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Super-enhancer-hijacking RBBP7 potentiates @
metastasis and stemness of breast cancer via
recruiting NuRD complex subunit LSD1

Yuanyin Xi'", Ruoding Wang?', Man Qu'", Qinwen Pan', Minghao Wang', Xiang Ai%, Zihan Sun?, Chao Zhang®,
PengTang'", Jun Jiang'" and Ying Hu'""

Abstract

Background Aberrant epigenetic and transcriptional events that drive cancer progression could be precisely
targeted. We aimed to uncover the epigenetic roles of RBBP7 on breast cancer (BCa) stemness and metastasis.

Methods The bioinformatic analysis was used to assess the clinical significance of RBBP7 in BCa. CCK8, colony
formation, and Transwell assays were utilized to estimate the oncogenic functions of RBBP7. The ChIP-gPCR and dual-
luciferase reporter assays were used to investigate the epigenetic mechanisms of RBBP7. Tumor sphere formation
assays were conducted to assess the self-renewal abilities of BCa cells. Tail vein injection models were constructed

to assess the in vivo metastatic efficiency of BCa cells. The PDOs and PDX models were used to assess the clinical
significance of ORY-1001 in suppressing BCa.

Results Here, we found that RBBP7 is upregulated in BCa and associated with poor prognosis. Functional
experiments demonstrated that RBBP7 enhanced BCa proliferation and distal metastasis. Mechanistically, a novel
RBBP7-super-enhancer (SE) was identified using multiple databases in BCa. RBBP7-SE sustained high levels of RBBP7
and CRISPR/Cas9-mediated deletion of SE decreased RBBP7 levels and suppressed BCa malignant features. Further,
our data showed that RBBP7 may correlate with stemness pathway and significantly potentiated BCa cancer stem-
like properties. Additionally, RBBP7 interacts with LSD1 and relies on LSD1 to erase suppressive H3K9me3 markers in
promoters of downstream stemness targets (SOX9/SOX2/0CT4/CCND1). Thus, RBBP7 recruits LSD1 to transcriptionally
upregulate the expressions of key stemness genes, and promote tumor stemness capacity. Pharmacological

inhibition of LSD1 by ORY-1001 effectively repressed RBBP7-high BCa tumor growth, stemness properties, and distant
metastasis.
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Conclusions Together, our results establish that the SE-RBBP7-LSD1 axis represents a potential therapeutic target for

BCa treatment.
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Introduction

As a severe public issue worldwide, breast cancer (BCa)
accounts for 30% of all malignancies in women, lead-
ing to nearly 15% of female cancer-related deaths. The
estimated new cases and deaths caused by BCa in 2024
would reach up to 313,510, and 42,790, respectively [1].
So far, BCa can be commonly categorized into four sub-
types, including Luminal A/B, HER2-positive, and triple-
negative breast cancer (TNBC). Considering that BCa is
a highly heterogeneous disease, BCa patients within dif-
ferent subtypes may show various clinical behaviors and
drug responses [2]. The current main strategies for BCa
include surgery, radiotherapy, chemotherapy, targeted
therapy, hormone therapy, and immunotherapy. How-
ever, the intrinsic and acquired drug resistance mark-
edly impaired the efficacy of the above therapies, and a
majority of advanced BCa patients suffer from distant
metastases [3]. As a result, clarification of the underlying
molecular mechanisms of BCa is crucial to finding novel
therapeutical targets or predictive biomarkers.

Epigenetic alterations or reprogramming are essential
drivers of tumor initiation and progression in BCa [4, 5].
Without altering the genetic contexts, epigenetic mecha-
nisms participate in multiple processes of tumor growth,
including gene transcription, genomic stability, or cell
differentiation [6]. Therefore, epigenetics-based diagnos-
tic and prognostic management significantly contributes
to precision oncology, especially in BCa. As reported,
the Retinoblastoma gene (Rb) encodes retinoblastoma
protein (pRb) that modulates multiple biological events
via unique epigenetic processes [7]. The retinoblastoma-
binding protein (RBBP) family contains a specific domain
to interact with pRb and attracts attention owing to its
specific epigenetic roles. Among these RBBP family
members, RBBP4 and RBBP7 constitute several well-
known epigenetic complexes that mediate histone modi-
fications or chromatin remodeling, including polycomb
repressive complex 2 (PRC2), nucleosome remodel-
ing and deacetylase (NuRD) and nucleosome remodel-
ing factor (NURF) [8, 9]. Aberrant RBBP7 mutations or
expression levels highly correlate with multiple tumori-
genesis. For instance, a deleterious hemizygous variant of
X-linked RBBP7 was identified to drive the development
of Leydig cell tumors [10]. Furthermore, RBBP7, induced
by SP1, could elevate glycolysis-related genes to pro-
mote aerobic glycolysis in liver cancer [11]. Meanwhile,
in 2020, Jianging Wang et al. revealed that RBBP7 could
also interact with HNF1B to suppress the EMT pro-
cess by repressing SLUG expression in prostate cancer,

implicating that RBBP7 can also exert tumor-suppressive
functions [12]. In line with previous statistical studies,
reverse transcription-PCR data show high expressions
of RBBP7 in 79% of breast carcinoma cases, which is
likely to have a role in the development or progression
of BCa [13]. The Cancer Genome Atlas (TCGA) pan-
cancer analysis further implicated that RBBP7 is highly
expressed in BCa, relative to other tumor types. How-
ever, limited studies clearly defined the underlying mech-
anisms by which RBBP7 influences BCa progression.

