www.nature.com/cdd

ARTICLE

CDD press

W) Check for updates

BAP18 facilitates CTCF-mediated chromatin accessible to
regulate enhancer activity in breast cancer
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The estrogen receptor alpha (ERa) signaling pathway is a crucial target for ERa-positive breast cancer therapeutic strategies. Co-
regulators and other transcription factors cooperate for effective ERa-related enhancer activation. Recent studies demonstrate that
the transcription factor CTCF is essential to participate in ERa/E2-induced enhancer transactivation. However, the mechanism of
how CTCF is achieved remains unknown. Here, we provided evidence that BAP18 is required for CTCF recruitment on ERa-enriched
enhancers, facilitating CTCF-mediated chromatin accessibility to promote enhancer RNAs transcription. Consistently, GRO-seq
demonstrates that the enhancer activity is positively correlated with BAP18 enrichment. Furthermore, BAP18 interacts with
SMARCA1/BPTF to accelerate the recruitment of CTCF to ERa-related enhancers. Interestingly, BAP18 is involved in chromatin
accessibility within enhancer regions, thereby increasing enhancer transactivation and enhancer-promoter looping. BAP18
depletion increases the sensitivity of anti-estrogen and anti-enhancer treatment in MCF7 cells. Collectively, our study indicates that
BAP18 coordinates with CTCF to enlarge the transactivation of ERa-related enhancers, providing a better understanding of BAP18/
CTCF coupling chromatin remodeling and E-P looping in the regulation of enhancer transcription.
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INTRODUCTION

Cancer cells evolve to resist targeted therapies, which is a
persistent issue in cancer treatment, particularly in breast cancer
[1-3]. More than two-thirds of all breast cancers possess estrogen
receptor alpha (ERa) positive and frequently respond to endocrine
treatment, including tamoxifen, fulvestrant, and aromatase
inhibitors (Al), which interfere with E2/ERa signaling [4, 5]. Women
with ERa-positive breast cancer have been treated with Als as a
first-line treatment strategy [6]. Compared to tamoxifen, Als
therapies have higher clinical efficacy, longer disease-free survival,
and fewer serious side effects [7]. Despite the fact that Al therapy
reduces tumor recurrence by almost half, about one-quarter of
patients fail to respond to Al therapy. Approximately 30% of
patients develop tumor recurrence within ten years [8, 9]. Several
molecular mechanisms have been identified as contributing to Al
resistance, including mutations of CYP19A1, mutations of the ERa
ligand-binding domain, compensatory activation of signaling
(such as GPCR, PI3K/AKT/mTOR, and RAF/MEK/ERK), transcription
reprogramming, and altered epigenetic modifications [10-13].
However, the mechanism of resistance to Al treatment is
emerging. Recent studies suggest an essential role in ERa-
related transactivation reprogramming in intrinsic endocrine
resistance [14, 15]. There has been a significant increase in the
activation of enhancers and the sustained expression of their
target genes during endocrine treatment, leading to a shift from
medication susceptibility to resistance in tumor cells [16, 17].

Despite these recent advances, the mechanisms responsible for
Al resistance remain elusive.

ERq, the driving transcription factor of the luminal subtype of
breast cancer, is a nuclear receptor that combines chromatin to
regulate the transcription of its target genes, ultimately promoting
cell proliferation and metastasis [18]. ChIP-seq analysis of ERa
reveals that most binding sites are localized on distal enhancers
and generate noncoding enhancer RNAs (eRNAs) of target genes,
which dictates cell growth and the endocrine response in breast
cancer [19-21]. Other transcription factors, coactivators, and
pioneer factors are essential for enhancer activation [22, 23]. It
has been demonstrated that global reprogramming of estrogen-
responsive genes can alter endocrine sensitivity, contributing to
the cancer process and endocrine resistance [24]. Transcription
factors such as AP1, ATF2, and c-Jun are compensated-activated
when ERa activity is impaired, sustaining gene transactivation
while activating intracellular signaling pathways including Ras/Raf/
MEK/ERK1/2 and the PI3K/AKT [25, 26]. However, it is unclear what
the molecular mechanism modulates ERa-mediated enhancer
activation.

As one of the most important determinants of chromatin
structure, CCCTC-binding factor (CTCF) participates in transcrip-
tion processes, including enhancer-promoter looping and
insulation [17, 27]. Studies have shown that CTCF is a critical
protein that maintains and participates in ERa-mediated
enhancer and promoter transactivation [28, 29]. The existence
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of an ERa binding site (EBS) coupled with a CTCF binding site
(CBS) provides the highest predictor score for estrogen-
responsive genes [30, 31]. In breast cancer cells, CTCF binding
is crucial not only for designing accessibility borders and
insulated transcriptional blocks, but for modulating ERa-
mediated gene expression [29, 30]. Also, CTCF modulates ERa-
related genes by constructing higher-order chromatin structures
for enhancer and promoter interactions with other proteins such
as cohesin, ERa, or the transcription activators such as BRG1
[24, 32]. Furthermore, mutant ERa proteins could retain
sustained transcription of downstream genes by binding FOXA1
and CTCF, suggesting that CTCF is able to reverse the loss of
ERa-mediated transcriptional activity [33]. Even though CTCF
plays a crucial role in enhancer function, the fundamental
molecular mechanisms by which the two transcription factors
interact on enhancers are unknown. Therefore, underlying a
novel protein that administers this essential process is
necessary.

Bromodomain PHD-Finger Transcription Factor (BPTF) asso-
ciated protein of 18 kDa (BAP18) is encoded by C170rf49 gene in
human. BAP18 is an 18 kDa protein that carries a SANT domain,
which usually occurs in chromatin associated proteins such as
Ada2, Swi3 and Rsc8 [34-36]. It is interesting to note that the
SANT domain is more widely represented among enzymes that
remodel chromatin than bromodomains or chromodomains,
which suggests that BAP18 may play an important role in
regulating chromatin accessibility. Researchers suggested that
pulldown of BAP18 protein specifically copurified subunits of the
human nucleosome remodeling factor (NuRF)/BPTF complex [37].
Several studies have shown that BAP18 is involved in nuclear
receptors (NRs) mediated transactivation, including androgen
receptor (AR) and ERa. Furthermore, BAP18 is highly expressed in
a wide variety of cancers and diseases, including prostate cancer,
ERa-positive breast cancer, oral squamous cell carcinoma, non-
small-cell lung carcinoma, triple-negative breast cancer, and
polycystic ovary syndrome (PCOS) [38-43]. It was previously
reported that BAP18 significantly increases ERa-mediated trans-
activation in breast cancer, but the function of BAP18 on the
enhancer region remains to be determined [40]. Using ChIP
sequencing (ChIP-seq) analysis, we demonstrate that BAP18
recruits upon gene enhancer regions along with CTCF. BAP18
increases genome-wide accessibility of chromatin, particularly
around CTCF recruiting sites. ERa-related enhancer transactiva-
tion is positively correlated with BAP18 enrichment density. A
subunit of the nucleosome remodeling factor (NuRF) complex,
BAP18 interacts with the necessary ATPases SMARCAT1 and BPTF,
and increases CTCF and ERa recruitment at enhancer regions. As a
result, BAP18/CTCF facilitate enhancer-promoter looping of TFF1
and GREBT in an estrogen-independent manner. BAP18 prolifer-
ates cell growth under the aromatase inhibitor and the enhancer
inhibitors in MCF7 cells, and BAP18 is highly expressed in
letrozole non-responders in clinical samples. Taken together,
these data suggest a potential mechanism of ontogenetic
enhancer activated by BAP18 and CTCF, and BAP18 might be
an effective predictor of endocrine resistance.

MATERIALS AND METHODS

Cell lines and cell culture

In this study, breast cancer cell lines were obtained from the ATCC cell
bank. T47D cells were cultured in an RMPI-1640 medium (Gibco) and
MCF7 cells were cultured in a DMEM medium (Thermo Scientific). All cells
were cultured with 10% fetal bovine serum (Gibco), 50 units/ml penicillin,
and 50 units/ml streptomycin at 37°C and 5% CO, 17B-estradiol (E2,
Sigma-Aldrich), Letrozole (MCE, HY-14248), JQ-1(MCE, HY-13030), and
THZ-1(MCE, HY-80013) were dissolved in ethanol (Aladdin). The cells were
cultured in phenol red-free DMEM or RMPI-1640 when drugs were
needed. Culture dishes were purchased from Guangzhou Jet Bio-Filtration
Co., Ltd., China.
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Plasmids and antibodies

BAP18 overexpression plasmids were introduced in our previous work [38].
Two kinds of TFF1 core enhancers were respectively cloned into pGL3-
promoter plasmids, and minimums promoter was cloned into the pGL3-
enhancer plasmid to perform luciferase reporter assays. The primers for
constructing inserted sequences of these regions were described in
Supplementary Table 1.

