal domain (BET) proteins, most prominently BRD4, read acetylated histone lysine
marks to sustain transcription of a small set of oncogenic drivers in acute leukemia, and BET inhibitors have
progressed into clinical evaluation on this basis, yet how BRD4 occupancy is distributed across the leukemic
chromatin landscape relative to bulk histone acetylation, and which occupied loci are the proximate functional
targets of BET inhibition, remain incompletely resolved at high genomic resolution. Here we profiled BRDA4,
H3K27ac and H4K5/8/12/16ac occupancy by chromatin immunoprecipitation sequencing (ChIP-seq) in
MLL-rearranged acute myeloid leukemia cell lines and primary patient blasts, and combined this with a
time-resolved response to the BET inhibitor JQ1 and CRISPR interference screening of BRD4-occupied regulatory
elements at the MYC locus. BRD4 occupancy across the genome correlated strongly with H3K27ac signal overall,
but a defined subset of 1,126 BRD4-bound regions showed disproportionately high BRD4 occupancy relative to
their local histone acetylation density, a hallmark previously used to define super-enhancers, and these
high-occupancy-relative-to-acetylation regions were significantly more sensitive to JQ1-induced BRD4 eviction than
typical BRD4-bound regions with comparable absolute acetylation levels. CRISPR interference silencing of
individual constituent elements within the MYC super-enhancer identified a single dominant element, distal by more
than 1.7 megabases from the MYC promoter, whose silencing alone reduced MYC expression by 68% and
reproduced the majority of the transcriptional consequence of pharmacological BRD4 eviction, in contrast to the
more additive, distributed contribution described for constituent enhancers at other loci. Time-resolved profiling after
JQ1 treatment showed that BRD4 loss at this dominant element preceded loss of local H3K27ac by several hours,
and preceded MYC transcriptional decline by a further interval, establishing an ordered sequence from BET protein
eviction to acetylation loss to transcriptional consequence. These results identify a disproportionately dominant,
BET-inhibitor-sensitive regulatory element at the MYC super-enhancer in MLL-rearranged leukemia and establish
the temporal sequence linking BRD4 eviction to downstream oncogenic transcriptional collapse.
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1. INTRODUCTION

Bromodomain and extra-terminal domain (BET) proteins,
including BRD4, bind acetylated histone lysine residues
through  tandem bromodomains  and recruit
transcriptional and chromatin-remodeling machinery to
sustain active transcription, with particularly high
dependence described at a small number of oncogenic
driver genes in acute leukemia, most notably MYC [1,2].
Small-molecule BET inhibitors such as JQ1 competitively
displace BRD4 from acetylated chromatin and have
shown potent anti-leukemic activity in preclinical models
of MLL-rearranged acute myeloid leukemia, motivating
substantial clinical interest and progression of several
BET inhibitors into early-phase trials [2,3].

BRD4 occupancy across the genome broadly tracks bulk
histone acetylation, but a subset of genomic regions,
often corresponding to super-enhancers, shows
disproportionately high BRD4 density relative to what
would be predicted from local acetylation alone, and
these regions have been proposed to be preferentially
sensitive to BET inhibition [4,5]. However, whether
disproportionate BRD4 occupancy relative to acetylation
is itself the best predictor of JQ1 sensitivity, independent
of absolute acetylation level, and which individual
constituent elements within a BRD4-dense
super-enhancer are the proximate functional targets
whose loss drives the transcriptional consequence of
BET inhibition, have not been resolved with matched,
high-resolution occupancy and functional perturbation
data at a defined oncogenic locus.

The MYC super-enhancer is a particularly well-studied
case, with prior work establishing that a distal regulatory
region substantially upstream of the MYC promoter
contributes disproportionately to MYC expression in
several leukemia contexts, but the degree to which this
dominant-element architecture generalizes across
MLL-rearranged leukemia lines and primary patient
material, and its precise temporal relationship to BRD4
eviction following pharmacological BET inhibition, remain
incompletely characterized [6,7].

Here we combined high-resolution BRD4 and histone
acetylation ChlP-seq, time-resolved profiling of the
response to the BET inhibitor JQ1, and CRISPR
interference silencing of individual constituent elements
at the MYC super-enhancer, in MLL-rearranged acute
myeloid leukemia cell lines and primary patient blasts, to
identify the genomic determinants of BET inhibitor
sensitivity and establish the temporal sequence
connecting BRD4 eviction to transcriptional collapse of
the MYC oncogenic program.