Cancer stem cells (CSCs) refer to self-renewing cells
capable of generating heterogeneous cancer cells,
accounting for the proliferation, metastasis, and relapse
of cancer. Besides, conventional strategies for BCa failed
to eliminate all tumor cells, largely due to the existence
of breast CSCs (BCSC) that caused recurrence and
drug resistance [14]. Tumor stemness and metastasis
are commonly coupled and coordinate with each other
to drive cancer progression. Disseminated cancer cells
normally need to obtain self-renewal capability to enter
the circulatory system, rooting a new microenviron-
ment and spawning macroscopic metastases [15, 16].
Therefore, tumors containing a higher proportion of
the self-renewal population usually spread more widely.
Nevertheless, the intrinsic mechanisms for the progres-
sion of cancer stemness and metastasis abilities, as well
as the underlying relationships between the two pheno-
types, are poorly understood in BCa. Currently, emerg-
ing evidence demonstrates that epigenetic events may
play an important role in BCa stemness maintenance.
Histone reader ZMYNDS increased the stability of NRF2
to potentiate BCSC stemness and tumor initiation via
inhibiting ROS and ferroptosis [17]. Consistently, tran-
scriptional complex negative elongation factor (NELF)
cooperates with KAT2B to promote the expression of
epithelial-mesenchymal transition (EMT) and stemness-
associated signature in breast cancer [18]. Several drugs
or small-molecular epigenetic inhibitors were discovered
and validated to inhibit CSCs, including GSK591, JQ1, or
THZ1 [19-21]. Based on our previous data, we hypoth-
esized that RBBP7 may participate in transcriptional
regulations to drive the growth of BCSC. Thus, targeting
RBBP7 may serve as an effective method to destroy tran-
scriptional machinery for suppressing cancer stemness or
initiation.

Here, in the present study, we confirmed that high
RBBP7 levels correlated with poor outcomes in BCa
patients. Oncogenic roles of RBBP7 in BCa were thor-
oughly validated by functional experiments. High RBBP7,
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driven by a BCa-specific super-enhancer, could recruit
LSD1 to activate a series of stemness-related genes. Our
study highlights that RBBP7-LSD1 may serve as a novel
complex to determine BCSC survival and proliferation,
endowing an attractive epigenetic vulnerability for BCa
treatment.

Methods and materials

Cell culture

Human breast cancer cell lines (MCF-7, T-47D, ZR-75-1,
MDA-MB-231, MDA-MB-453, and HS-578T) and nor-
mal breast epithelial cell line MCF-10 A were purchased
from America Type Culture Collection (ATCC, Manas-
sas, USA) and cultured with Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum
(FBS, Gibco, USA) and 100 U/ml penicillin/streptomycin
(ThermoFisher Scientific, USA). All Cells were cultured
in a humidified incubator with 5% CO, at 37 °C.

Cell transfection

Cells were transfected with plasmid DNA or siRNA RNA
duplexes by Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s protocol. In transient transfec-
tion experiments, plasmid DNA was kept constant with
an empty vector. ShRNAs were delivered by lentiviral
infection with lentiviruses produced by transfection of
HEK293T cells with the vector pLKO.1. Cells infected
with lentiviruses delivering scrambled shRNA (shC-
trl) were used as negative control cells. Short interfer-
ing RNA (siRNA) sequences were directly synthesized
(GenePharma, Shanghai, China). The sequences of shR-
NAs and siRNAs are listed as the following: shRNA:
RBBP7(5->3"):F: CCGGCGTGTCATCAATGAAGAATA
TCTCGAGATATTCTTCATTGATGACACGTTTTTG,
R:AATTCAAAAACGTGTCATCAATGAAGAATATCT
CGAGATATTCTTCATTGATGACACG. LSD1(5’->3’):F:
CCGGCCAACAATTAGAAGCACCTTACTCGAGTAA
GGTGCTTCTAATTGTTGGTTTTTG, R:AATTCAAA
AACCAACAATTAGAAGCACCTTACTCGAGTAAGG
TGCTTCTAATTGTTGG. siRNA: RBBP7(5'->3"): GCG
GATAAGACCGTAGCTTTA; LSD1(5->3"): GCCTAGA
CATTAAACTGAATA; HDAC1(5->3): GCTGCTCAA
CTATGGTCTCTA; MTA1(5->3"): AGACATCACCGA
CTTGTTAAA; MTA2(5->3"): CCAGCAATCCTTACC
TGGTTA; p300(5’->3"): GCCTTCACAATTCCGAGAC
AT.

MTT assay and colony formation

The Cell Counting Kit-8 (Beyotime, Shanghai, China),
colony formation, and 5-ethynyl-2-deoxyuridine (EdU,
Beyotime, Shanghai, China) assays were performed as
described previously [22]. Proliferation was analyzed
using the mean number of cells in three fields for each
sample. For the colony formation assays, For colony
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formation assay, shRNA-treated BRCA cell lines MCF-7
and T-47D were coated into 6-well plates with 5x10°
and 1x 10° cells, respectively. Five repetitions were used
in each group. After 14-day incubation, these plates were
washed with phosphate buffered saline (PBS) twice, fixed
with methanol for 10 min, and stained with 0.1% crystal
violet solution within 10 min for further analysis.

Transwell and scratch wound healing assay

Transwell assays using Boyden chambers containing
24-well Transwell plates (BD Inc., USA) with 8 mm pore
size were used to evaluate the migration and invasive-
ness of cells. All experiments were performed in dupli-
cate and repeated three times. For the migration assay,
the cell culture inserts were seeded with 1x10° (MCE-
7,T-47D cells) or 2x10* (MDA-MB-231 cells) in 100mL
of serum-free culture medium without an extracellular
matrix coating. A culture medium containing 10% FBS
was added to the bottom chamber. After 20 h of incuba-
tion, the cells on the lower surface of the filter were fixed,
stained, and examined using a microscope. For the inva-
sion assay, the membrane was coated with 50 mL of 1:8
diluted Matrigel (BD Biosciences, USA). After the Matri-
gel had solidified at 37 °C for 2 h, cells were added to the
cell culture, whereas the lower chamber was filled with
culture medium containing 20% FBS. The Boyden cham-
ber was then incubated at 37 °C in 5% CO2 for 24 h.
The cells were then stained and observed as described
for the migration assays. For the wound healing assays,
transfected MCF-7 or MDA-MB-231 were seeded into
six-well plates and cultured until 90% confluence. An
artificial wound was created using a sterile 200 pL tip.
The floating cells were washed away using PBS and the
remaining cells were cultured in a serum-free medium
for 48 h. The wound was recorded by an inverted micro-
scope and cell migration was calculated.

