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Abstract
Esophageal squamous cell carcinoma (ESCC) is the predominant subtype of esophageal cancer with a particularly high
prevalence in certain geographical regions and a poor prognosis with a 5-year survival rate of 15–25%. Despite numerous
studies characterizing the genetic and transcriptomic landscape of ESCC, there are currently no effective targeted therapies.
In this study, we used an unbiased screening approach to uncover novel molecular precision oncology targets for ESCC and
identified the bromodomain and extraterminal (BET) family member bromodomain testis-specific protein (BRDT) to be
uniquely expressed in a subgroup of ESCC. Experimental studies revealed that BRDT expression promotes migration but is
dispensable for cell proliferation. Further mechanistic insight was gained through transcriptome analyses, which revealed
that BRDT controls the expression of a subset of ΔNp63 target genes. Epigenome and genome-wide occupancy studies,
combined with genome-wide chromatin interaction studies, revealed that BRDT colocalizes and interacts with ΔNp63 to
drive a unique transcriptional program and modulate cell phenotype. Our data demonstrate that these genomic regions are
enriched for super-enhancers that loop to critical ΔNp63 target genes related to the squamous phenotype such as KRT14,
FAT2, and PTHLH. Interestingly, BET proteolysis-targeting chimera, MZ1, reversed the activation of these genes.
Importantly, we observed a preferential degradation of BRDT by MZ1 compared with BRD2, BRD3, and BRD4. Taken
together, these findings reveal a previously unknown function of BRDT in ESCC and provide a proof-of-concept that BRDT
may represent a novel therapeutic target in cancer.

Introduction

Esophageal cancer is a common malignancy and the 6th
leading cause of cancer-related deaths worldwide. The
overall 5-year survival rate has remained unchanged for the
last few decades, ranging from 15 to 25% [1]. Esophageal
squamous cell carcinoma (ESCC), the predominant histo-
logical subtype, accounts for 90% of esophageal cancer
cases and shows an especially high incidence rate in certain
geographical locations such as east Asia [2]. Recently,
large-scale genomic and epigenomic studies have revealed
the genetic and epigenetic landscape of ESCC and identified
recurring mutations or deletions in TP53, CDKN2A, and
RB1, and frequent amplifications of SOX2, TP63, and
FGFR1 [2], making them essential parts of the molecular
repertoire defining the “squamous” subtype. Notably, sev-
eral epigenetic modulators including CREBBP, EP300,
KMT2C, and KMT2D are also frequently mutated [3].
Although these studies have helped in the molecular
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characterization of ESCC, they have yet to lead to specific
molecular targeted therapies for this particular subtype [4].

Epigenetic regulation is crucial for cells to integrate
environmental stimuli and intrinsic regulatory networks and
maintain cellular homeostasis. Furthermore, dysregulation of
epigenetic regulatory mechanisms contributes to tumorigen-
esis, tumor progression, and the acquisition of therapeutic
resistance [5]. However, unlike genetic alterations, epige-
netic alterations are usually reversible, thereby providing an
ideal possibility for therapeutic intervention. One family of
epigenetic regulators that has emerged as a particularly
effective and accessible therapeutic target is the bromodo-
main and extraterminal (BET) family of epigenetic reader
proteins. The BET family comprises BRD2, BRD3, BRD4,
and bromodomain testis-specific protein (BRDT), and func-
tions by recognizing acetyl groups on both histones [6] and
non-histone proteins [7] via their tandem bromodomains.
BRD4, the most well-studied BET protein, binds acetylated
histones at promoters and enhancers of its target genes where
it promotes productive transcriptional elongation [8]. Nota-
bly, BRD4 enrichment is a hallmark of super-enhancers
(SEs), long stretches of transcriptionally active chromatin
regions displaying a particularly high density of transcription
factors and cofactors, which are known to regulate key genes
essential for cell fate specification and disease progression
[9, 10]. Given the critical role in transcriptional regulation,
BET proteins have been shown to play important roles in the
development of various diseases including cancer, thus
emerging as novel therapeutic targets [11]. Although pan-
BET inhibitors are being tested in clinical trials for several
different malignancies including lymphoma, breast cancer,
and prostate cancer [12], the biological understanding of the
different BET family members, especially BRD2, BRD3,
and BRDT, in cancer is still very limited.

The concept of precision medicine is based on the
assumption that targeted therapies developed against spe-
cific cancer-relevant proteins may improve clinical outcome
while helping to avoid non-specific adverse effects often
caused by standard chemotherapies. Thus, highly specific
small-molecule inhibitors are being intensively investigated
as the next generation of anticancer therapies [13]. In the
case of some malignancies such as breast cancer [14], lung
cancer [15], and leukemia [16], such approaches have dra-
matically increased patient survival rates. However, despite
numerous clinical trials, successful targeted therapy options
for ESCC remain limited [17]. For example, various tyr-
osine receptor kinase inhibitors such as inhibitors against
EGFR, which is often overexpressed in ESCC, have failed
to improve survival and displayed varying degrees of side
effects [18, 19]. Thus, there is an urgent need to identify
novel therapeutic targets with lower toxicity.

In this study, we sought to identify novel therapeutic
targets from a comprehensive collection of epigenetic

factors, which are tissue-specific and differentially expres-
sed in ESCC. Surprisingly, we identified the testis-specific
BET family member BRDT as a putative target that is
aberrantly expressed in over 30% of ESCC and important
for controlling the migratory potential of ESCC cells.
Mechanistically, BRDT colocalizes and cooperates with
ΔNp63, a defining factor of the squamous subtype in can-
cer, to drive the expression of a subset of ΔNp63-dependent
genes. The aberrant expression of BRDT rewires and
enhances the dependencies of ΔNp63, modulating the
expression of SE-associated genes. In conclusion, we show
that BRDT is expressed in a subset of ESCC and enhances
the ΔNp63-dependent transcriptional program to promote
cell migration in ESCC.