2. MATERIALS AND METHODS

Experiments used MLL-AF9-rearranged acute myeloid
leukemia cell lines alongside primary patient blast
samples obtained from diagnostic bone marrow
aspirates, with BRD4 and histone acetylation profiling
performed at baseline and across a time course of JQ1
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treatment.
I 2.1 Cell culture and primary patient samples

MLL-AF9-rearranged acute myeloid leukemia cell lines
were maintained under standard culture conditions.
Primary leukemic blasts were isolated from diagnostic
bone marrow aspirates of patients with confirmed
MLL-rearranged acute myeloid leukemia under
institutional review board-approved protocols with written
informed consent, enriched by density gradient
centrifugation and used within 48 hours of collection for
ChlIP-seq and JQ1 response profiling.

I 2.2 BRD4 and histone acetylation ChIP-sequencing

ChiP-seq for BRD4, H3K27ac and pan-H4 acetylation
(H4K5/8/12/16ac) was performed on
formaldehyde-crosslinked chromatin using validated
antibodies, sonicated to a mean fragment size of
approximately 250 bp and immunoprecipitated overnight
at 4°C with protein G magnetic beads. Libraries were
sequenced as 2x50 bp paired-end reads on an lllumina
NovaSeq 6000 to a minimum depth of 30 million uniquely
mapped read pairs per sample, alongside matched input
chromatin controls, with peaks called using MACS2 and
super-enhancers identified using the ROSE algorithm on
stitched H3K27ac domains [4,5].

I 2.3JQ1 treatment time course

Cell lines and primary blasts were treated with 500 nM
JQ1 or vehicle (DMSO) control, with samples collected at
1, 4, 8, 24 and 48 hours post-treatment for BRD4 and
H3K27ac ChlIP-seq at the MYC locus by targeted
ChIP-gPCR, and for genome-wide RNA-sequencing at 4,
8, 24 and 48 hours.

I 2.4 CRISPR interference silencing of MYC super-enhancer
constituents

Individual constituent elements within the MYC
super-enhancer, defined by discrete local maxima of
BRD4 and H3K27ac signal, were targeted for CRISPR
interference silencing using catalytically dead Cas9
fused to the KRAB repressor domain and
element-targeting guide RNAs delivered by lentiviral
transduction, alongside a non-targeting guide RNA
control; silencing efficiency at each targeted element was
confirmed by significant reduction in local H3K27ac
ChIP-gPCR signal relative to the non-targeting control.

I 2.5 Statistical analysis

Differential BRD4 and histone acetylation signal, and
differential gene expression, between conditions were
assessed with DESeq2 using the Wald test and
Benjamini-Hochberg correction, with regions or genes
considered significantly changed at adjusted P<0.05.
The relationship between BRD4-to-acetylation
occupancy ratio and JQl-induced BRD4 loss was
assessed by Spearman correlation. All statistical
analyses were performed in R version 4.2.
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3. RESULTS

Genome-wide BRD4 ChlIP-seq in MLL-AF9 leukemia cell
lines identified 18,624 BRD4-bound regions, with BRD4
signal correlating strongly with H3K27ac signal overall
(Spearman rho=0.78). A defined subset of 1,126
BRD4-bound regions showed disproportionately high
BRD4 occupancy relative to their local H3K27ac signal, a
pattern that substantially, though not completely,
overlapped with independently defined super-enhancers
by the ROSE algorithm. Table 1 summarizes genomic
and functional characteristics of
high-BRD4-to-acetylation-ratio regions relative to typical
BRD4-bound regions with comparable absolute
acetylation.

Table 1. Genomic and functional characteristics of

high-BRD4-to-acetylation-ratio regions versus typical
BRD4-bound regions.

Overlap with

. Mean
Region set Regions  ROSE BRD4/H3K27ac
(n) super-enhan . )
ratio (normalized)
cers (%)

High

BRDA4:acetylation 1,126 71 3.8

ratio

Typical BRD4-bound 1126 9 10

(matched acetylation)
Typical BRD4-bound regions were matched to the high-ratio set
by absolute H3K27ac signal quintile; ratio is BRD4 signal
normalized to local H3K27ac signal.

Following JQ1 treatment, regions with a high
BRD4-to-acetylation occupancy ratio showed
significantly greater BRD4 eviction at 4 hours than typical
BRD4-bound regions matched for absolute H3K27ac
level (Figure 1), and this differential sensitivity was
consistent across the two leukemia cell lines and three
primary  patient samples profiled. The MYC
super-enhancer, located within this high-ratio region set,
showed BRD4 eviction among the most rapid and
complete of all profiled loci genome-wide.