The antibodies were used in our study as follow: anti-BAP18 (Bethyl
#A304-207A-1), anti-ERa (Cell signaling #D8H8), anti-TFF1 (Proteintech
13734-1-AP), anti-SMARCA1 (Proteintech #29461-1-AP), anti-CTCF (CST
#D31H2), anti-BPTF (Bethyl # A300-973A), anti-B-actin (Proteintech #20536-
1-AP), anti-Rabbit/Mouse (ABclonal), anti-lgG (Proteintech#10238-1-AP),
anti-GFP (Sigma #G1544) and anti-FLAG (Proteintech#20543-1-AP).

siRNA and CRISPR-Cas9 system
siRNA against BAP18, CTCF, and ERa were listed in Supplementary Table 2.
All siRNA duplexes were purchased from Sigma-Aldrich.

Briefly, gRNAs were designed with tools on Zhang Feng's website
(http://CRISPR.mit.edu), and construction procedures were followed by
Zhang's study [44]. All gRNA sequences were listed in Supplementary
Table 3. CRISPR-Cas9 plasmids were used in this study with Cas9-TFF1e-1,
Cas9-SMARCA1-2, and Cas-BAP18-1, respectively.

Luciferase reporter assays

For a series of luciferase reporter assays, HEK-293 and MCF7 cells were co-
transfected with BAP18 (200 ng), CTCF (75 ng), different pGL3 plasmids
(200 ng), and a plasmid of control Renilla luciferase (pRL) (5 ng). Cells were
cultured into a medium containing 5% charcoal-stripped fetal bovine
serum after co-transfection for 4 h. After an additional day, cells were
collected for luciferase reporter assay (Promega) after estrogen stimulation
for 1 h. The final relative activity was calculated as the ratio of luciferase
fluorescence value to pRL fluorescence value.

Western blotting and co-immunoprecipitation (co-IP) analysis
Western blotting assays were carried out using the usual procedure
described in our prior work [45]. The immunoprecipitation analysis began
with 2 h of whole-cell lysis purified with anti-IgG. If DNase (TAKARA#2270A)
treatment was required after pre-clear, add 50 units of DNase/test to the
experimental sample and incubate for 30 min at 37 °C. Protein G beads
from GE Healthcare were condensed into sepharose and utilized for
antibody-protein interactions, which were rotated overnight. Western
blotting assays were performed after repeated three times rinses and lysis
boiling.

RNA and quantitative real-time PCR (qPCR)

RNA Trizol (TAKARA) was used to extract total RNA, and cDNAs were
reversed using the PimeScript RT-PCR kit (TAKARA). On the LightCycler 96,
real-time qPCR experiments were carried out using the SYBR premeraseTaq
kit (TAKARA) (Roche). All gPCR primers were described in Supplementary
Table 4, and PRISM Graphpad 8 was used for statistics. Student t-tests were
used to compare the results of each experiment, which were drawn from
at least three separate trials.

Chromatin immunoprecipitation (ChIP) assays

We performed ChlIP assays using Nature Methods standard protocols [46].
MCF7 cells were transfected with CRISPR-Cas9 system to knock out BAP18.
The cells were cultured in phenol-free DMEM. The cells were treated with
100nM E2 or equivalent EtOH for 1h after they had reached 80%
confluence. Following the studies, the DNAs were utilized as gPCR
templates, and the primers were presented in Supplementary Table 5. The
results were expressed as a percentage of input chromatin, and they are
representative of at least three independent experiments. Using the t-tests,
the significances of the difference between the two groups were
determined.

MNase assays

All experiments were carried out in three biological duplicates. In MNase
cleavage buffer (4 mM MgCl,, 5mM KCl, 50 mM Tris-HCI (pH 7.4), 1 mM
CaCly, 12.5% glycerol), nuclei were digested under either Light MNase
conditions (40 gel units for 15 min at 37 °C) or Heavy MNase conditions (40
gel units for 30 min, then another 40 gel units for 30 to 40 min at 37 °C)
with 50 mM EDTA, and the MNase digestion processes were halted. The
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protein-DNA crosslinks were then reversed by incubating the MNase-
digested nuclei overnight at 60 °C with 0.2 mg/mL proteinase K and 1%
sodium dodecyl sulfate. The samples were then run, and the nucleosome
ladder was separated on a 2% agarose gel. Details were followed by
standard protocol [47].

Chromosome conformation capture qPCR (3C-qPCR) analysis

3C-qPCR was performed following standard protocols [48]. In details, 1x 10°
MCF7 cells were harvested in PBS for each 3C sample. The cells were
centrifuged at 300 g for 5 min at room temperature and resuspended PBS with
10% FBS (final). For crosslinks, MCF7 cells were incubated with equal volume of
4% formaldehyde for 15min and quenched with 2.5M glycine solution,
followed by centrifugation at 300g/5min/4°C. Cell pellet was then
resuspended in PBS/10%FBS and centrifuges at 300 g/5 min/4 °C. We discarded
the supernatant and snapped-frozen it at 80°C, and stored it at this
temperature for a period of time. During 1.5 h at 4 °C, the cell pellet was lysed
in lysis buffer (50 mM Tris-HCl pH 7.5, 0.5% NP-40, 1% Triton X-100, 150 mM
NaCl, 5mM EDTA, protease inhibitor cocktail (Roche)). Cell pellet was washed
once in 1.2xrestriction buffer and resuspended again in 500 ul of 1.2x
restriction buffer. We added 15 pl of 10% SDS to suspension and incubated the
mixture at 37 °C and shaking at 400 rpm. 75 pl of 20% Triton X-100 was added
to the suspension and incubated at 37 °C and shaking at 400 rpm. Then the
samples were centrifuged at 1000 g for 3 min and resuspended in 500 pl | of
1xrestriction buffer. Nuclei were pelleted and digested with the Bgl | restriction
enzyme (NEB) for TFF1 transcriptome or Hind Ill for GREB1 at 37 °C overnight.
An agarose gel was used the following day to assess digestion efficiency.
Afterwards, the enzyme was inactivated at 65 °C for 20 min, and samples were
centrifuged at 1000 g for three minutes to remove the restriction buffer. The
pellet was resuspended in 7mL of 1x ligation buffer, and the ligation was
performed with addition of 50 U of T4 DNA ligase (5 U/ul) (Thermo Scientific) at
16 °C overnight. An agarose gel was used to test the ligation efficiency once
again. The de-crosslinking process was carried out by adding 30 pl of protease
K (Roche) to the sample overnight at 65 °C. The samples were incubated at
37 °C for 45 min with 15 mL of RNaseA cocktail (Ambion) in order to remove
residual RNA. Using 7 mL of isopropanol and 70 mL of NucleoMag® P-Beads
(Bioke), DNA was recovered by incubating the samples for 30 min at room
temperature. The samples were then centrifuged for 3 min at 1000g and
washed twice with 80% ethanol. The beads were dried and eluted in 300 mL of
10 mM Tris-HCl pH 7.5. The purpose of 3C analysis was to assess the physical
interactions between Enhancer’™ '/Enhancer®™®®' and target regions. We
designed a constant promoter primer (P) for each gene that amplifies the
Enhancer™" or Enhancer®*®" region overlapping the junction created be the
Bgl I/ Hind Ill enzyme. To examine the interactions between Enhancer™" ' or
Enhancer S*¥" and each assessed region, we designed two primers (reverse
and forward). 3C primers were listed in Supplementary Table 6. qPCR products
were resolved on 2% agarose gel and also on quantitative PCR (qPCR). For the
final 3C-qPCR assays, TFF1-R2 was used for the reverse primer of TFF1-related
3C-gPCR and GREB1-R1 for GREB1-related 3C-qPCR.