Materials and methods

Cell culture

Cells were cultured in a humidified incubator supplied with
5% CO2 at 37 °C. Roswell Park Memorial Institute medium
(RPMI-1640; Invitrogen, CA, USA) with 10% fetal bovine
serum (FBS) (Sigma, Munich, Germany) and 1% penicillin/
streptomycin (Sigma) was used to culture KYSE70,
KYSE180, and TE6 cells. RPMI/F12 medium (Invitrogen)
with 5% FBS (Sigma) and 1% penicillin/streptomycin
(Sigma) was used to culture KYSE150 cells. Dulbecco’s
Modified Eagle medium (Invitrogen) with 10% FBS and
1% penicillin/streptomycin (Sigma) was used to culture
HEK293T cells. Knockdown, knockout, overexpression,
and proliferation assay are described in Supplementary
information. The sequence of siRNA is provided in Sup-
plementary Table S3.

Migration assay

Cell culture inserts with 8 μm transparent polyester mem-
branes (Corning, Inc, NY, USA) were pre-equilibrated in
serum-free medium for 30 min prior to being placed in 24-
well companion plates (Corning, Inc). In all, 1 ml of normal
medium was placed in the well and 50,000 cells in 500 µL
were seeded in the inserts and incubated for 48 hours. The
migrated cells were then stained with 1% crystal violet in
20% ethanol for 15 min after removing the remaining non-
migrated cells from the inner side of inserts and fixing with
methanol for 20 min. Subsequently, inserts were dried,
scanned, and quantified with ImageJ.

Tissue specificity expression analysis

Tissue specificity was evaluated as described [20] with
minor modifications. The maximal p value of specificity
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index (pSI) across all tissues was taken to calculate tissue
specificity index (TSI). The formula is as follows: TSI=
−log10(max(pSI)).

Patient samples, RNA isolation, quantitative real-
time PCR (qPCR), RNA-seq library preparation

Thirty-one pairs of fresh tumor and adjacent non-tumor
samples of ESCC patients prior to treatment were collected
and subjected to snap freezing at Osaka University Hospital,
Osaka, Japan. RNA was isolated using QIAzol reagent
(Qiagen, Venlo, Netherlands). For RNA-seq library pre-
paration RNA quality was confirmed by electrophor-
esis, then 500 ng of RNA was used as starting material to
prepare RNA-seq libraries using TruSeq RNA library prep
kit V2 (Illumina) following the manufacturer’s manual.
RNA-seq libraries were quantified using Qubit 2 (Invitro-
gen) and were subjected to Bioanalyzer 2100 (Agilent) for
fragment analysis. The sequencing was performed in the
next generation sequencing (NGS) Integrative Genomics
Core Unit (NIG) in Göttingen, Germany and the Genome
Analysis Core at the Mayo Clinic in Rochester, Minnesota,
USA. More details including primer sequences for qPCR
(Supplementary Table S4) are provided in supplemental
information.

RNA-seq analysis

Sequencing reads were first subjected to FASTQC
(available at https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) for quality control. Reads were then
mapped to human genome (hg38) with STAR [21]. After
sorting the BAM files using samtools [22], the feature
counting was done by HTSeq [23]. The resulting count
files were used for differential gene expression analysis
with the DESeq2 package [24]. Gene set enrichment ana-
lysis (GSEA) was conducted using GSEA program [25].
EnrichR [26] was used to analyze enriched pathways and
transcription factors.

Co-immunoprecipitation (Co-IP)

For endogenous co-IP, KYSE180 cells were treated with 20
nM bortezomib for 12 hours prior to harvesting in co-IP
buffer (50 mM Tris-HCl, 1% NP-40, 150 mM NaCl) with
the same protease inhibitors used in chromatin immuno-
precipitation (ChIP). Cells were then lysed for 10 min on ice
and scraped. The cell lysate was sonicated for three cycles
of 5 min using a Bioruptor (Diagenode, Liège, Belgium).
The sonicated lysate was then centrifuged to collect
supernatant which was further split for immunoprecipita-
tion. The pre-clearing process was performed by rotating
samples with 60 μL of sepharose beads (50%) at 4 °C for

1 hour. The samples were then centrifuged mildly to collect
supernatant. Antibodies were then added to the supernatant
and the mix was rotated at 4 °C overnight. The quantity of
antibody used in this study is provided in Supplementary
Table S5. 50 μL of protein G-coupled sepharose beads
(50%) (GE healthcare, Chicago, IL, USA) was then added
to samples and the samples were incubated at 4 °C for 2
hours to capture the immune complex. Subsequently,
samples were centrifuged and washed three times with co-
IP buffer. Finally, the collected beads were eluted by adding
25 μL of Laemmli buffer and subjected to western blot for
analyzing protein interactions.

For exogenous co-IP, transfected HEK293T cells were
processed using the same protocol as the endogenous co-IP.
However, the IP step was done using GFP-Trap Agarose
(ChromoTek, Germany) and anti-FLAG M2 Affinity Gel
(Sigma, St. Louis, MO, USA) for GFP and FLAG IP,
respectively.