Chromatin Immunoprecipitation (ChIP) analysis

For the chromatin immunoprecipitation (ChIP) experi-
ment, 1x10° MCF-7 cells were treated with 1% form-
aldehyde at room temperature for 10 min to crosslink
chromatin proteins to DNA. Then a final concentration
of 0.125 M glycine was added to the dish for 5 min to ter-
minate the crosslink. Cells were lysed in a lysis Buffer (50
mM Tris-HCI pH 8.0, 0.5 mM EDTA, 1% SDS, and pro-
tease inhibitors) and the resulting lysate was sonicated to
break chromatin into fragments with an average length
of 300~500 bp, followed by immunoprecipitation with
anti-RBBP7 or anti-LSD1 antibody and purification of
immunoprecipitated DNA fragments. PCR was then per-
formed with the following primers to determine whether
RBBP7/LSD1 binds to these genes. The PCR samples
were separated and stained by electrophoresis in the 2%
agarose gel containing ethidium bromide. The primers
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for PCR are listed as the following: SOX2(5’->3"):F: GG
CTTTGTTTGACTCCGTGT; R: TCCCATTGTCCCGA
CGTAAA. SOX9(5->3"):F: AAAGCGGAGCTCGAAA
CTG; R: AAGTTTCCGGGGTTGAAACTG. OCT4(5'-
>3"):F: GCATTCCGTTGGCTATTC; R: GGGCAGCTCT
AACCCTAAA. CCND1(5->3):F: CTCTGCCGGGCTT
TGATCTT; R: ATGGTTTCCACTTCGCAGCA.

CRISPR/Cas9-mediated deletion of RBBP7-SE

The single-guide RNAs (sgRNAs) for deleting RBBP7-SE
were designed by CRISPRscan (https://www.crisprscan
.org) and CRISPRdirect (http://crispr.dbcls.jp). sgRNAs
were annealed with NEBuffer2 in 95 °C 5 min, 70 °C
10 min. Annealed double-stranded DNA was inserted
into the CRISPR/Cas9 PX458 vector using BbsI and Bsal
(NEB, USA). Then the purified recombinant plasmid was
transfected into the T-47D and MCEF-7 cells in 24-well
plates. The puromycin was added into cells after 48 h
of transfection. After puromycin screening, cells were
separated into 96-well plates by limiting dilution. PCR
was amplified from the DNA isolated from homozygous
(SE-/-) clones using external and internal primers of
RBBP7-SE. The knockout plasmids of E1-E3 enhancer
were transfected for 48 h and added with appropriate
puro for 72 h, then the cells were collected to test the
knockout efficiency and gene expression.

RNA extraction and gRT-PCR
Total RNA was extracted from cells using RNAiso Plus
(TaKaRa, Dalian, China) according to the manufacturer’s
protocol, and then cDNA was synthesized by reverse
transcription using PrimeScriptTM RT reagent Kit with
gDNA Eraser (TaKaRa). qRT-PCR was performed by
using FastStart Universal SYBR Green Master (Roche,
Basel, Switzerland) on an ABI 7500 Real-Time PCR
System. Results were analyzed using the relative quanti-
tative method and mRNA expression of genes was nor-
malized with GAPDH. Primers of qRT-PCR were shown
as the following: RBBP7(5->3"):F: GTGGCCCAGTC
TTACCGTTC; R: ATCAGACGTATGAGTCCCCAG.
LSD1(5->3"):F: GTGGACGAGTTGCCACATTTC; R: T
GACCACAGCCATAGGATTCC. SOX2(5->3):F: TAC
AGCATGTCCTACTCGCAG; R: GAGGAAGAGGTA
ACCACAGGG. SOX9(5->3):F: TGGAAACTTCAGT
GGCGCGGA; R: AGAGCAAAAGTGGGGGCGCTT.
OCT4(5->3):F: CTTGAATCCCGAATGGAAAGGGR:
GTGTATATCCCAGGGTGATCCTC. CCND1(5->3):F:
GCTGCGAAGTGGAAACCATC; R: CCTCCTTCTGC
ACACATTTGAA.

Western blotting assays

For western blotting analysis, the total protein was
extracted after lysis of cells with CelLytic buffer (Sigma-
Aldrich, #C3228). The protein extracts were then loaded
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into SDS-PAGE with an SDS loading buffer. The pro-
tein was then transferred into a polyvinylidene fluoride
(PVDF) membrane after separation. The membranes
were then immersed in 5% milk for blocking of nonspe-
cific binding for 1 h. The membranes were then incubated
with primary and secondary antibodies. The overnight
incubation of the primary antibody was followed by a 2-h
incubation of the secondary antibody. The primary anti-
bodies used in the present study were listed as the fol-
lowing: anti-RBBP7 (Abcam, ab259957), anti-E-cadherin
(CST#3195), anti-N-cadherin (CST#13116), anti-Snail
(CST#3879), anti-Vimentin (CST#5741), anti-H3K27ac
(Abcam, ab4729), anti-SOX9 (Abcam, ab185966), anti-
SOX2 (CST#23064), anti-OCT4 (CST#2750), anti-
CCND1 (CST#55506), anti-B-actin (CST#4967).

Immunohistochemistry (IHC)

Paraffin-embedded BRCA tissue slides were baked at
60 °C for 2 h, deparaffinized in xylene, and rehydrated
in alcohol. Endogenous peroxidase was blocked with 3%
hydrogen peroxide for 10 min. Antigen retrieval was per-
formed in citrate buffer, pH 6.0, in a steamer for 5 min.
The slides were then blocked with 5% BSA for 1 h and
incubated at 4 °C overnight with the indicated primary
antibodies. The following day, the tissue sections were
incubated with HRPconjugated secondary antibody for
1 h and detected using DAB substrates for 1 min followed
by hematoxylin staining. The staining was evaluated by
two pathologists blinded to the study results. The stain-
ing scoring criteria were as follows: staining intensity
(negative =0, weak =1, moderate =2, and strong=3) and
the extent of stained cells (0% = 0, 1-24% = 1, 25—-49% =
2, 50-74% = 3 and 75-100% = 4).