ChIP sequencing (ChIP-seq), ATAC sequencing (ATAC-seq) and
data acquisition

MCF7 cells were treated with 100 nM E2 for 1 h after cell collection. MCF7 cells
were contained in a 9ml DMEM medium fixed with 243pl 37%
paraformaldehyde (Electron Microscopy Sciences, 15714) and crosslinked for
15 min at room temperature for two types of sequencing. The crosslinks were
then broken down with 2.5 M glycine to a final concentration of 0.125 M. Cells
were washed with cold PBS before tests were carried out with the assistance
of Wuhan Seghealth Tech Co. LTD. The primary analysis of ChIP-seq had been
described, and the analysis of ATAC-seq was similar to ChIP-seq [40].

In this study, the GEO data series for ATAC-seq and ChIP-seq was
GSE198243 (the access link of GSE198243). All other high-throughput data
were obtained from other GEO datasets: GRO-seq data was from
GSE73957, ATAC-seq data of estrogen stimulation in MCF7 was from
GSE144925, ERa ChIP-seq data, and CTCF ChIP-seq data were from
GSE108787, H3K27Ac data was from GSE40129, H3K4me1, H3K4me3, and
RNA POL2 ChIP-seq data were from GSE23701, FOXA1 was from
GSE161767. RNA-seq of clinical patients was from GSE145325
(PMID:29581135).

Cell growth assays, IC50 assays, and colony formation assays
All breast cancer cells were cultured for specific amounts of time before
being harvested with trypan blue and counted with a hematocytometer.
Single-cell suspensions were carried out with 1000 cells per 35 mm plate,

SPRINGER NATURE

and cell growth line studies were carried out with 20000 cells per column.
Cells were treated with various drug doses for 14 days for colony formation
assays. Also, cells were treated with different concentrations of drugs for
eight weeks, and cell counts were performed simultaneously to complete
the IC50 assay.

Clinical patients and immunohistochemistry (IHC)

All primary breast cancer tissues and adjacent tissues of patients were
procured from the Liaoning Cancer Hospital of China Medical University, all
of which received permission from patients already. Under the guidance of
a pathologist, all patients received immunohistochemistry to evaluate ERaq,
PR, HER2, and Ki67 expression by pathological puncture of tumor tissue.
Patients who had been identified with ERa-positive but HER2-negative
were given 12 weeks of neoadjuvant endocrine treatment with letrozole.
After 12 weeks, post-treatment pathological puncture was used to evaluate
ERa and Ki67 expression in tumor tissue. At the time of surgery, tumor sizes
and lymph node metastases were measured. The widely recognized PEPI
score was used to assess patient scores: a PEPI > 4 was termed a letrozole
non-responder, and a PEPI <4 was regarded as a responder [49].

The procedure of IHC has been indicated in our previous work. The
relative score of BAP18 expression was calculated as follows: Three fields of
view were randomly selected for each specimen, ensuring that at least two
or more typical breast ducts were included in the field of view.
BAP18 staining of the ductal glandular luminal cells was calculated, and
the grayscale values of the staining were tallied from brown (highest
expression) to blue (lowest expression). Dark brown is defined as 0.03
points, light brown as 0.02, and blue as 0.01. Finally, the number of cells
was multiplied by their respective coefficients as the final relative score.

Data analysis

Column, Pie, Venn, Scatter, Violin boxes, and Line charts were performed
using Prism GraphPad8 software. Heat and volcano plots were generated
using OriginLab. Protein interaction predictions were predicted using the
STRING website (http://cn.string-db.org/). GO analysis and GO_DisGeNET
analysis were developed at the METASCAPE website (http://
metascape.org/gp/index.html#/main/step1). The rest of the graphs were
generated using R software.

For ChlIP-seq and ATAC-seq data, the genomic location of the BAP18
peak can be classified using the R packages. The activated enhancers were
defined by two histone modifications, H3K4me1 and H3K27ac, simulta-
neously merged. Defined enhancers containing EN numbers were
compared to chromatin positions by downloading data from the Enhancer
DB (http://Icbb.swjtu.edu.cn/EnhancerDB/). Correlation analysis method:
ChlIP-seq peak within the same locus (200 bp) was defined as X and formed
a scatter plot with GRO-seq peak or ATAC-seq peak defined as Y value, and
then correlation analysis was performed. In order to identify Peak on the
genome, the ATAC-Seq Peak detection tool MACS2 was used to obtain the
location of Peak on the genome, as well as the sequence information for
Peak region. To scan the common motif between peaks, find the common
motif region, and draw the motif map, Homer is used to extract the
sequence of peak intervals. To analyze differences between groups, we
used Csaw based on the edgeR framework.

RESULTS

BAP18 recruits on global enhancer regions with CTCF

It is well-recognized that estrogen and ERa induce massive
transcriptional activation, accompanied by alterations in chroma-
tin structure upon the global intergenic region containing gene
enhancers. In our previous study, we revealed that a substantial
quantity of BAP18 proteins recruited upon the intergenic regions,
and the function of this part of BAP18 remains unknown. As a
result, we identify the activation of the enhancer located in the
intergenic region using enhancer hallmarks (ChIP-seq of H3K4me1
[50], H3K27ac [51] and GRO-seq [52], Fig. S1A). We identified 3232
activated enhancers without E2 (E2—) treatment and 4335
activated enhancers treated with E2 (E2+) in MCF7 cells (total:
8844 activated enhancers, Fig. S1B). Using the ChIP-seq data of
BAP18, we identified 2960 BAP18-enriched activated enhancers in
the E2- condition and 1904 BAP18-enriched activated enhancers
in the E2+ condition (Fig. S1C, D). Among the 1342 activated
enhancers with BAP18 recruitment, 1618 were E2-independent,
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suggesting a potential role for BAP18 in modulating E2-
independent enhancers (Fig. 1A). Then, we examined the possible
transcription factor motifs on DNA among three different types of
BAP18-enriched enhancers. It was found that the DNA motifs
matched top-5 transcription factors such as CTCF, BATF, APIT,
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ATF3, and BORIS in E2-absent groups. Conversely, the binding
motif matched transcription factors such as CTCF, AP1, BORIS, ERq,
and the pioneer factor FOXA1 in E2-independent and E2-
dependent groups (Fig. 1B). To further investigate the character-
istics of BAP18 in enhancer recruitment, we estimated the
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Fig. 1

BAP18 recruits on global enhancer regions with CTCF. A A Venn diagram exhibited the overlap between ChIP-seq peaks for BAP18-

enriched activated enhancers at a total 8844 enhancers, which were marked H3K4mel and H3K27ac. P-value was calculated by
hypergeometric tests. B As a result of motif analysis, the top 5 transcription factors associated with BAP18were identified as follows: (I) E2-
absent; (Il) E2-independent; (lll) E2-dependent. Heatmaps exhibited the signals ranging from —3 kb to +3 kb surrounding the center of each
annotated BAP18 peak on enhancers. C Correlation analysis showed the correlation between the density of BAP18-enriched peaks on
enhancers with CTCF, ERa, H3K4me1, and H3K27ac. The number represented the compared correlation score: the account of tags in the same
region in two sequencing/the whole account of tags. D Venn diagrams were performed to determine whether ERa recruitment sites
overlapped with BAP18 and CTCF co-recruitment sites with or without E2. Fisher’s exact tests were performed. GO analysis demonstrated the
functional pathways involved in the co-recruitment of enhancers by BAP18 and CTCF with estrogen treatment (E), or with estrogen treatment
combined with ERa (F), or without estrogen treatment (G). The bubble color represented by Log10(q), and the bubble size represented the
number of genes in the relevant pathway. Enrichment factor=gene in GO/gene in hit list*100%. Q-value is the multi-test adjusted p-value,

presenting by metascape website (http://metascape.org/).

activated enhancers which CTCF and ERa were recruited
(Fig. STE-H). It is evident that there was a strong correlation
between BAP18-enriched density and enhancer hallmarks. Also,
BAP18-enriched enhancer peak density had a stronger correlation
with CTCF (black box) than ERa (red box) enhancer enrichment
density (Fig. 1C). These results indicated that CTCF was an
important transcription factor involved in the enrichment of
BAP18 at activated enhancers.