ChIP and ChIP-seq library preparation

ChIP was done as previously described [27, 28] with minor
changes. Cells were washed with phosphate-buffered saline
(PBS) and cross-linked using 1% formaldehyde in PBS for
10 min. After quenching the formaldehyde with 1.25 mM
glycine, fixed cells were washed twice with ice-cold PBS.
Cells were then lysed using nuclear preparation buffer
supplemented with protease inhibitors to isolate nuclei.
After brief centrifugation, nuclei were resuspended in lysis
buffer containing protease inhibitors. Subsequently, sam-
ples were sonicated for 12 cycles using a Bioruptor
(Diagenode). Chromatin extracts were centrifuged and pre-
cleared with sepharose 4B (GE Healthcare) beads for 1
hour. After centrigugation, the antibody was then added to
the pre-cleared chromatin and incubated overnight with
rotation. Details about the antibodies used in this study are
provided in Supplemental Table S5. Sepharose beads cou-
pled with Protein A or Protein G (GE Healthcare) were then
added to the reaction and incubated for 2 hours to capture
immunocomplexes. Samples were then washed with lysis
buffer, wash buffer, and Tris-EDTA (TE) buffer. De-
crosslinking was done by incubating with 20 µg proteinase
K overnight at 55 C. The DNA was extracted using phenol/
choloroform/isoamyl alcohol (25:24:1) and precipitated
using ethanol.

Chromatin immunoprecipitation-sequencing (ChIP-seq)
library preparation was done using KAPA Hyper Prep Kit
(Roche, Basel, Switzerland). ChIP DNA was quantified
with Qubit (Invitrogen) and libraries were prepared
according to the manufacturer’s instructions. The library
concentration and fragment size were determined by Qubit
and Bioanalyzer, respectively. Sequencing was performed
in the NIG, Göttingen, Germany.
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ChIP-seq bioinformatic analysis

Sequencing reads were mapped to the human genome
(hg19) using bowtie [29]. The resulting bam files were
sorted and indexed using samtools [22]. Deeptools [30] was
used to convert bam files to signal tracks. The bigwig file of
BRDT was smoothened by averaging five consecutive bins.
MACS2 [31] was utilized to identify peaks and motif ana-
lysis was run using the HOMER suite [32]. Notably, BRDT
peaks were called using the following parameters: --broad
--broad-cutoff 0.1 --llocal 50,000 due to relatively low
signal/background ratio. The identification of SEs was
carried out using ROSE [9, 33]. ChromHMM [34] was used
to analyze the histone modification pattern across the
genome.

H3K27ac HiChIP

HiChIP was done as previously described [35] with some
changes. Cells were washed twice with PBS and cross-
linked using 1% formaldehyde in PBS for 10 min, which
was quenched by incubating with 1.25 mM glycine solu-
tion for 5 min. The cross-linked cells were washed twice
with ice-cold PBS and lysed with HiC lysis buffer. The
nuclei were collected and resuspended in 0.5% sodium
dodecyl sulfate, which was then quenched by adding 10%
Triton X-100. The digestion was carried out by incubating
with 200 U of MboI, DpnII, and HinfI (NEB, Ipswich, MA,
USA) at 37 °C for 2 hours. After heat inactivation of
restriction enzymes at 62 °C for 10 min, the overhangs of
digested chromatin were filled by adding dCTP, dGTP,
dTTP, and biotin-labeled dATP (Jena biosciences, Jena,
Germany) and DNA Polymerase I large (Klenow) fragment
(NEB). After the biotin incorporation, proximity ligation
was performed using T4 DNA Ligase (NEB). The samples
were then resuspended in lysis buffer supplemented with
protease inhibitors. To further solubilize chromatin, four
cycles of sonication were applied. The size distribution of
DNA fragments was verified by agarose gel electrophoresis
before pre-clearing the chromatin with 50% sepharose 4B
(GE Healthcare) slurry in lysis buffer. H3K27ac-associated
chromatin was captured by adding 6 μg of H3K27ac anti-
body (Diagenode). Protein A-sepharose (GE Healthcare)
beads were added to capture the immunocomplex. The
beads were subsequently washed with lysis buffer, wash
buffer, lysis buffer, and TE buffer, and subjected to DNA
extraction with phenol/chloroform/isoamyl alcohol
(25:24:1) as described for ChIP. Right-sided size selection
using KAPApure beads (Roche) was performed according
to the manufacturer’s guidelines to exclude large DNA
fragments prior to library preparation. Libraries were pre-
pared following the KAPA Hyper Prep manual. Strepta-
vidin T-1 beads (Invitrogen) were washed with Tween

wash buffer and resuspended in biotin binding buffer to
capture biotin-labeled DNA. Library amplification was
carried out according to the KAPA Hyper Prep manual.
The fragment distribution of HiChIP libraries was deter-
mined using a Bioanalyzer (Agilent, Santa Clara, CA,
USA). The libraries were then sequenced by the Genome
Analysis Core at the Mayo Clinic, Rochester, MN.

HiChIP bioinformatic analysis

HiChIP data were analyzed using the HiC-Pro pipeline
[36], which includes read alignment, HiC read filtering,
quality checks, and contact matrix building. FitHiChIP
[37] was utilized to identify active p63-associated loops.
The “Peak-To-All” mode was used and the resulting loops
were further processed to exclude those of which either
end is not marked by H3K27ac. Subsequently, the result
was converted to bedpe format for downstream visualiza-
tion and enhancer-gene association. The enhancer-gene
association was done using in-house scripts and the link to
the source code can be found in the section of “data
availability”.

Statistical analyses

Data are presented as mean±SD. Statistical methods, num-
ber of replicates, and significance are indicated in each
experiment.