In vitro limiting dilution tumorsphere formation assay

For the sphere formation assay, 2 x 103> BRCA cells were
seeded into ultralow attachment 6-well plates. The cells
were grown in serum-free DMEM/F-12 medium (Invi-
trogen) supplemented with 4 pg/ml insulin (Sigma-
Aldrich), 20 ng/ml EGF (PeproTech), and 20 ng/ml basic
FGF (Invitrogen). After incubation for 10 days, the sphere
number was counted by microscopy. For in vitro limiting
dilution assays, cells were plated in 96-well plates at 20,
40, 60, 80, or 100 cells per well, with eight replicates for
each cell number. Ten days later, wells without spheres
were counted. Limiting dilution analysis was performed
using extreme limiting dilution analysis (http://bioinf.we
hi.edu.au/software/elda/).

Organoid establishment assay

Organoids derived from human PDAC specimens were
isolated and cultured as previously reported [23]. Briefly,
fresh BRCA specimens were cut into small pieces and
washed three times with cold PBS supplemented with
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10% penicillin and streptomycin. Then, the tissues were
digested with digestion buffer with 1% fetal bovine
serum, 10% penicillin/streptomycin, 1.5 mg/mL collage-
nase type II, 500 U/mL type collagenase IV, 0.1 mg/mL
dispase type II and 10 mM Y-27,632 (Selleck, Shanghai,
China)) for 45 min at 37 °C with vigorous vibration. After
digestion, the tumor pellets were washed with cold PBS
three times and finally collected through centrifuga-
tion at 200xg for 5 min. Subsequently, tumor cells were
embedded in Matrigel (BD) and plated in 96-well plates.
After the polymerization of the Matrigel, these organ-
oids were cultured in complete Advanced DMEM/F12
(Termo Fisher Scientific) supplemented with Noggin
(0.1 mg/ml, PeproTech), R-spondin (1 pg/ml, Nuvelo),
epidermal growth factor (EGF, 50 ng/ml, PeproTech),
Glutamax (Invitrogen), HEPES (Invitrogen), N2 (Invi-
trogen), B27 (Invitrogen), N-acetyl-L-cysteine (1 mM,
Sigma), gastrin (10 nM, Sigma), nicotinamide (10 mM,
Sigma), A83-01 (0.5 mM, Tocris Bioscience) and fibro-
blast growth factor 10(FGF10, 100 ng/ml, PreproTech).
The organoid medium was changed approximately every
3 days, and organoids were passaged approximately every
7 days according to their growth conditions.

Subcutaneous animal tumor model

Four-week old Balb/c male nude mice were obtained
from Shanghai Lingchang Biotechnology Co., Ltd.
(Shanghai, China). 2 x 10° treated BCa cells resuspended
in 100 ul PBS were subcutaneously injected to the left
flank of the mice, which were randomly divided into sev-
eral groups (N=5/Group). The tumor latency period is
about 10 days. The observers and recorders in the study
were blinded to the grouping. Tumor growth was moni-
tored once a week using a caliper and tumor volumes
were calculated by the following formula: Volume=1/2
lengthx (width)?.

In vivo tail vein injection model

A lung metastasis mouse model generated by tail vein
injection of breast cancer cells was used to evaluate
cell metastasis, and there were ten mice in each group.
Briefly, 4x 10° MDA-MB-231 or MCF-7 cells were
injected into the tail vein of each nude mouse. After the
mice were sacrificed, the lungs were paraffin-embedded,
and routine HE staining was performed. Intrapulmonary
metastases were observed with a Leica imaging system
and photographed.

Statistical analysis

All experiments, except for those involving mice, were
performed in at least three independent biological repli-
cates, with technical replicates for each experiment. Data
are expressed as the mean + SD. For data with a normal
distribution, unpaired or paired two-tailed Student’s
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t-tests were used to compare the significance of differ-
ences between two groups of independent samples. For
the in vivo experiments related to animals, the number
of biological replicates is 4 or 5. Animals were allocated
to control experimental groups using a blinding and ran-
domization method. The survival rate was determined
using the Kaplan—Meier method. Statistics were per-
formed by GraphPad Prism 8.0. A P-value less than 0.05
was considered statistically significant.

Results

RBBP7 is overexpressed in BCa and correlates with poor
clinical outcomes

To investigate the role of RBBP7 in tumorigenesis, we
downloaded the expression data of RBBP7 in various
cancer types from TCGA via the UCSC-Xena platform
(https://xena.ucsc.edu/). Pan-cancer analysis revealed
that RBBP7 was aberrantly up-regulated in multiple
tumors, like lung adenocarcinoma (LUAD), colon cancer
(COAD), uterine corpus endometrial carcinoma (UCEC),
and head and neck squamous cell carcinoma (HNSCC)
(Fig. 1A). Of note, RBBP7 levels were also relatively high
in BCa compared to most other tumors (Fig. 1A). In
line with the results derived from TCGA, we also ana-
lyzed that the expression of RBBP7 was elevated in BCa
than normal tissues based on samples from GEO data-
bases (Fig. 1B). In addition, 30 paired BCa and adjacent
normal tissues were collected, and increased mRNA
expression of RBBP7 was also detected in BCa samples
via RT-qPCR (Fig. 1C). To confirm the statistical find-
ings, we obtained resected samples from 8 human BCa
patients and detected that RBBP7 proteins were sig-
nificantly higher in tumor groups than normal (Fig. 1D).
Furthermore, an immunohistochemistry (IHC) assay for
tumor tissues and its corresponding normal tissues from
30 patients was performed, and we validated the same
results (Fig. 1E). The Kaplan-Meier survival curves analy-
sis implicated that high RBBP7 levels were associated
with shorter recurrence free survival (RFS) and over-
all survival (OS) months, which were demonstrated in a
series of GEO datasets (Fig. 1F). Collectively, these data
concluded that RBBP7 is up-regulated in BCa and corre-
lated with poor prognosis, suggesting that it may be an
essential biomarker.