When BAP18 and CTCF were co-recruited to enhancers, we
wondered how many of them had simultaneous ERa recruitment.
The results showed that without estrogen treatment, only 18.88
percent of enhancers (n = 350) had contemporaneous recruitment
of BAP18, CTCF, and ERa [17], whereas 36.2 percent of these
(n = 454) had concomitant recruitment of BAP18, CTCF, and ERa
with E2 (Fig. 1D). According to the results, only a small proportion
of the enhancers co-recruited with BAP18 and CTCF are ERa-
dependent. Gene oncology analysis revealed the biological
functions of these enhancer-related genes. It was discovered that
the enhancer-related genes recruited by BAP18 and CTCF when
estrogen was administered were involved in gene functions, such
as transcription ligand-dependent activation of the ESR1 pathway,
positive regulation of cell cycle, regulation of cell development,
signaling by GPCR, and cell fate commitment (Fig. 1E). Meanwhile,
those enhancer-related genes recruited by BAP18 and CTCF in
conjunction with ERa have been involved in not only transcription
ligand-dependent activation of the ESR1 pathway but also in cell-
cell adhesion regulation, negative regulation of apoptosis, RAF/
MAP kinase cascade, and regulation of MAP kinase activity
(Fig. 1F). Interestingly, gene functions included the development
of ligand-independent activation of ESR1 and ESR2 signaling in
the absence of estrogen treatment, of which BAP18 and CTCF-
enriched enhancers, implying that BAP18 has ERa-independent
recruitment on ERa-related enhancers with CTCF regardless of
estrogen treatment (Fig. 1G). Based on the results of these studies,
BAP18 might function in collaboration with CTCF at gene
enhancers, not only include ERa-related enhancers.

BAP18 facilitates a widespread chromatin accessibility

Since BAP18 contains a SANT domain, it is probably that
chromatin remodeling occurs during the process of BAP18
recruitment to enhancer regions. In order to evaluate this
potential function, ATAC-seq was performed in MCF7 cells to
detect the chromatin accessibility with BAP18 silencing. Consis-
tence with the random peaks control, more than half of these high
confidence peaks were located in intergenic regions, suggesting
that BAP18 had less impact on the genomic distribution of
chromatin accessibility among all four groups (Figs. 2A and S2A).
Importantly, the depletion of BAP18 significantly reduced the
density of chromatin accessibility peaks throughout the genome
(Fig. 2B). Among these changed peaks (FC>1.5), we identified
2388 less accessible enhancers under silencing of BAP18 without
E2 and 2553 enhancers under E2 treatment. By contrast, only 425
and 767 enhancers had increased chromatin accessibility under
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BAP18 depletion (Fig. 2C). A great number of enhancers with
reduced chromatin accessibility were observed under BAP18
depletion than enhancers with improved chromatin accessibility
(Fig. 2D). The results indicated that BAP18 mainly affected the
degree of site-specific accessibility across the genome. Then, DNA
motif analysis was utilized to determine how BAP18 altered
chromatin accessibility within genome-wide enhancer regions. It
was not surprising that CTCF was the most closely matched
transcription factor for the significant ATAC-seq peak on the
enhancer, along with BORIS, FOXM1, ERaq, and the pioneer factor
FOXAT1 (Fig. 2E). The results suggested that BAP18 might modulate
the chromatin remodeling and consequent transcriptional activa-
tion in the enhancer regions with CTCF. ATAC-seq was compared
to the H3K27ac modification and the CTCF ChIP-seq, and multiple
connections were observed between the ATAC-seq intensity and
enhancer hallmarks (Figs. 2F and S2B). Following the silencing of
BAP18, we conducted a gene oncology analysis to determine
which genes were significantly altered. Based on the results, the
genes with the greatest chromatin accessibility changes were
primarily involved in the cell cycle regulation, cell morphogenesis
in differentiation, cell junction organization, and cell development
(Figs. 2G and S2C). Additionally, we mapped the transcriptome
genome browsers of the TFF1 and GREBT genes, which occupied
enhancers associated with CTCF and BAP18. The results showed
that BAP18 strengthened the chromatin accessibility of promoter
and enhancer regions, but silencing BAP18 decreased its
chromatin accessibility, along with less CTCF enrichment (Figs. 2H
and S2E). These data demonstrated that BAP18 significantly
impacted genome-wide chromatin accessibility, particularly within
CTCF-enriched enhancer regions.

MNase assays in ERa-positive breast cancer cells were used to
investigate BAP18's influence on chromatin accessibility. MNase
digestion increased the quantity of residual chromatin in the
siBAP18 group, demonstrating that chromatin accessibility
decreased as BAP18 expression decreased (Fig. S3A). Similar
conclusions were found in T47D cells (Fig. S3B). Consistent with
our previous findings, BAP18 modulated chromatin accessibility
regardless of whether these cells were exposed to estrogen.
Similarly, overexpression of BAP18 resulted in a substantial
decrease in the amount of MNase digested chromatin remaining
in MCF7 and T47D cells (Fig. S3C, D). Using the leftover DNA as a
template, we performed gPCR assays to confirm these results. The
gPCR results showed that the promoter and enhancer DNA
templates of TFF1, MYC, and GREB1 were enhanced when
compared to the control group (Fig. S3E). Based on these results,
BAP18 showed an ability to enhance chromatin accessibility of
CTCF-enriched enhancers.

E2-induced enhancer activation is positively correlated with
BAP18 recruitment

According to GRO-seq data, genome-wide transcriptional status
was determined as well as whether response elements were active
under estrogen. In MCF7 cells, we analyzed the relationship
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between GRO-seq and the intensity of BAP18-enriched enhancer
peaks in order to evaluate whether BAP18 enrichment is
associated with enhancer transactivation. Regardless of estrogen
treatment, BAP18 recruitment intensity was moderately correlated
with the GRO transcriptional activation state of the same
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enhancers (r>0.5, Fig. 3A). Due to this, we examined the
relationship between BAP18-enriched density and estrogen-
induced gene transcription. Among all BAP18-enriched enhancers
from ChIP-seq data (total=2723), 1608 active enhancers on which
BAP18 recruitment increased in response to E2 (59.05%), while
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Fig.2 BAP18 facilitates a widespread increase in chromatin accessibility. A Pie charts showed the distribution of differential ATAC peaks on
genome intensity between control and siBAP18 groups that were treated for 1 h with or without estrogen. B Tag density distribution indicated
the intensity of chromatin accessibility and tag distance from TSS in 4 groups. € The histogram exhibited the number of enhancers with
increased accessibility or decreased accessibility with or without E2 treatment under BAP18 depletion. T-tests were performed. D Volcano
plots screening exhibited a significantly change among accessible enhancers. Fold enrichment change (FEC) was defined as the fold
enrichment of genes treated with estrogen minus the fold enrichment of genes without estrogen treatment. FEC < —2 was represented the
significant increased accessibility with siBAP18, whereas FEC >2 was represented the reduced accessibility with siBAP18. Adjusted p-
value < 0.01. E Following the silencing of BAP18 in ATAC-seq, DNA motif analysis revealed relevant tag-matching transcription factors.
F Correlation analysis showed the correlation between the density of ATAC-seq peaks on enhancer with CTCF enrichment or H3K27ac
modification in the BAP18 silencing group. The number represented the compared correlation score: the account of tags in the same region in
two sequencing/the whole account of tags. G Bubble diagrams indicated related signaling pathways of all significantly-changed genes in
estrogen conditions. H Genomic browser snapshots showed BAP18 and CTCF enrichment in the presence or absence of estrogen (Red) and
ATAC-seq peaks of four groups with estrogen-induced on the TFF1 gene areas. The light blue peaks represent the E2-associated ATAC-seq data
in MCF7 cells downloaded from the GEO database. Boxed regions denoted considered enhancer and promoter areas. The genomic locations

and read counts are shown above.

1,115 decreased in response to E2 (40.95%, Fig. 3B). A GRO-seq
analysis in MCF7 cells revealed that estrogen treatment resulted in
60% gene activation (n=1680) and 40% gene repression
(n=1120). Based on changes in BAP18 recruitment on activated
enhancers, we evaluated two columns of estrogen-induced genes
and found that 60.77% of E2-activated genes had increased BAP18
recruitment, while 70.98% of E2-suppressed genes had decreased
BAP18 recruitment (Fig. 3C). BAP18 recruitment was positively
correlated with more than half of the changes in gene
transcriptional status, suggesting that BAP18 recruitment at
enhancers significantly modulate gene expression.