Results

Unbiased screening identified BRDT expression in a
subset of ESCC

Owing to their reversible nature and potential targetability,
epigenetic modulators represent ideal candidates for antic-
ancer therapy. In order to uncover potential targets for ESCC
treatment that elicit minimal side effects, we sought to identify
targetable epigenetic regulators, which are tissue-specific and
differentially expressed in ESCC. In order to achieve this, we
exploited publicly available expression data [4, 20] and
identified four genes (PADI1, PADI3, BRDT, CTCFL), which
displayed high levels of tissue specificity and differential
expression in ESCC (Fig. 1A, Supplementary Table S1).
Given the potential targetability of BRDT by small-molecule
BET inhibitors, we further investigated this testis-specific
member of the BET family of proteins. To date, most studies
examined BRDT function in male germ cells [38–42].
However, we found BRDT to be aberrantly expressed in
>30% of ESCC [43] (Supplementary Table S2). To more
generally explore the expression pattern of BRDT in cancer,
we leveraged data from The Cancer Genome Atlas (TCGA)
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consortium and observed that BRDT is significantly expressed
in several malignancies in addition to esophageal cancer and
testicular cancer, including breast, lung, and head and neck
cancers (Fig. 1B). We next investigated whether BRDT was
preferentially expressed in a certain histological subtype of
esophageal cancer and found BRDT to be preferentially
expressed in ESCC (Fig. 1C, Supplementary Table S2).
Notably, consistent with the TCGA data, we were able to
confirm that BRDT is expressed in an independent cohort of
ESCC compared with adjacent normal tissue (Fig. 1D).
Moreover, using data from the Cancer Cell Line Encyclopedia
[44] we identified two BRDT-positive (KYSE180 and TE6)
and two BRDT-negative ESCC cell lines (KYSE70 and
KYSE150) and confirmed BRDT expression in KYSE180
and TE6 cells (Fig. 1E). In order to examine potential
tumorigenic functions of BRDT, we utilized CRISPR/Cas9-
mediated genome editing and siRNA-mediated knockdown to
efficiently deplete BRDT protein levels (Fig. 1E). Although
genetic deletion or siRNA-mediated silencing of BRDT did
not appreciably affect cell proliferation, migration potential
was largely abolished, suggesting a role of BRDT in con-
trolling cell migration (Fig. 1F, G, Supplementary Fig. S1A-
D). Together, these results indicate that BRDT is aberrantly

expressed in a subset of ESCC and may function to promote
cell migration.

BRDT regulates gene expression programs related
to cell migration in ESCC

In order to gain mechanistic insight into the role of BRDT
in ESCC, we performed mRNA-seq upon depletion of
BRDT in KYSE180 cells. As BET proteins generally
function as transcriptional activators, we performed path-
way enrichment analysis on genes downregulated following
BRDT depletion. This approach identified extracellular
matrix (ECM) organization-related pathways (Fig. 2A),
processes critical for cell migration [45, 46], as being key
downstream targets of BRDT. RNA-seq analysis of a sec-
ond BRDT-positive ESCC cell line (TE6) revealed a sig-
nificant overlap between the regulated genes in the two
different cell lines (Fig. 2B, C) and could be experimentally
validated in both cell systems (Fig. 2D).

As BET proteins bind to acetylated lysines and do not
possess intrinsic sequence-specific DNA-binding capacity,
we sought to identify specific transcription factors asso-
ciated with BRDT-dependent transcriptional regulation.

Fig. 1 Unbiased screening identifies BRDT as a potential ther-
apeutic target for precision medicine in ESCC. A Scatter plot
showing tissue specificity in normal tissues (y axis) and expression
variance (x axis) of epigenetic factors in ESCC. B Expression of BRDT
in different cancer entities. C Box plot showing 10–90 percentile of the
expression of BRDT in different histological subtypes. Unpaired t test
was used. D Quantitative real-time PCR analysis of BRDT expression
in tumor and adjacent normal tissues presented with box plot showing
10–90 percentile. Samples of 31 patients were evaluated. Paired t test
was used. ACTB was used to normalize gene expression. E Western

blot analysis of BRDT in various ESCC cell lines and siRNA-
mediated knockdown of BRDT and CRISPR/Cas9-mediated knockout
of BRDT in KYSE180 cells. F Growth kinetics analysis of control
(siCont) and BRDT knockdown (siBRDT) in KYSE180. Data are
represented as mean±SD, n= 4. Paired t test was used. G Quantifi-
cation of migrated cells upon BRDT knockdown with different siR-
NAs in KYSE180. Data are represented as mean±SD, n= 2. Unpaired
t test was used. ****P ≤ 0.0001, ***P ≤ 0.005, **P ≤ 0.01, *P ≤ 0.05,
ns: not significant.
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Strikingly, when examining transcription factors enriched
on genes downregulated upon BRDT depletion, we identi-
fied TP63 as a top candidate (Fig. 2E). This finding is
consistent with the TP63 isoform ΔNp63 being a key reg-
ulator of the squamous-specific transcriptional program
[2, 28, 47, 48]. Consistently, GSEA also identified TP63-
related gene signatures as being downregulated in BRDT-
depleted KYSE180 and TE6 cells (Fig. 2F). These results

uncover BRDT as a novel regulator of cell migration-related
and ΔNp63-dependent gene programs in ESCC.