RBBP7 enhances BCa tumorigenicity and metastasis in
vitro and in vivo

To determine the functional roles of RBBP7 in BCa, we
screened the Cancer Cell Line Encyclopedia (CCLE) and
compared the RBBP7 levels in a series of BCa cell lines.
We therefore obtained the RBBP7"gh (MCEF-7, T-47D,
ZR-75-1) and RBBP7°% (MDA-MB-231, MDA-MB-453,
HS-578T) cell groups, which were further validated by
RT-qPCR and western blotting assays (Fig. 2A). Then, we
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Fig. 1 Overexpression of RBBP7 in human BRCA was correlated with poor-disease outcome. (A) Pan-cancer analysis showing the RBBP7 expression
levels across various tumors via TIMER. (B) Differential analysis of RBBP7 mRNA levels in BCa tumor samples and matched normal tissues was conducted
in GSE29044 (left), GSE5364 (middle), and GSE45827 (right). (C) RT-gPCR analysis showing the expressions of RBBP7 in breast cancer tissues or normal
control tissues. (D) Western blot analysis of RBBP7 proteins in 8 paired BCa tumor tissues (T) and adjacent nontumor tissues (N). (E) RBBP7 expressions
were detected and categorized by IHC. Scale bar =50 um. (F) BCa patients were divided into two subsets with low and high RBBP7 levels. Kaplan-Meier
analysis was used to compare the differential outcomes between RBBP7-high and -low patients that were obtained from publicly GEO datasets. Data
represent the Mean+SD of at least three independent experiments. *P<0.05, **P<0.01, and ***P<0.001. Differences were tested using a un-paired

Student’s t-test (B, C), and the log-rank test (F)
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Fig. 2 RBBP7 enhanced BCa cell growth in vitro and in vivo. (A) The protein and mRNA levels of RBBP7 in normal breast epithelial cell MCF-10 A and
breast cancer cell lines was detected and compared by western blot or gRT-PCR. (B) Cell proliferation was detected and compared by CCK-8 assay at
the indicated time points in Ctrl and RBBP7-overexpressing (MDA-MB-231, MDA-MB-453) cells. (C) Colony formation assays were conducted in Ctrl and
RBBP7-overexpressing (MVDA-MB-231, MDA-MB-453) cells. (D) Cell proliferation was detected and compared by CCK-8 assay at the indicated time points in
Ctrl and RBBP7-KD (MCF-7,T-47D) cells. (E) The EdU assays were conducted to assess the effect of RBBP7 overexpression on cell proliferative ability. Scale
bar =100 um. Quantitative data was shown on the right. (F) Cell growth was assessed by colony formation assay. The rescue assays were performed by
ectopic expression of RBBP7. (G) Representative BCa tumor images per group at the experimental ending were shown (left) and tumor growth curve was
generated (right). (H) IHC assays showing the expression levels of Ki-67, CCND1, and CD34 in tumors derived from Ctrl and RBBP7-overexpressing cells.
(1) Tumor growth curve was generated and compared between shCtrl and shRBBP7 groups. (J) IHC assays showing the expression levels of Ki-67, CCND1,
and CD34 in tumors derived from Ctrl and RBBP7-KD cells. Data represent the Mean +SD of at least three independent experiments. *P < 0.05, **P<0.01,

and ***P<0.001. Differences were tested using the 2-way ANOVA followed by Tukey's multiple comparisons test (B, D, G, 1)

generated stable RBBP7-overexpressing (MDA-MB-231,
MDA-MB-453) and RBBP7 knockdown (MCF-7, T-47D,
ZR-75-1) BCa cells. The transfection efficiency in each
indicated cell line was examined by western blotting
(Figure S1A-B). Then, we found that RBBP7 overexpres-
sion markedly enhanced BCa cell proliferation, as evi-
denced by MTT and colony formation assays (Fig. 2B-C).
The EdU incorporation assay further confirmed that
RBBP7 could induce increased DNA synthesis (Figure
S1C). In contrast, RBBP7 knockdown significantly led to
decreased cell proliferation, and DNA synthesis activi-
ties (Fig. 2D-E). Although RBBP7 deficiency abrogated
the colony formation abilities, ectopic overexpression of
RBBP7 rescued the impaired phenotype and enhanced
cell growth (Fig. 2F). To further explore whether RBBP7
modulates BCa growth in vivo, we carried out the tumor
xenograft experiments using RBBP7-overexpressing
MDA-MB-231 cells. Xenograft tumor models suggested
that RBBP7 overexpression notably enhanced tumor
growth, as indicated by representative tumor graphs or
tumor volume curves (Fig. 2G and Figure S1D). Consis-
tent with the results, immunostaining assays exhibited
elevated levels of Ki-67 (a biomarker of proliferation)
and CD34 (a biomarker of angiogenesis), in the tumors
derived from the RBBP7-overexpressing group compared
with those in control (Fig. 2H). In contrast, the knock-
down of RBBP7 remarkably inhibited tumor growth,
showing a markedly smaller tumor size and decreased
levels of oncogenic markers (Fig. 2I-] and Figure S1E).
Therefore, these results suggested that RBBP7 is required
for tumor growth in vitro and in vivo.