Then, we analyzed all genes with BAP18-enriched enhancers
using a volcano plotting analysis (|Fold change| >2, p < 1e-3). The
findings revealed 688 E2-associated genes with increased BAP18
recruitment on enhancers such as GREB1, TFF1, MYC, and NRIP1.
There were also 645 E2-associated genes with substantially
decreased BAP enrichment, such as ADGRV1, ZNF44, NPR3, and
LMO3 (Fig. S4A). We found numerous typical E2/ERa target genes
that were thought to promote breast cancer growth within the
group of highly elevated genes (EtOH vs. E2). Analyzing these
significantly altered genes by GESA analysis and the results
showed that these genes can be significantly enriched in the
breast cancer pathway (Fig. 3D). Surprisingly, there was a
moderate BAP18 enrichment on the enhancers without E2
treatment (such as TFF1 and GREBT1), accompanied by adequate
transcriptional activity, suggesting that BAP18 may affect the
enhancer activity of these oncogenes in estrogen-free or
estrogen-deprivation conditions. Additionally, we identified
promoter and enhancer genomic browser diagrams using R
software and the Enhancer DB database for GREB1, MYC, and TFF1
(Figs. 3E, F, and S4B). In addition to increasing BAP18-enriched
peaks, higher levels of the H3K27ac and H3K4me1 were observed
on activated enhancers of these genes. Furthermore, increased
BAP18 recruitment was associated with enhanced protein
enrichment, including CTCF, POL2, and ERa. Statistical analysis
of ATAC-seq and GRO-seq data indicated that BAP18-recruited
enhancers exhibited increased transcriptional activity and chro-
matin accessibility. These findings suggested that enhanced
BAP18 enrichment at enhancer regions correlated with E2/ERa-
related enhancers activation and may be implicated in activating
these oncogenes.

BAP18 associates with NuRF complex to promote CTCF
recruitment on activated enhancers

Using siRNAs targeting BAP18, CTCF, and ERa, we discovered
that silencing BAP18, CTCF, and ERa in MCF7 cells did not affect
each other’s RNA or protein expression (Fig. S4C, D). Following
that, ChIP assays were performed to detect the recruitment of
BAP18, CTCF, and ERa to the enhancer regions of traditional E2/
ERa-related genes, including GREBI1, TFF1, MYC, CCND1, E2F1.
The findings revealed a distinct increase of BAP18 recruitment
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upon various gene enhancers under estrogenic conditions,
accompanied by enhanced recruitment of CTCF and ERa
(Fig. 4A). Considering BAP18 is a subunit of the chromatin
remodeling complex NuRF, we speculated that BAP18 facilitated
transcription factor enrichment on chromatin together with the
remodeling enzymes in NuRF. SMARCA1 and BPTF have been
identified as critical remodeling enzymes of NuRF to modulate
chromatin accessibility. Using the STRING database, we dis-
covered a possible interaction among BAP18, SMARCA1, BPTF,
and CTCF (Fig. S4E). Endogenous co-IP assays revealed that
BAP18 interacted with SMARCA1, BPTF, CTCF, and ERa with E2
treatment. DNase treatment attenuates the interaction between
BAP18 and these proteins, suggesting that our protein
complexes are dependent on chromatin/DNA (Fig. 4B). When
SMARCA1 was knocked out by CRISPR-Cas9 system, the
interaction between BAP18 and two transcription factors was
not significantly changed, and DNase might partially attenuate
this interaction, suggesting that SMARCA1 does not play a
dominant role in BAP18-CTCF/ERa interactions (Fig. 4C). The
knockout of BAP18 resulted in significantly weakened interac-
tion among the complex subunits, indicating that BAP18 plays a
crucial role in the interplay between proteins (Fig. 4D). In MCF7
cells, siRNAs against ERa or CTCF were used to determine if the
connection between SMARCA1 and BAP18 relied on the two
transcription factor proteins (Fig. S5A). The results showed that
the interaction between BAP18 and SMARCA1 significantly
changed after silencing CTCF but not ERq, indicating that CTCF
also played an essential role in the interaction of BAP18 with
NURF complex proteins, as well as BAP18 had more involvement
in CTCF-mediated DNA binding through the NURF complex. As a
contrast, the BAP18-SMARCA1 interaction exhibited limited
influence within ERq, suggesting that the ERa is not dominant
in the overall transcriptional module recruitment and interaction
process. A GFP-tagged BAP18 truncated mutation plasmids were
transfected into MCF7 cells to further detect the protein
interaction regions. It was found that SMARCA1 interacted with
both the full-length and N-terminal truncated BAP18 plasmids,
but not with the C-terminal truncated plasmid. Similar to our
previous findings, CTCF and ERa primarily interacted with the
full-length and N-terminal regions of BAP18 and only weakly
with the C-terminal region (Figs. S5B, C). Given that the
N-terminal of BAP18 contains a SANT domain that acted DNA
or chromatin interaction function, these findings suggested that
BAP18 was the essential protein influencing the interaction of
BAP18/SMARCA1/BPTF/CTCF or ERa protein complexes, which
was partially chromatin dependent.

The results of these ChIP assays were analyzed for the
enrichment of BAP18, SMARCA1, CTCF, or ERa protein com-
plexes at the transcriptional region (including CTCF binding site
(CBS) or ERa binding site (EBS)) of GREBI1, TFF1, and MYC. The
After knocking out BAP18, both SMARCA1 and CTCF
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recruitment in the CBS regions were reduced differentially
(Fig. 4E). By contrast, SMARCA1 knockout did not affect the
recruitment of BAP18 and CTCF in the CBS regions (Fig. 4F).
Similar results were discovered on the EBS of the three genes
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(Fig. S5D and E). All of the above findings suggested that BAP18
played an essential role in modulating transcription factors
recruitment and may be required for NURF to regulate gene

enhancer transactivation.
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Fig.3 E2/ERa-induced enhancer activation positively correlates with increased BAP18 recruitment. A Scatter plot analysis represented the
relationship between BAP18 tag intensity at the enhancer and transcriptional intensity in the same area under estrogen-free and estrogen-
treated conditions. B The heat map indicated the two types of enhancers: increased enrichment or decreased enrichment of BAP18 tag
intensity. C Parts of whole diagrams showed the proportion of enhancer activity regulated by estrogen. 60% (n = 1680) of all E2-altered
transcriptional state peaks were induced to activate by E2, whereas 40% (n = 1,120) were repressed by E2. D GESA plots exhibited the breast
cancer-hallmarks signature with the BAP18-enriched E2-induced gene data. NES represents the normalized Enrichment score (ES =The
degree of enrichment at the top or bottom of this sequence after sorting of all hybridized data). FDR determines the rate of false positives that
may be included, and FDR < 0.25 is allowed. The p-value describes the statistical significance of the enrichment score obtained for a subset of
functional gene. F Following estrogen treatment, a volcano plot analysis identified substantial BAP18-binding genes on enhancer regions.
Fold enrichment change (FC) was defined as the fold enrichment of genes subjected to estrogen therapy minus those subjected to no
treatment. Green plots represented FEC < —2, whereas red plots represented FEC > 2. Genomic browser snapshots indicated several kinds of
enhancer features upon GREBT (E) and MYC (F) transcriptome. Protein occupation included BAP18, CTCF, FOXA1, POL2, and ERx enrichment in
the presence or absence of estrogen (Red). Several histone modifications included H3K27ac, H3K4me1, and H3K4me3 (Blue). Chromatin
accessibility is indicated using ATAC-seq (green), and real-time genomic transcription is indicated using GRO-seq (brown). Box contents
represented known promoter and potential enhancer regions of candidate genes. Genomic coordinates and read counts are indicated above.

BAP18/CTCF enhances the transcriptional activity of TFF1
enhancers

Following our initial detection of eRNA and mRNA expression of
E2-associated enhancers, we examined how the recruitment of
BAP18 controls transcriptional activity of E2 enhancers. BAP18
depletion significantly decreased the eRNA expression of GREBI,
TFF1, MYC, CCND1, and E2F1, whereas silencing CTCF significantly
decreased four other eRNA genes in addition to E2F1 (Fig. 5A, B).
Also, depletion of both BAP18 and CTCF resulted in a significant
reduction in mRNA expression. We then explored transcriptional
activity of TFF1 using luciferase assays. pGL3 plasmids containing
the TFF1 enhancer and promoter were constructed, and both of
these truncated plasmids have CTCF and ERa binding sites. In
addition, we designed simple enhancers containing the CTCF
binding site (Fig. 5C). The luciferase assays results showed that
BAP18 significantly enhanced the transcriptional activity of the
TFF1 promoter throughout CTCF overexpression. Interestingly,
BAP18 enhanced the transcriptional activity without estrogen,
demonstrating that BAP18 might promote TFF1 expression with
CTCF expression without estrogen in both MCF7 cells and
HEK293 cells (Figs. 5D and S6A). By using siRNA against CTCF,
significant reductions in TFF1 enhancer activity were observed
without estrogen, suggesting that BAP18 may partially control
TFF1 enhancer activity via CTCF (Fig. 5E). Furthermore, after
knocking out SMARCA1, transcriptional activation of the TFF1
enhancer by BAP18 was reduced, but transcriptional activity still
increased, suggesting that BAP18 plays an essential role in
regulating TFF1 enhancer activity by controlling NuRF subunits
participating in transcription (Fig. 5F). Based on these findings,
BAP18 increased TFF1 eRNA expression with CTCF in an
estrogen-independent manner, activating TFF1 enhancer
activity.