BRDT occupies epigenetically active genomic
regulatory regions

Although BRDT occupancy was previously examined in
germ cells [41], its role in gene regulation and genome

Fig. 2 Transcriptomic profiling reveals the role of BRDT in cell
migration. A Pathway analysis of downregulated genes upon BRDT
knockdown in KYSE180. Dots on the graph indicate enriched path-
ways. Intersection size: the overlap between the query list and the
annotation terms from different sources. REAC reactome, KEGG
Kyoto Encyclopedia of Genes and Genomes, GO:CC gene ontology:
cellular component, BP biological process, MF molecular function.
B Heatmaps showing the robustness of the RNA-seq data in KYSE180
(left) and TE6 (right). The commonly regulated (padj < 0.05 and
log2FC ≤−0.5 or log2FC ≥ 0.5) genes of KYSE180 and TE6 are
plotted. C Venn diagrams showing the overlap of significantly

regulated (padj<0.05 and log2FC ≤−0.5 or log2FC ≥ 0.5) genes
between KYSE180 and TE6. D Quantitative real-time PCR validation
of downregulated genes upon BRDT knockdown in KYSE180 and
TE6. GAPDH was used to normalize gene expression. Data are
represented as mean±SD, n= 3. Unpaired one-way ANOVA test
followed by Dunnett’s test was used. ****P ≤ 0.0001, ***P ≤ 0.005,
**P ≤ 0.01, *P ≤ 0.05, ns: not significant. E ChIP enrichment analysis
(ChEA) showing enriched factors of commonly downregulated genes
between KYSE180 and TE6. F GSEA showing TP63 target genes are
regulated by BRDT in KYSE180 and TE6.
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occupancy has not been investigated in tumor cells to date.
In order to dissect the function of BRDT in controlling gene
expression in ESCC, we performed ChIP-seq analyses of
BRDT in KYSE180 cells. These results revealed that BRDT
is localized both to promoter-proximal and distal enhancer
regions (Fig. 3A). As BET proteins have a high-affinity
towards diacetylated histone 4 (H4) tails [49], we also

performed epigenome mapping studies for several histone
modifications. Specifically, we examined the occupancy of
H4K5ac, H3K9ac, H3K27ac, H3K4me1, H3K4me3, and
H3K27me3 in KYSE180 cells. We found that BRDT pre-
ferentially colocalizes with active histone marks such as
H3K27ac, H3K9ac, H4K5ac, H3K4me1, and H3K4me3,
further supporting a positive role for BRDT in regulating

Fig. 3 ChIP-seq uncovers the genomic occupancy of BRDT in
KYSE180. A Analysis of genomic occupancy of BRDT. B Violin plot
showing the signal strength of BRDT on various histone modification-
bound regions. Unpaired one-way ANOVA test followed by Dunnett’s
test was used. ****P ≤ 0.0001, ***P ≤ 0.005, **P ≤ 0.01, *P ≤ 0.05,

ns: not significant. C ChromHMM analysis identifying different
chromatin states based on histone modification patterns. D Distribution
of BRDT over different chromatin states. E ChIP-seq tracks of BRDT
and other histone marks at FAT2, KRT14, and PTHLH loci. F Motif
analysis of BRDT bound regions identifying p63 motif.
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gene expression. Moreover, consistent with biophysical
studies showing that murine BRDT has a binding pre-
ference for acetylated H4 [50], we observed a higher con-
cordance of BRDT occupancy with H4K5ac compared with
either H3K27ac or H3K9ac (Fig. 3B). To gain more insight
into the epigenomic context of BRDT occupancy, we
classified the genome into different chromatin states based
on the investigated histone marks (Fig. 3C) and examined
the overlap of BRDT-enriched regions with each defined
state. This revealed that BRDT is mainly localized to active
transcription start sites (TSSs) and enhancers (Fig. 3D, E),
providing further support that BRDT is a positive tran-
scriptional regulator.

In order to identify potential transcription factors
directing BRDT activity in ESCC, we performed motif
analyses on BRDT-enriched genomic regions. Consistent
with the results of our transcriptome data, consensus motifs
bound by TP63 were highly enriched in BRDT-occupied
regions (Fig. 3F). Together these results illustrate that
BRDT preferentially binds to active TSS and enhancers and

support its potential role in directing ΔNp63 activity
in ESCC.

BRDT colocalizes with the squamous transcription
factor ΔNp63

Given our findings that BRDT is required for the expression
of a p63-controlled transcription program and enrichment of
a p63-binding motif in BRDT-occupied genomic regions,
we hypothesized that BRDT and ΔNp63 may functionally
interact with one another. To address this, we performed
ChIP-seq analysis for ΔNp63 in KYSE180 and examined
its colocalization with BRDT. Strikingly, BRDT co-
occupied many active ΔNp63-bound regions (i.e.,
ΔNp63-bound regions marked by H3K27ac), supporting a
functional interplay between BRDT and ΔNp63 (Fig. 4A).
Individual examples of genes co-occupied by BRDT and
ΔNp63 included KRT14, FAT2, and PTHLH, whose
expression is ΔNp63-dependent and tightly associated with
a squamous gene expression program (Fig. 4B). Based on