BRD4 eviction sensitivity to JQ1 by occupancy-to-acetylation ratio
(mean + SD, n = 2 cell lines + 3 primary patient samples)
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Figure 1. Mean BRD4 ChlIP-seq signal remaining after 4 hours of
JQ1 treatment (normalized to vehicle-treated baseline, mean +
SD across two cell lines and three primary patient samples),
comparing high-BRD4-to-acetylation-ratio regions with typical
BRD4-bound regions matched for absolute H3K27ac level.
CRISPR interference silencing of five individually
targeted constituent elements within the MYC
super-enhancer identified one dominant element, located
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more than 1.7 megabases distal to the MYC promoter,
whose silencing alone reduced MYC expression by 68%
relative to the non-targeting guide control, substantially
more than any of the other four constituent elements
individually (12-31% reduction each). Table 2 reports
MYC expression change following individual silencing of
each of the five targeted constituent elements.

Table 2. MYC expression change following individual
silencing of five MYC super-enhancer constituent
elements.

Distance from

Constituent MYC

MYC expression

element promoter (Mb) reduction (%)
Element 1 (dominant) 1.7 68
Element 2 1.4 31
Element 3 1.3 24
Element 4 0.5 19
Element 5 0.3 12

MYC expression reduction relative to the non-targeting guide
control, mean of three biological replicates, 72 hours
post-transduction.

Time-resolved profiling after JQ1 treatment at the
dominant constituent element showed that BRD4 loss
(detectable by 1 hour, near-complete by 4 hours)
preceded measurable loss of local H3K27ac (first
detectable at 8 hours), which in turn preceded significant
MYC transcriptional decline (first detectable at 8-24
hours, reaching a plateau by 48 hours), establishing an
ordered temporal sequence from BRD4 eviction through
acetylation loss to transcriptional consequence at this
locus.

4. DISCUSSION

These results show that a subset of BRD4-bound regions
with disproportionately high occupancy relative to local
histone acetylation is preferentially sensitive to BET
inhibitor-induced eviction, extending prior reports linking
super-enhancer status to BET inhibitor sensitivity [4,5] by
demonstrating that the BRDA4-to-acetylation ratio itself,
rather than absolute acetylation level alone, is the more
discriminating predictor of differential eviction sensitivity
within a matched comparison.

The identification of a single dominant constituent
element accounting for the majority of MYC's
dependence on its super-enhancer, in contrast to the

more  additive,  distributed  constituent-enhancer
architecture reported at some other
super-enhancer-regulated loci [6,7], suggests that

super-enhancer architecture is not uniform across genes
and that some loci, potentially including other
MYC-family or leukemia driver genes, may similarly
depend disproportionately on a single dominant
regulatory element rather than distributing control more
evenly across their constituent parts. This distinction has
practical relevance for therapeutic targeting strategies
aimed at individual regulatory elements rather than broad
BET inhibition.
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The ordered temporal sequence we observe, BRD4
eviction preceding acetylation loss which in turn
precedes transcriptional decline, is consistent with a
model in which BRD4 itself helps maintain the local
acetylation state at this element, potentially through
recruitment of histone acetyltransferase activity or
protection from deacetylase action, rather than
acetylation being an entirely BRD4-independent, purely
upstream signal. This ordering also has practical
implications for interpreting pharmacodynamic
biomarkers of BET inhibitor activity in clinical samples,
since our data suggest that BRD4 occupancy loss would
be detectable earlier than acetylation or expression
changes at the same locus.

Several limitations should be considered. First, our
CRISPR interference experiments targeted the MYC
super-enhancer as a single representative locus;
extending this dominant-element analysis to additional
BRD4-dependent oncogenic loci would help establish
how general this architecture is across the leukemic
super-enhancer landscape. Second, our primary patient
sample analyses were limited to three individuals; a
larger cohort would help determine how consistently the
dominant-element architecture and eviction kinetics we
describe generalize across patients with varying
MLL-rearrangement subtypes. Third, our time-course
experiments used a single JQ1 concentration; a fuller
dose-response and timing analysis would help refine the
precise kinetic relationship between BRD4 eviction,
acetylation loss and transcriptional consequence.

5. CONCLUSION

Combining high-resolution BRD4 and histone acetylation
ChIP-seq, time-resolved BET inhibitor response profiling
and CRISPR interference silencing of individual
constituent elements in MLL-rearranged acute myeloid
leukemia, we show that regions with disproportionately
high BRD4 occupancy relative to local acetylation are
preferentially sensitive to BET inhibitor-induced eviction,
that a single dominant constituent element accounts for
the majority of the MYC super-enhancer's contribution to
MYC expression, and that BRD4 eviction precedes
acetylation loss which in turn precedes transcriptional
decline following BET inhibition. These findings refine the
mechanistic model linking bromodomain reading of
acetylated chromatin to leukemic oncogene maintenance
and identify a specific, disproportionately important
regulatory element as a candidate for more targeted
therapeutic approaches.
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