BAP18 facilitates enhancer-promoter looping of
ERa-regulated genes

Following these conclusions, we sought to gain a deeper
mechanistic understanding of the molecular mechanisms under-
lying the E2-related transcriptome and epigenome. Due to the fact
that the eRNA and mRNA of these E2-related genes are regulated
simultaneously, a physical interaction between the promoters of
these genes and the BAP18/NuRF/CTCF-bound enhancers should
be expected. We combined the ChiP-seq and ATAC-seq of BAP18
to created Chromosome Conformation Capture quantitative PCR
(3C-qPCR) system (Fig. 6A). After silencing BAP18, the signaling
between the potential Enhancer™'-U11 site (enhancer of TFFI-
upstream No.11 site) and the Promoter™ " (promoter of TFF1) was
drastically decreased. BAP18 silencing also si?niﬁcantly decreased
the looping signal between the Enhancer™'-D1 site and the
Promoter”"'. Furthermore, depletion of BAP18 might reduce the
strength of looping signals in the absence of estrogen,
demonstrating that BAP18 could control TFF7 enhancer-
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promoter looping in an estrogen-independent manner (Fig. 6B,
Q). siRNA against CTCF was utilized to examine the extent to which
CTCF influences enhancer-promoter looping. Indeed, the data
demonstrated that silencing CTCF reduced the enhancer-
promoter looping signal at the Enhancer™'-U11 site and
Enhancer"'-D1 site, and overexpression of BAP18 rescued the
looping connections (Fig. 6D, E).

Similarly, GREB1 enhancers were all found upstream of the
promoter, and we discovered putative enhancers in the Enhan-
cer®fe8_U3 to Enhancer®®87-U2 loci (Fig. 6F). 3C-qPCR analysis
revealed that silencing BAP18 inhibited the development of
enhancer-promoter looping at both the Enhancer®*®’-U3 and
Enhancer®?®’-U2 sites. The increased looping signal at the
Enhancer®?87-U3 locus was more apparent than at the Enhancer-
GREBI_1J2 locus, most likely because BAP18 was recruited more at
the Enhancer®?'-U3 site (Fig. 6G, H). Conversely, reducing CTCF
lowered looping levels at the Enhancer®®’-U3 and Enhancer-
GREBI_J2 sties, which was completely reversed by BAP18 over-
expression (Fig. 61, J). All of the above findings indicated that
BAP18/CTCF complex mediated TFF1 and GREBT activation via
enhancer-promoter loops.

BAP18 depletion conferred the sensitivity to aromatase
inhibitors or enhancer inhibitors

Clinically, aromatase inhibitors are used as the first-line treatment
for ER+ breast cancer patients, which attempt to prevent estrogen
synthesis and inhibit the transcriptional activity of E2/ERa-related
genes. In light of the remarkable impact of BAP18 on transcrip-
tional regulation in the absence of estrogen, we were interested in
investigating its potential role in aromatase inhibitor therapy.
Through an IC50 analysis, we determined that MCF7 cells are more
sensitive to letrozole (the most-used Al drug, IC50 =5x10"° M)
than T47D cells (IC50 =5 x 10> M, Fig. S7A). As a result of using
CRISPR-Cas9 system to knock out BAP18 (BAP18-KO) in MCF7 cells,
we found that depletion of BAP18 significantly enhanced the
sensitivity of MCF7 cells to letrozole (IC50 changed from 10 °M to
107’M, Fig. 7A). The letrozole-resistant MCF7 cell line (MCF7-LetR)
was established in 8 weeks, with the BAP18 knockout group of
cells failing after the fourth week, indicating that BAP18 played an
essential role during letrozole resistance process (Fig. 7B). After
successfully constructing letrozole resistance cells, we carried out
cell clone generation and growth assays (Fig. 7C). At same
letrozole concentrations, BAP18 knockout significantly decreased
survival in both MCF7 parental cells and MCF7-LetR cells (Fig. 7D).
Similarly, after the temporary knockout of BAP18 in MCF7-LetR
cells, previously letrozole-insensitive cells failed to survive,
indicating that BAP18 might have a dramatic impact on the
survival of MCF7 cells with letrozole treated (Fig. 7E). Given that
TFF1 is crucial in breast cancer proliferation during endocrine
treatment, we hypothesized that BAP18 depletion partially
affected cell growth under letrozole through TFF1. We discovered
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Fig. 4 BAP18 interacts with NuRF complex and promotes CTCF recruitment on E2-related enhancers. A ChIP g-PCR assays showed the
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and CTCF in normal culture (B), or SMARCA1 knockout using CRISPR-Cas9 system (SMARCA1-KO (C)), or BAP18 knockout (BAP18-KO (D)).
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BAP18, SMARCAT, CTCF, and ERain BAP18-KO (E) or SMARCA1-KO (F) at the CTCF binding site (CBS) on the three gene enhancers. The

X

statistical significance of all gPCR assays was determined using t-tests. Error bars represented mean + SD. ‘p<0.05 "p<0.01,
“p < Te-4 and ns represented no significant. At least one of the three independent experiments was represented.
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that eRNA expression was unchanged for eight weeks following
letrozole treatment except for TFF1, whereas eRNA expression for
GREBI1, MYC, and CCND1 decreased (Fig. S7B). MCF7-LetR cells
previously resistant to letrozole recovered the sensitivity after

SPRINGER NATURE

CRISPR-Cas9 knockout of the enhancer regions of TFF1. This result
indicated that the TFF1 enhancer and its eRNA play a critical role in
letrozole resistance (Fig. S7C). Furthermore, siRNA against to
inhibit TFF1 eRNA restored letrozole sensitivity in MCF7-LetR cells,
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Fig. 5 BAP18 activates the transcriptional activity of TFF1 enhancers with CTCF. gPCR analysis was examined for demonstrating the eRNA
(A) and mRNA (B) expression of estrogen-induced genes in MCF7 cells transfected with control siRNA (siCtrl) or siRNAs specific against BAP18
(siBAP18) and CTCF (siCTCF) under estrogen treatment. The statistical significance of all gPCR assays was determined using t-tests. Error bars
represented mean +SD. "p<0.05, "p<0.01, “p<1e-3, "p < 1e-4 and ns represented no significant. Three independent experiments were
performed. C The schematic diagram exhibited the pGL3 plasmid used for Luciferase assays. The enhancer and promoter of TFF1 contained
potential binding sites for CTCF (green), AP1 (purple), and ERa (yellow). D BAP18 enhances CTCF-induced TFF1 promoter transactivation in
MCF7 cells. The cells were co-transfected with overexpression plasmids of CTCF together with FLAG-tagged BAP18 expression plasmid (FLAG-
BAP18) or PcDNA3.1 plasmids (Vector) with (red histograms) or without (blue histograms) E2 treatment (100 nM). Luciferase assays exhibited
the function of CTCF protein (E) or SMARCAT1 protein (F) in TFF1 enhancer transactivation. The statistical significance of all luciferase assays
was determined using t-tests. Error bars represented mean + SD. The p-value represented the significant difference between the E2 treated

group and the E2 non-treated out of the same group, p < 0.05, “p < 0.01,

three independent experiments was shown.

“p < 1e-3,""p < 1e-4, and ns represented no significance. One of the

whereas overexpression of BAP18 showed a steady decline in Al
sensitivity, and the cells became letrozole insensitive again
(Fig. S7D). By influencing TFF1 eRNA expression, BAP18 is likely
to significantly impact the letrozole sensitivity of MCF7 cells.