We further discovered the functional role of RBBP7 in
driving the metastasis phenotypes of BCa cells in vitro
or in vivo. Therefore, transwell and scratch wound heal-
ing assays were performed to determine cell migration or
invasion properties. As indicated in Figure S1F, RBBP7
deficiency prominently inhibited the invasion and migra-
tion capacities of MCF-7 and T-47D cells. Conversely,
RBBP7 overexpression potentiated the above abilities
of MDA-MB-231 and MDA-MB-453 cells (Figure S1G).
As documented, Epithelial-mesenchymal transition
(EMT) is an essential process, by which epithelial cells
are transcriptionally reprogrammed to obtain decreased

adhesion and increased migration abilities. We thus
detected typical EMT markers (E-cadherin, N-cadherin,
Snaill, and Vimentin) via western blotting in different
cell groups. We observed that RBBP7 overexpression
enhanced a mesenchymal phenotype in MDA-MB-231,
or MDA-MB-453 cells, as shown by the downregulation
of E-cadherin and upregulation of N-cadherin, Vimen-
tin, and Snaill (Fig. 3A). We proposed that RBBP7 par-
ticipates in the EMT process to potentiate the migration
or invasion abilities of BCa cells. To further assess the
impact of RBBP7 on BCa in vivo metastasis, we con-
structed stable RBBP7-overexpressing MDA-MB-231-lu-
ciferase cells and control cells, which were injected into
the tail vein of BALB/c nude mice. The luciferase signals
of metastases in the lung were detected and compared
at regular time points. After 5 weeks, RBBP7 overex-
pression remarkably enhanced BCa lung metastasis, as
evidenced by bioluminescence graphs and lung meta-
static nodes (Fig. 3B-C). H&E-stained lung sections also
proved that mice in the RBBP7-overexpressing group
suffered from more metastatic burden than those in the
control group (Fig. 3D). In contrast, MCF-7 cells with
RBBP7 ablation markedly inhibited BCa lung metastasis,
as evidenced by the luciferase signal and number of lung
metastatic lesions compared with those from the control
group (Fig. 3E-F). Collectively, these data support the
important role of RBBP7 in driving BCa metastasis.

RBBP7 is a novel SE-driven oncogene in BCa

To explore detailed mechanisms that drive high RBBP7
expressions in BCa, we queried the Cistrome Data
Browser (http://cistrome.org/db/#/) to seek transcription
al regulation or modifications on the RBBP7 promoters or
enhancers. Through the analysis of H3K27ac peaks from
the Cistrome dataset, we observed the H3K27ac enrich-
ment level of the super-enhancer in BCa cells (Fig. 4A).
The SE regions were mainly classified by the ranking
method based on the H3K27ac signal (ROSE). Interest-
ingly, we also found this super-enhancer in another kind
of tumor cells, like A549, HeLa, and HCT-116 (Fig. 4A).
However, this super-enhancer was nearly undetect-
able in normal cell lines, like MCF-10 A (Fig. 4A). Apart
from H3K27ac, we also found other SE-related features
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within this region, like p300, and DNase I hypersensitiv-
ity (Fig. 4A). We further divided this super-enhancer into
three indicated regions, including E1-3, and ChIP-qPCR
analysis confirmed the active histone modifications on
the above enhancer regions in BCa cells (Fig. 4B). Then,
we utilized the CRIPSR-Cas9 technology to delete the
region of RBBP7-SE bound by p300, and obtained the
SE~~ MCF-7 and SE™~ T-47D cell clones (Fig. 4C-D).
RT-qPCR analysis revealed that RBBP7 levels were nota-
bly suppressed in SE-deleted cells compared to that of
the control wild-type in MCE-7 or T-47D cells (Fig. 4E).
Besides, we also designed two specific siRNAs target-
ing p300, and p300 knockdown effectively reduced the
mRNA or protein levels of RBBP7 (Fig. 4F). Several
small-molecule BET inhibitors (BETi), like JQ1 or THZ1,
have shown profound efficacy in abrogating SE structure

and suppress SE-driven tumors. We thus treated MCF-7
and T-47D cells with JQ1 and confirmed that JQ1 could
substantially decrease RBBP7 expressions in a dose-
dependent manner (Fig. 4G).

Last of all, we validated the functional role of RBBP7-
SE on BCa malignant features. CCK-8 assays revealed
that RBBP7-SE deletion significantly inhibited cell growth
rates (Fig. 4H-I). Besides, we overexpressed RBBP7 in
SE~/~ MCEF-7 and SE™/~ T-47D cells, respectively (Fig. 4]).
As expected, SE”/~ MCE-7 and SE™/~ T-47D cells revealed
impaired colony formation efficiency and slower migra-
tory speed relative to parental cells, which could be
completely rescued by RBBP7 overexpression (Fig. 4K).
Collectively, these findings indicate that RBBP7-SE
governs RBBP7 expressions to drive BCa growth and
migration.
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Fig. 4 Identification of a super-enhancer that drives RBBP7 expressions in BCa. (A) The putative enhancers of the super-enhancer (E1-E3) were identified
based on markers of H3K27ac, P300, and DNase | in Hela, HCT-116 and MCF-7 cells. (B) ChIP-gPCR analysis showing the H3K27ac enrichment on RBBP7-
SEsin MCF-7,T-47D, and ZR-75-1 cells. (C) lllustration of genetic deletion of RBBP7-SE regions via CRISPR sgRNA technology. (D) ChIP-gPCR analysis show-
ing the p300 enrichment on RBBP7-SE in Ctrl and p300-KD MCF-7 or T-47D cells. (E) ChIP-gPCR analysis of RBBP7 mRNA expression in 4 WT cell clones and
4 clones with CRISPR-deleted RBBP7-SE (n=5). (F) Western blot and RT-gPCR analysis comparing the expression levels of RBBP7 in control and p300-KD
cells (MCF-7, T-47D). (G) Western blot showing the RBBP7 expressions in response to increasing doses of JQ1 treatment. (H) CCK-8 analysis showing the
cell proliferation rates of BCa cells (MCF-7, T-47D) with or without RBBP7-SE depletion. (1) Colony formation assays showing the growth capacities of BCa
cells (MCF-7,T-47D) with or without RBBP7-SE depletion. (J) Western blotting assays showing the RBBP7 levels in MCF-7, and T-47D cells. The overexpres-
sion vector GV230-RBBP7 was constructed to express RBBP7-EGFP fusion protein, and then transfected into the RBBP7-SE homozygous deletion SE™~ cell
lines. (K) Proliferation and migration abilities were measured by colony formation and transwell assays. Data represent the Mean+SD of at least three
independent experiments. *P<0.05, **P<0.01, and ***P<0.001. Differences were tested using a un-paired Student’s t-test (B, D, E, F, K) and the 2-way

ANOVA followed by Tukey’s multiple comparisons test (H)

RBBP7 potentiates stem-like properties of BCSCs via
inducing stemness-related signature