Fig. 4 BRDT colocalizes with the squamous transcription factor
ΔNp63. A Heatmaps showing the co-occupancy of BRDT and p63.
Plots are centered on summits of active p63-bound (co-occupied by
p63 and H3K27ac) regions. B ChIP-seq tracks showing the colocali-
zation of BRDT and p63 at FAT2, KRT14, and PTHLH loci. C Venn
diagrams showing the overlap between BRDT- and p63-targets in
KYSE180 (left) and TE6 (right). D Quantitative real-time PCR

analysis of FAT2, KRT14, and PTHLH upon knockdown of p63 in
KYSE180. GAPDH was used to normalize gene expression. Data are
represented as mean±SD, n= 3. Unpaired t test was used. E Quanti-
tation of migrated cells upon knockdown of p63 and FAT2 in
KYSE180. Data are represented as mean±SD, n= 2. Unpaired one-
way ANOVA test followed by Dunnett’s test was used. ****P ≤
0.0001, ***P ≤ 0.005, **P ≤ 0.01, *P ≤ 0.05, ns: not significant.
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the co-occupancy of ΔNp63 and BRDT we hypothesized
that the two proteins may form a complex to execute tran-
scriptional regulatory roles. In order to test this, we per-
formed endogenous co-IP in KYSE180 as well as
exogenous co-IP in HEK293T cells. Indeed, immunopre-
cipitation of BRDT resulted in a co-IP of ΔNp63 (Supple-
mentary Fig. S2A, left panel) and vice versa
(Supplementary Fig. S2A, right panel).

Given our initial finding that BRDT was required for the
expression of published p63-dependent genes and evidence
of cooperation across the genome of ESCC cells, we next
sought to validate the cooperative function of BRDT and
ΔNp63 in ESCC by examining the effects of depleting
ΔNp63 on transcription. Consistent with the notion that
BRDT has a central role in regulating ΔNp63 activity, we
found an overlap between BRDT- and ΔNp63-dependent
genes in both KYSE180 and TE6 (Fig. 4C). Exemplary,
three genes co-occupied by BRDT and ΔNp63 (FAT2,
KRT14, and PTHLH), could be confirmed to be down-
regulated upon depletion of either BRDT (Fig. 2D) or
ΔNp63 (Fig. 4D). Moreover, KRT14 protein levels were
also decreased following depletion of either BRDT or
ΔNp63 (Supplementary Fig. S2B). Given our observation
that BRDT was required for cell migration, we hypothe-
sized that depletion of either the responsible transcription
factor providing sequence specificity to BRDT activity
(ΔNp63) or a downstream ΔNp63/BRDT target previously
shown to control cell migration in human squamous carci-
noma cells (FAT2) [51], may phenocopy the effects of
BRDT depletion on cell migration. Remarkably, we
observed that the depletion of either ΔNp63 or
FAT2 significantly decreased cell migration (Fig. 4E,
Supplementary Fig. S2C). Taken together, these results
suggest that ΔNp63 is associated with and functionally
cooperates with BRDT to transcriptionally activate genes
essential for cell migration.

BRDT directs and rewires ΔNp63-dependent
transcription in ESCC

The expression of ΔNp63 is a common feature among
squamous cell carcinomas, including ESCC. Thus, we were
interested in determining the specificity of BRDT in con-
trolling ΔNp63-dependent transcription and the impact of
BRDT on the ΔNp63-dependent program. Therefore, we
depleted ΔNp63 in KYSE150, which lack endogenous
BRDT expression, and compared this dataset with genes
downregulated following BRDT and ΔNp63 depletion in
KYSE180 cells. Strikingly, we found that BRDT/ΔNp63-
dependent genes displayed limited overlap with ΔNp63
targets from KYSE150 (Fig. 5A), indicating that BRDT
may function to reprogram ΔNp63 dependencies in ESCC.
We further compared the expression level of BRDT/ΔNp63

targets and found that these genes are more highly expres-
sed in KYSE180 compared with KYSE150 and were not
regulated by ΔNp63 in KYSE150 (Fig. 5B), further sup-
porting that BRDT specifically reprograms the ΔNp63-
dependent transcriptional program. To further investigate
the ability of BRDT to reprogram ΔNp63 dependencies, we
performed RNA-seq in KYSE150 cells overexpressing
BRDT. In accordance with our hypothesis, a subset of
BRDT/ΔNp63 targets was upregulated upon over-
expression of BRDT in KYSE150 cells (Fig. 5C). Con-
sistently, many BRDT/ΔNp63 target genes were enriched in
cells overexpressing BRDT, suggesting that overexpressing
BRDT in a BRDT-negative cell line is sufficient to partially
reprogram the ΔNp63-dependent transcriptional program
(Fig. 5D). To further confirm the importance of ΔNp63 in
directing BRDT function, we depleted ΔNp63 in either
control KYSE150 cells or cells overexpressing BRDT and
examined ΔNp63/BRDT target gene expression. Consistent
with our model in which ΔNp63 directs BRDT to target
genes, we observed that depletion of ΔNp63 precludes the
ability of BRDT to activate the expression of either KRT14
or FAT2 (Fig. 5E). Consistent with changes observed at the
mRNA level, we also found that KRT14 protein levels are
also regulated in the same manner (Fig. 5F). Importantly,
consistent with the functional importance of BRDT in
controlling tumor cell migration, BRDT overexpression in
KYSE150 increased cell migration and this effect was
blocked by depleting ΔNp63 (Fig. 5G, Supplementary
Fig. S3). Collectively, our resutls show that BRDT rewires
the ΔNp63-dependent transcriptional program in ESCC.

BRDT controls ΔNp63-dependent SEs

We and others previously demonstrated that ΔNp63 plays a
central role in determining tumor cell identity by controlling
SEs to modulate target gene expression [9, 28, 52, 53].
Given our findings that BRDT colocalized with ΔNp63 on
several genes such as FAT2 and PTHLH, which we pre-
viously demonstrated as being associated with ΔNp63-
dependent SEs in pancreatic cancer [28], we investigated
whether BRDT, like BRD4, may be a defining feature of
SEs in a subset of ESCC. For this, we compared the ability
of BRD4, BRDT, or ΔNp63 occupancy to identify SEs on
stitched H3K27ac peaks [9, 33] (Fig. 6A). Strikingly, we
found that >60% of the BRDT-occupied SEs overlap with
those identified by either BRD4 or ΔNp63 occupancy
(Fig. 6B).