Several new therapeutic approaches have been identified that
target the ERa signaling pathway against enhancer activation and
have demonstrated remarkable results. By reducing the enhancer
activity of many BRD4-induced genes, JQ-1, a BET-domain-
containing BRD4 inhibitor, reduced breast cancer growth by
dramatically inhibiting BRD4-mediated enhancer activation. Mean-
while, THZ-1, a specific CDK7 inhibitor, has been recently shown to
greatly decrease MYC gene eRNA expression, thereby inhibiting
ER-positive breast cancer growth. We have found that BAP18
potentially interacted with BRD4 protein in the STRING database
(Fig. S7E). Under the same concentration of JQ-1 treatment, fewer
BAP18-KO cells survived, and BAP18 knockout significantly
improved MCF7 cell sensitivity to JQ-1 (Fig. 7F, G). In the absence
of estrogen, BAP18 co-recruited on the MYC enhancer with CTCF,
which explains why MCF7 cells were more sensitive to THZ-1
when BAP18 was knocked out (Fig. 7H, I). As a result of these
findings, BAP18 expression was essential for the drug tolerance
process in breast cancer cells, not only for the sensitivity to
letrozole treatment but also for the sensitivity to enhancer
inhibitors.

BAP18 is highly expressed in letrozole non-response breast
cancer samples

The biological activity of BAP18 in letrozole patients was
investigated using RNA-seq data collected from 58 patients taking
letrozole for 7.2 months; 22 patients were classified as non-
responders to letrozole and 36 patients were classified as
responders to letrozole. The non-responder group exhibited
greater expression of 582 genes than the responder group,
suggesting that letrozole resistance might be related to these
genes (FC>2, gq<1e-3, Fig. S8A). By analyzing these highly
expressed genes using Gene oncology, the data indicated that
they are primarily involved in the positive regulation of
intracellular estrogen receptor signaling pathway, response to
the hormone, positive regulation of antibacterial peptide produc-
tion, and other pathways (Fig. S8B). Our analysis of these genes
revealed that they are enriched primarily in the noninfiltrating
intraductal carcinoma, recurrent tumor, and estrogen receptor-
positive breast cancer, all of which are implicated in these disease
processes by using GO_DisGeNET (Fig. S8C). In order to explore
BAP18’s involvement in two critical disease pathways (Estrogen
receptor positive breast cancer and Breast cancer recurrent), we
found that several E2-associated genes, including TFF1, CCNDT,
MYC, and GREB1, were implicated in both pathways. We also found
the evidences that BAP18 was highly expressed along with these
genes in non-responders (Fig. 8A). According to GESA analysis,
these highly expressed genes recruited and controlled by BAP18
were substantially enriched and positively correlated with in
Apoptosis, cGMP-PKG signaling pathway, Ras signaling pathway,
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Rap1 signaling pathway. Chemokine signaling pathway, and HIF-1
signaling pathway (Fig. S8D). The high activity of these pathways
could be indicative of potential mechanisms in non-responders to
Al treatment.

we collected 22 pairs of tumor tissues from breast cancer
patients who received neoadjuvant endocrine therapy with
letrozole (12 weeks) in order to verify the role of BAP18 in
letrozole non-responders. The samples included twelve pairs of
letrozole non-responders and ten pairs of letrozole responders
based on PEPI. We collected RNA from sixteen pairs of these
patients (eight pairs of non-responders and eight pairs of
responders) for gPCR analysis. BAP18 was significantly over-
expressed in the non-responders before and after Al therapy. In
addition, essential genes regulated by BAP18, including TFFI,
GREB1, and MYC, remained at a higher expression in the non-
responder group following letrozole therapy, while mRNA
expression of these genes was considerably decreased in the
responder group (Fig. S9A). In the all-patients, TFF1, GREBI1, and
MYC mRNA expressions were positively correlated with BAP18,
suggesting that BAP18 may be an important indicators for clinical
letrozole sensitivity (Fig. S9B). Also, we observed a higher level of
BAP18 expression in the non-responders, which was not
significantly decreased following Al treatment. In contrast,
BAP18 expressions were much lower among the Al responder
column. A significant decrease in BAP18 expression was observed
after Al treatment (Figs. 8B and S8C). According to immunohis-
tochemical staining, BAP18 expression was significantly reduced
after Al treatment in the responder group, suggesting that
maintaining BAP18 expression during Al treatment may have a
significant effect on Al treatment tolerance (Fig. 8C, D). As a result
of these clinical evidences, BAP18 might be a potential predictor
of letrozole sensitivity.

DISCUSSION

Endocrine resistance has always been a challenge in the treatment
strategy for ERa-positive breast cancer patients, whose innate
sensitivity to ERa signaling pathway antagonists has led to only
more damaging chemotherapy or radiotherapy [53]. The funda-
mental mechanism of primary endocrine tolerance is assumed to
be the activation of the ERa signaling pathway, which can directly
alter the biological activity of tumor cells, including the regulation
of cell cycle regulation, proliferation, and apoptosis of cancer cells
even without estrogen [54, 55]. Here, our findings demonstrated
that BAP18 significantly increased chromatin accessibility at the
genome-wide level and CTCF recruitment to the enhancer regions.
The increased recruitment of BAP18 and CTCF on ERa-associated
enhancers significantly promoted eRNA transactivation and
promoter-enhancer loop formation. Our data indicate a novel
role of the BAP18/CTCF complex in regulating ERa-associated
enhancer activation, suggesting that the CTCF/BAP18-mediated
modulation network may act as a potential strategy for endocrine
resistance in breast cancer (Fig. S10A).
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Fig. 6 BAP18 facilitates enhancer-promoter looping of E2-related genes. A Genome Browser showed the BAP18 recruitment peak in the
TFF1 transcript region (red) with the strength of the chromatin accessibility (green). The lower line represents the Bgl | enzyme digestion sites
on this segment of genomic chromatin (U for upstream of the 5’ promoter, and D for downstream of the 3’ promoter). 3C-qPCR demonstrated
the ability to crosslink between each DNA segment of TFF1 and the promoter with BAP18 depletion under E2 treatment (B) or CTCF depletion
without E2 treatment (D), and the higher the corresponding relative value represented, the more potent the ability to loop between this
region and the promoter. The data was representative 3C-PCR out of three experiments. Each data point was the average of 3 groups of qPCR
reactions, and error bars indicated standard error of the mean. C, E Statistical graph of the results of 3C-PCR in B, D. The height of the bars
(upper panel) and the curve curvature (lower panel) size represented the relative crosslinking frequencies. F The Genome Browser displayed
the BAP18 recruitment peak in the GREB1 transcript area (red) and chromatin accessibility strength (green). In this section of genomic
chromatin, the lower line depicts the Hind Il enzyme digestion sites. 3C-PCR showed the relative crosslink between Hind Ill segments and
promoter of GREBT with BAP18 depletion under E2 treatment (G) or CTCF depletion without E2 (I). H, J Statistical graph of the results of 3C-PCR
inG, L
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BAP18 is required for CTCF/NURF-mediated enhancer
transactivation

By modulating CTCF binding to chromatin, promoter-enhancer
connection may be rewired locally and the gene expression
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patterns may be altered. Chromatin remodelers are responsible for
chromatin accessibility such as NuRF and SWI/SNF. As a central
subunit of the SWI/SNF complex, ARID1A governed the genomic
recruitment pattern of FOXA1, GATA3, and ERa through its
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Fig. 7 BAP18 affects aromatase inhibitors and enhancer inhibitors in breast cancer cells. A The IC50 experiment revealed that BAP18
deletion dramatically lowered the half-death concentration of letrozole in MCF7 cells. Cells were treated with different concentrations of
letrozole for four weeks before counting the number of cells in each concentration group using cell counts. At least one of the three
independent experiments was shown in the figure. B The graphs depicted the process of developing letrozole-resistant cells from parental
MCF7 and BAP18 knockout cells (BAP18-KO). C The IC50 assays illustrated the difference in sensitivity to letrozole between parental MCF7 cells
and letrozole-resistant MCF7 cells (MCF7-LetR). D The cell clonal growth staining experiment revealed a significant difference in the sensitivity
of MCF7 parental cells and MCF7-LetR cells to letrozole. Cultured in different concentrations of three kinds of endocrine drugs for 21 days,
cells in wells were stained by R250. The right histogram uses ImageJ to count the stained area of the cell clones and t-tests were used. E The
effects of short-term silencing of BAP18 in MCF7-LetR cell lines in a letrozole environment are represented with cell growth curve studies for
14 days. F The cell clone staining assay showed the drug sensitivity of MCF7 parental cells and BAP18 knockout cells to JQ-1. G The IC50 assays
illustrated the difference in sensitivity to letrozole between parental MCF7 cells and BAP18 depletion MCF7 cells. H A cell clone staining test
revealed the sensitivity of MCF7 parental cells and BAP18 mutant cells to THZ-1. | The IC50 assays exhibited the differential sensitivity to
letrozole between parental MCF7 cells and BAP18 depletion MCF7 cells. All statistical tests for IC50 and growth curve experiments were
performed using Student t-tests. Error bars represented mean+SD., 'p<0.05 “p<001, “p<ie3, ““p<ie-4 and ns represented no

significant. All data of cell viability and cell clone formation photographs represented one of three independent experiments.