To thoroughly figure out how RBBP7 regulates BCa
development, we intended to calculate the potential
downstream pathways related to RBBP7 via bioinfor-
matic analysis. First, we obtained the expression data
of RBBP7 from 1097 individuals diagnosed with inva-
sive breast carcinoma and thus categorized them into
high-, middle-, and low groups (Fig. 5A). Differential
genes between RBBP7-high and -low groups were iden-
tified and GO analysis revealed several RBBP7-related
biological items, including cell cycle, mTOR, and Hippo
signaling (Fig. 5B). Besides, Gene Set Enrichment Analy-
sis (GSEA) also demonstrated that high expression of
RBBP7 was positively associated with the self-renewal
pathway (Fig. 5C), indicating that RBBP7 might modu-
late the stemness process during BCa development. As
shown in Fig. 5D, ectopic expression of RBBP7 increased
the sphere formation capacities of BCa cells. However,
RBBP7 knockdown suppressed the sphere formation
abilities of CSCs compared with those in control cells
(Fig. 5E). In addition, we also conducted the in vitro lim-
iting dilution assays to quantitatively assess the effect of
RBBP7 on breast cancer stem cell (BCSC) frequency. We
found that RBBP7 overexpression efficiently increased
breast CSC frequency in MDA-MB-231, MDA-MB-453,
and HS-578T cells (Fig. 5F), whereas RBBP7 knockdown
dramatically decreased the CSC frequency in MCF-7 and
T-47D cells (Fig. 5G).

Next, we detected the stemness-related genes in
RBBP7-overexpressing cells and found SOX2/SOX9/
OCT4/CCND1 were all positively regulated by RBBP7
(Fig. 5H-I). Targeting RBBP7 also inhibited the expres-
sion levels of these genes in MDA-MB-231 and MDA-
MB-453 cells, as implicated by RT-qPCR and western
blotting assays (Fig. 5H-I). ChIP-qPCR analysis con-
firmed that RBBP7 could directly bind to the promoters
of these genes, whereas RBBP7 knockdown abolished
the binding connections (Fig. 5J-K). Luciferase assays
also indicated that RBBP7 could induce trans-activation
of the promoters of the four genes (Figure S2A). Con-
versely, RBBP7 inhibition substantially abrogated the

promoter activity of the above genes (Figure S2B). Con-
sidering RBBP7-SE activates RBBP7 expressions, we
found that RBBP7-SE-deleted MCF-7 or T-47D cells
showed decreased SOX2/SOX9/0OCT4/CCND1 levels
and impaired stemness capacities (Fig. 5L-M). Taken
together, our results clarified that RBBP7 sustained BCa
stemness via trans-activating stemness-related genes.

RBBP7 recruits demethylase LSD1 to trans-activate
stemness genes via epigenetic remodeling

In addition, we also wondered about the molecular mech-
anisms by which RBBP7 maintains high expressions of
downstream stemness genes. Given that RBBP7 belongs
to a subunit of the NuRD complex, we thus intended to
explore whether other NuRD subunits may contribute to
the epigenetic functions of RBBP7. First, we performed
an immunoprecipitation (IP) assay to screen and char-
acterize RBBP7-associated NuRD factors. As indicated,
MCE-7 cells were transfected with FLAG-RBBP7, and
the subsequent IP was performed via an anti-FLAG anti-
body. As expected, RBBP7 associated with several NuRD
complex components, like HDAC1, MAT1/2, CHD4,
MBD2, and LSD1 (Fig. 6A). However, knocking down
LSD1 but not other subunits could efficently inhibit BCa
renewal abilities and induce down-regulated expres-
sions of CSC signature genes (Fig. 6B-C and Figure S2C).
ChIP-qPCR assays confirmed that LSD1 is directly bound
to the promoters of RBBP7-regulating stemness genes.
As reported, phosphorylation of the C-terminal domain
(CTD) of RNA polymerase II (Pol II) is an essential pre-
requisite for transcription initiation. Interestingly, ChIP-
qPCR analysis on the above promoter regions implicated
that both Ser5- and Ser2-phosphorylated RNA Pol II
CTDs were decreased when LSD1 was depleted (Fig. 6D).
Consistently, LSD1-mediated H3K9me3 demethylation
contributes to activate genes transcription, and target-
ing LSD1 significantly increased suppressive H3K9me3
enrichment on the promoters of SOX2/SOX9/0CT4/
CCND1 (Fig. 6E). However, RBBP7 deficiency prevented
the recruitment of LSD1 to the promoter regions of
SOX2/SOX9/0CT4/CCND1 and further decreased lev-
els of Ser5- and Ser2-phosphorylated RNA Pol II CTDs
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Fig. 5 RBBP7 promotes BCa stemness features. (A) Overall distribution of RBBP7 expression data in patients from TCGA-BCa cohort. (B) Gene Ontology
(GO) analysis based on RBBP7-related DEGs. (C) Gene Set Enrichment Analysis (GSEA) was conducted between RBBP7-high and RBBP7-low samples. (D)
Representative images and quantification of the in vitro sphere-formation assay of RBBP7-overexpressing BCa (MDA-MB-231, MDA-MB-453) cells and
control cells (n=6). Scale bar =200 um. (E) Representative images and quantification of the in vitro sphere-formation assay of RBBP7-KD BCa (MCF-7,
T-47D) cells and control cells (n=6). Scale bar =200 um. (F) In vitro limiting dilution assay of RBBP7-OE and control BCa cells. A well not containing spheres
(diameter > 50 um) was defined as a non-response. (G) In vitro limiting dilution assay of RBBP7-KD and control BCa cells. (H) RT-gPCR analysis showing the
mMRNA levels of SOX9/SOX2/0CT4/CCND1 in RBBP7-OE (left) or RBBP7-KD (right) cells. (1) Western blot assays showing the protein levels of SOX9/SOX2/
OCT4/CCND1 in RBBP7-OE (left) or RBBP7-KD (right) cells. (J) ChIP-gPCR analysis showing the RBBP7 enrichment on the indicated promoter regions of
SOX9/SOX2/0OCT4/CCND1 in control or RBBP7-OE MDA-MB-231 cells. (K) ChIP-gPCR analysis indicated the impaired RBBP7 enrichment on the indicated
promoter regions of SOX9/SOX2/0OCT4/CCND1 in control or RBBP7-KD MCF-7 cells. (L) RT-gPCR analysis showing the mRNA levels of SOX9/S0X2/0CT4/
CCND1 in parental control or RBBP7-SE-deleted MCF-7 cells. (M) Representative graphs showing the in vitro sphere-formation assay of RBBP7-SE-deleted
BCa (MCF-7,T-47D) cells and control cells (n=6). Scale bar =200 pm. Data represent the Mean +SD of at least three independent experiments. *P<0.05,