Recent studies have revealed that SEs direct specific
transcriptional programs via chromatin loops with the pro-
moters of important target genes [9, 54, 55]. In order to
accurately identify genes associated with BRDT SEs, we
utilized HiChIP [35] to capture chromatin interactions
associated with active (H3K27ac occupied) chromatin
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regions in KYSE180. Interestingly, the identified BRDT
SEs are associated with key BRDT/ΔNp63-dependent
subtype-specific and migration-associated genes such as
FAT2, KRT14, and PTHLH (Fig. 6C). We further exploited
this HiChIP data to identify genes associated with SEs and
found these genes to be enriched in control KYSE180 cells
compared with the BRDT-depleted group (Fig. 6D), high-
lighting the role of BRDT in directing SE function.

BET proteins have provided an important paradigm as
therapeutic epigenetic targets in cancer [9]. Thus, given its
amenability to BET inhibitor treatment [40, 41], BRDT may
therefore represent an attractive novel target for precision
medicine in ESCC. In particular, proteolysis-targeting chi-
meric (PROTAC) molecules represent novel candidates for
anticancer therapy [56]. Notably, the VHL-dependent
PROTAC MZ1 was reported to display specificity
towards BRD4 in comparison with BRD2 and BRD3 [57].
However, to what degree it affects BRDT is currently
unknown. Interestingly, our results demonstrate that BRDT
was completely degraded after a brief treatment with 1 µM
MZ1, whereas BRD4 expression was greatly, but not
completely decreased, and BRD2 and BRD3 protein
levels were comparatively unaffected (Fig. 6E). Based on
these findings we tested whether MZ1 treatment can also
downregulate the expression of BRDT/ΔNp63 targets.

Consistent with the effects of MZ1 on BRDT protein levels,
MZ1 treatment resulted in decreased expression of nascent
(heterogeneous nuclear) RNA (hnRNA) of KRT14, FAT2,
and PTHLH following MZ1 treatment (Fig. 6F), resembling
the effects observed following the knockdown of BRDT or
ΔNp63. Together, these results show that BRDT occupies a
subset of ΔNp63-dependent SEs to modulate squamous-
specific gene expression in a subset of ESCC.

Discussion

Current therapeutic approaches for the treatment of ESCC
display highly heterogeneous efficacies and frequently elicit
undesirable side effects. The identification of therapeutic tar-
gets with high tissue specificity would offer a unique approach
to cancer therapy with low-toxicity and decreased side effects.
In this work, we sought to ascertain such targets by identifying
variably expressed tissue-specific epigenetic factors aberrantly
expressed in ESCC. Utilizing an unbiased approach, we
identified BRDT, the testis-specific member of the BET family
proteins, as one of the most variably expressed tissue-
specific genes in ESCC. Although depletion of BRDT did
not impair cell proliferation, it did result in attenuated
cell migration and downregulation of related pathways.

Fig. 5 BRDT directs and rewires ΔNp63 programs. A Venn dia-
gram showing the overlap between the BRDT/p63-targets in
KYSE180 and p63-targets in KYSE150. Red circle denotes BRDT/
p63-targets. B Boxplots showing the expression of BRDT/p63-targets
in different conditions in KYSE180 and KYSE150. Paired t test was
used for the left panel and paired one-way ANOVA test followed by
Tukey’s test was used for right panel. C Venn diagram showing the
overlap between the BRDT/p63-targets of KYSE180 and BRDT-
activated genes of KYSE150. D GSEA showing that BRDT/p63-tar-
gets are enriched in KYSE150 overexpressing BRDT. EV empty
vector. E Quantitative real-time PCR analysis of FAT2 and KRT14

upon overexpression of BRDT and knockdown of p63 in KYSE150.
GAPDH was used to normalize gene expression. Data are represented
as mean±SD, n= 3. Unpaired one-way ANOVA test followed by
Tukey’s test was used. F Western blot analysis of KRT14 upon
overexpression of BRDT and/or knockdown of p63 in KYSE150. G
Quantitation of migrated cells upon overexpression of BRDT and/or
knockdown of p63 in KYSE150. Data are represented as mean±SD,
n= 2. Unpaired one-way ANOVA test followed by Tukey’s test was
used. ****P ≤ 0.0001, ***P ≤ 0.005, **P ≤ 0.01, *P ≤ 0.05, ns: not
significant.
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Mechanistically, we demonstrate for the first time that BRDT
occupancy is associated with the activity of a select set of
cancer subtype-specific genes. Integrative analyses of the
transcriptomic and genomic occupancy data led us to the
finding that BRDT acts at a subset of SEs to maintain the
expression of cell lineage-specific genes.

BRDT has been reported to function as a master reg-
ulator during spermatogenesis by inducing massive chro-
matin reorganization [38]. Interestingly, BRDT was also
reported to be ectopically expressed in cancer two decades
ago [58], but its function in tumorigenesis has remained
elusive until now. Two recent studies published during the
revision of this work showed a role of BRDT in regulating

tumor growth both in vitro and in vivo [59, 60], high-
lighting the clinical potential of BRDT. However, neither
study revealed the underlying mechanism by which BRDT
functions in cancer. In this study, we show for the first time
that BRDT can regulate transcription by promoting ΔNp63
function at certain SEs. This regulatory mechanism is
similar to what we have previously shown for BRD4, the
closest paralog to BRDT, which localizes to lineage-specific
enhancers to regulate genes that are crucial for lineage
specification [27] and pancreatic cancer subtype [28].
Consistently, we report that BRDT localizes to a select
subset of ΔNp63-bound SEs, serving to maintain the
expression of the associated squamous-specific genes.