regulatory chromatin accessibility function, allowing ERa-positive
breast cancer to retain its luminal phenotype [56, 57]. Among the
subunits of the NuRF complex, BPTF interacts with CTCF to
influence H3 tail methylation and DNA binding in embryonic stem
cells [58-60]. However, no information is available regarding the
role of NuRF complex subunits in chromatin remodeling in
genomic enhancers. In this study, we provided evidences to
demonstrate that BAP18 consider to be the determinant protein in
modulating NuRF/CTCF recruitment to enhancer. BAP18 deletion
significantly weakened the interaction of NuRF subunits with CTCF
and ERa (Fig. 4D). Furthermore, the depletion of BAP18 directly
reduced SMARCAT1 recruitment to the enhancer regions, indicat-
ing that BAP18 may be involved in coupling chromatin
accessibility with enhancer transactivation (Fig. 4E). The reduced
recruitment of SMARCA1 on DNA could be explained by the
potent effect of BAP18 on the interactions between NuRF protein
complexes. The association of BAP18 with SMARCAT is partially
depended on its N-terminal SANT domain through DNA binding.
Interestingly, CTCF depletion reduced the interaction between
BAP18 and SMARCA1 (Fig. S5A). The data suggested that when
CTCF anchored NuRF interactions when BAP18 was recruited to
CTCF binding sites, allowing the entire complex to participate
more efficiently in enhancer transactivation.

Linkage regulation of multiple genomic loci is common in ERa-
associated transactivation, and dynamic chromatin remodeling
has been recognized as a critical endocrine resistance mechanism
[17]. ATAC-seq analysis indicates that BAP18 is also involved in the
dynamic chromatin structural accessibility process as a histone
H3K4me3 reader, facilitating promoter-enhancer loops of several
oncogenes, such as TFF1 and GREB1 (Fig. 6). As a result, promoter-
enhancer transcriptome activation may be an essential mechan-
ism for preserving the expression of these oncogenes regardless
of the presence of ERa. Significantly, CTCF knockdown decreased
the transcriptome connectivity, and ectopic BAP18 expression
reversed this reduction without estrogen treatment. The reversed
connection might be related to increased chromatin accessibility
by the recruitment of chromatin remodeling subunits or other
proteins involved in spatial topology, including cohesins. Unlike
the characteristics of promoter transcriptional activation, CTCF
recruitment reflects the significance and spatiotemporal specificity
of BAP18 in the transactivation process of enhancer transcrip-
tomes. Our study proposed that BAP18 affected CTCF enhancer
recruitment through the regulatory function of chromatin
accessibility, providing a detailed molecular mechanism to unravel
the engagement of CTCF in the ERa-mediated enhancer activation
process.

BAP18 confers to endocrine resistance and other enhancer
inhibitors in an E2-independent manner

A statistical analysis of gene expression of RNA-seq was conducted
on Al non-responders as well as Al sensitive individuals [61]. In
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addition to E2-induced genes such as TFF1, MYC, KLK6, PGR, E2F1,
and GREBT (Fig. 8A), it was also discovered that the genes involved
in chromatin remodeling, gene transcription, and phosphokinase
activation were highly-expressed in Al non-responders (Fig. S8D).
Importantly, it was found that BAP18 expression was significantly
higher in non-responders than in responders after long-term
treatment, suggesting that BAP18 may participate in anti-estrogen
sensitivity (Fig. 8A). A number of studies have demonstrated that
ER-positive breast cancers resist Al treatment through growth
factor-regulated phosphorylation of signaling pathways, such as
JNK, PI3K/AKT, HER2, and MAPK signaling [62-65]. It was
noteworthy that BAP18-enriched active enhancers and BAP18-
induced chromatin accessibility loci were occupied in the genes
involved in above signaling pathways in an E2-independent
manner (Figs. 1G and S2C). Mechanically, BAP18/NuRF/CTCF
functioned to regulate gene eRNA transcription and E-P loops,
thus contributing to Al-resistance in the absent of estrogen. A
positive effect was also found in the patients receiving short-term
Al treatment for 12 weeks, accompanied by a maintaining BAP18
expression (Fig. 8B-D). This maintenance of the ERa-induced gene
enhancer activation was caused by the persistent high expression
of BAP18, resulting in Al treatment resistance in breast cancer
cells. These findings indicated that BAP18 is a potential predictor
of clinical Al therapy sensitivity.

The heterogeneity and deformability of breast cancer have
been the underlying cause of the development of endocrine
resistance. For ERa-positive breast cancer, Al therapy is utilized as
the first-line strategy, and additional pathway inhibitors are
frequently used after Al tolerance [66]. Although the combination
of PI3K/AKT/mTOR inhibitors or CDK4/6 inhibitors can benefit
several patients, the high degree of breast cancer cell hetero-
geneity leads to ineffective and ultimately failure of treatment
strategies for this group of advantaged individuals [61, 67, 68].
Recent studies have demonstrated that a variety of inhibitors
inhibiting the enhancer activity of key genes are effective in ER-
positive breast cancers such as THZ-1 and JQ-1 [69-71]. THZ-1
specific targeted CDK7, which played essential roles in gene
transcription initiation and elongation [72, 73]. The MYC gene
enhancer activity and eRNA expression could be significant
inhibited by THZ-1 [74]. Here, we found that BAP18 reduction
induced sensitivity of cancer cells to THZ-1, suggesting that the
BAP18/CTCF could induce an enhanced MYC enhancer activity
under an E2-independent condition that resulted in THZ-1
insensitivity (Fig. 7F, G). BRD4 could be inhibited by JQ-1 as a
critical transcriptional coactivator of ERa. BRD4 enhanced tran-
scription of genes containing EREs on enhancers or super-
enhancers of genes such as MYC, IRF4, CCND1, and BCL2L1
[75, 76]. Similarly, BAP18-KO significantly increased JQ-1 sensitivity
as a result of an potential interplay between BAP18 and BRD4-
mediated enhancer activation (Fig. 7H, I). In patients with high
levels of BAP18, BAP18 activated the eRNA transcription targeted
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by CTCF/NuRF (MYC enhancers) or cross-talked with BRD4 (BRD4-
targeted enhancers), thus inducing a drug resistance. Based on
these results, BAP18 expression might be used to predict breast
cancer cell response to two enhancer inhibitors.
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The analysis of ChIP-seq and ATAC-seq data provided a
comprehensive basis for understanding how BAP18 influences
genome-wide chromatin remodeling and enhancer activation. Our
work may provide further insight into the potential strategies to
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Fig. 8 BAP18 is highly expressed in letrozole non-response patients. A The differential expression of genes in the two signaling pathways
was shown in a heat map of RNA-seq data in 36 responders and 22 non-responders. The right panel displayed the expression patterns of
genes which were engaged in both pathways in all patients. The colors of the blocks were displayed relative to log2 (FPKM) values. B The
findings of western blot experiments revealed the levels of expression of BAP18 and TFF1 proteins in 12 patients (6 non-responders and 6
responders), representing the magnitude of the grayscale values relative to p-actin. Numerical values showing the degree of staining of BAP18
relative to the internal reference (B-actin), using ImageJ for quantitative statistics. € Immunohistochemical staining demonstrates the
expression of BAP18 staining in tumors of Al non-responders and Al responders before and after Al treatment, respectively. Each group shows
staining of breast luminal at 10x (left) and 20x (right) with a scale size of 100 um. D The violin box plot shows the statistical results of
immunohistochemistry and the relative BAP18 staining scoring criteria written in the material and methods section.

overcome endocrine resistance and discover novel epigenetically
therapeutic targets.
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