Fig. 6 BRDT controls ΔNp63-dependent super-enhancers. A
Super-enhancer calling using BRDT, BRD4, and p63, respectively. B
Venn diagram showing the overlap among BRDT-, BRD4-, and p63-
super-enhancers. C Tracks showing BRDT, BRD4, p63, H3K27ac,
super-enhancers (SE) and H3K27ac HiChIP interactions at FAT2,
KRT14, and PTHLH loci. D GSEA showing genes associated with
super-enhancers are enriched in control group in KYSE180. EWestern

blot analysis of BET proteins upon 4 h and 8 h of 1 µM MZ1 treatment
in KYSE180. *: non-specific band. F Quantitative real-time PCR
analysis of heterogeneous nuclear RNA of FAT2, KRT14, and PTHLH
upon 8 h of 1 µM MZ1 treatment in KYSE180. GAPDH was used to
normalize gene expression. Data are represented as mean±SD, n= 4.
Unpaired t test was used. ****P ≤ 0.0001, ***P ≤ 0.005, **P ≤ 0.01,
*P ≤ 0.05, ns: not significant.
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Our data suggest that BRDT forms a complex with ΔNp63.
However, whether this association is direct or indirect
remains unknown. It is likely that other factors influencing
squamous cell carcinoma phenotype such as SOX2, which
also appears as one of the top BRDT-associated factors,
may be involved. Thus, it is possible that BRDT, SOX2,
and ΔNp63 may cooperate at certain enhancer regions to
promote squamous-specific transcription and maintain the
squamous phenotype. Although the precise function of
BRDT at enhancers remains to be determined, like BRD4,
BRDT possesses an extended carboxyl terminus that can
interact with the Positive Transcription Elongation Factor-b
(P-TEFb) [41]. Thus, it is likely that BRDT may function to
control enhancer activity via regulation of promoter-
proximal pausing and/or enhancer RNA synthesis, both of
which are primarily controlled by the P-TEFb subunit
CDK9 in conjunction with BET proteins [8, 61].

A number of studies have reported an antitumor activity
of BET inhibition in preclinical models [62–65], thus leading
to numerous ongoing early phase clinical trials of BET
inhibitors in various cancers. A phase I clinical study has
already shown that BET inhibitors can have clinical efficacy
in different cancers [66]. This highlights the potential of BET
inhibition as a therapeutic approach for cancer treatment.
However, BET inhibitors elicit a number of side effects
related to their physiological roles in hematopoietic cell
lineage specification [67]. Recently, new inhibitors devel-
oped specifically against the second bromodomain of
BRD4 show much lower toxicity, but also a more-limited
spectrum of malignant indications [68, 69]. Nevertheless,
these studies showed the feasibility of developing specific
inhibitors for individual bromodomains of BET proteins,
thereby suggesting that specific targeting of BRDT may be
feasible. Another potential therapeutic approach is through
the utilization of BET isoform-specific PROTACs. In gen-
eral, BET degraders confer a more profound effect on BET-
mediated transcriptional modulation, thus leading to a
stronger antitumor activity [70, 71]. One notable example is
MZ1, a PROTAC BET degrader, which was previously
shown to preferentially degrade BRD4 over BRD2 and
BRD3 [57]. Interestingly, our results demonstrate that MZ1
efficiently induces BRDT degradation to an extent even
greater than BRD4 and efficiently downregulates BRDT-
dependent transcriptional targets. Thus, specific inhibition or
degradation of BRDT represents a unique opportunity with a
strong potential for clinical application in ESCC.

In our study, BRDT was specifically required for cell
migration, but dispensable for cell proliferation. Therefore,
despite the potential utility of small-molecule inhibitors or
PROTACs in blocking BET protein function, it is currently
unclear whether the inhibition or depletion of BRDT
activity would be sufficient to impede ESCC tumor growth.
Thus, although such inhibitors would be predicted to limit

tumor metastasis, a different approach would likely be
required to more efficiently impede tumor growth. One
potential approach may be the conjugation of anti-
neoplastic substances such as chemotherapeutic agents or
radionuclides to a BRDT-specific ligand. Such an approach
would not only enable highly specific targeting of BRDT-
expressing tumor cells but could also facilitate non-invasive
imaging of tumors. Similar proof-of-principle molecules
have been developed for hormone-dependent cancers such
as breast and prostate cancer by utilizing specific conjugates
of estrogen and androgen receptor ligands, respectively
[72, 73]. Importantly, given the unique tissue specificity of
BRDT expression during spermatogenesis, it is anticipated
that any side effects due to its specific targeting will both be
minimal and reversible.

Taken together, our unbiased screening of epigenetic
factors led us to the identification of BRDT as an unex-
pected and novel potential therapeutic target in ESCC.
Future studies will be needed to identify and refine small-
molecule probes targeting BRDT and test their utility in
preclinical models and early clinical trials.

Data availability

The NGS data generated during the current study are
available in the Gene Expression Omnibus repository under
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enhancer-promoter interaction identification can be
accessed at https://github.com/BoxWong/SE-association/
blob/master/SE_asso_HiChIP.py.
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