**P<0.01,and ***P<0.001. Differences were tested using a un-paired Student’s t-test (D, E, H, J, K, L)

(Fig. 6F and Figure S2D). However, LSD1 overexpres-
sion failed to effectively restore levels of Ser5- and Ser2-
phosphorylated RNA Pol II CTDs in RBBP7-deficient
cells, indicating that RBBP7 is an essential intermediate
for LSD1 recruitment to promoters (Fig. 6G). RT-qPCR
assays further demonstrated that RBBP7 relied on LSD1
to elevate stemness signature genes in MDA-MB-231 or
MDA-MB-453 cells (Fig. 6H). In line with the findings,
the knockdown of LSD1 dramatically inhibited colony
formation, cell migration, and invasion abilities (Figure
S2E-G). In addition, LSD1 knockdown could markedly
impair RBBP7-induced BCa growth and angiogenesis in
vivo (Fig. 61-K). Thus, our data supported that RBBP7
maintains self-renewal capacities and promotes BCa
malignant progression through the recruitment of LSD1.

LSD1 specific inhibitor (ORY-1001) effectively inhibits
tumor stemness, proliferation, and metastasis for
RBBP7high BCa

Given the potential roles of LSD1 in facilitating RBB-
P7hish BCa progression, we intended to introduce ORY-
1001, a specific LSD1 inhibitor that targets lysine-specific
demethylase. Based on the previously categorized normal
or BCa cell lines, we observed that RBBP7"¢" BCa cells
were preferentially sensitive to ORY-1001 (ICy, between
10 and 20 nM), whereas normal and RBBP7°Y BCa cells
were resistant (IC;,>1000 nM) to ORY-1001 (Fig. 7A).
Concordantly, ORY-1001 inhibited the growth of MCE-7
and T-47D cells in a dose-dependent manner (Fig. 7B).
Although RBBP7 overexpression potentiated BCa stem-
ness capacities, ORY-1001 administration markedly
abrogated the RBBP7-induced effects (Fig. 7C). RT-
qPCR analysis also proved that ORY-1001 could inhibit
the mRNA expressions of SOX2/SOX9/0CT4/CCND1
(Fig. 7D). To validate the clinical significance of ORY-
1001, patient-derived BCa samples were obtained to gen-
erate patient-derived-organoids (PDOs) or -xenografts
(PDXs) for translational research (Fig. 7E). We performed
an organoid assay on RBBP7"E" and RBBP7°" samples
with or without ORY-1001 administration. As expected,
ORY-1001 markedly suppressed the growth of RBBP7"¢"

organoids, with an imperceptible effect in RBBP7'Y

organoids (Fig. 7F).

We further pharmacologically characterized a spe-
cific LSD1 inhibitor, ORY-1001, in animal BCa models.
First, we treated mice with either ORY-1001 (0.02 mg/
kg) or a DMSO vehicle once daily for 7 weeks. The ORY-
1001 treatment with daily oral gavage did not induce any
unhealthy side effects in mice, which have normal body
weight and blood counts (Figure S3A-B). The safety of
ORY-1001 was also validated by the H&E staining anal-
ysis in different organs of mice (Figure S3C). Then, we
adopted patient-derived xenografts (PDXs) exhibiting
high or low RBBP7 levels (Fig. 7G). Quantified by the
tumor volumes, ORY-1001 treatment was more efficient
at limiting RBBP7-high PDX tumors than RBBP7-low
tumors (Fig. 7H). IHC analysis revealed that ORY-1001
could notably suppress stemness and angiogenesis in
RBBP7-high tumors, along with decreased SOX2/OCT4/
CCND1/CD31 levels (Fig. 71). Last of all, we determined
the efficacy of ORY-1001 in suppressing BCa distant
metastasis. The tail vein injection models implicated that
ORY-1001 can notably suppress the metastatic capaci-
ties of MCEF-7 cells, but exerted limited effects in models
derived from MDA-MB-231 cells (Fig. 7]), as assessed by
the metastatic numbers in the lung (Fig. 7K). Collectively,
these findings concluded that ORY-1001 could efficiently
suppress the progression of RBBP7"&" BCa, but not the
RBBP7°" subtypes (See Fig. 8).

Discussion

Served as essential members involved in histone metab-
olism, histone chaperones facilitate histone binding to
DNA and promote nucleosome formation [24]. RBBP4/7
both belong to histone chaperones and modulate gene
expressions via the interactions of their WD40 domain
with the histone H4 and H3 [25]. Abnormal chromatin
remodeling process induced by RBBP4/7 may lead to
altered gene expression levels, thereby contributing to
tumorigenesis and other diseases. Multiple researches
have implicated that RBBP7 is highly expressed in hepa-
tocellular carcinoma, colon cancer, and esophagus can-
cer [10, 26]. Here, we also found that RBBP7 was highly
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Fig. 6 RBBP7 recruits demethylase LSD1 to epigenetically regulate SOX9/S0X2/OCT4/CCND1 levels. (A) Co-IP and western blot assays showing the po-
tential interactions between RBBP7 and a series of NURD complex components. (B) Representative graphs showing the in vitro sphere-formation assay
that were conducted in control and siRNA-treated MCF-7 cells. (C) Western blot assays showing the knocking down RBBP7 expressions in cells treated
with or without siRNA. (D) ChIP-gPCR analysis of Pol [I-S2P (left) and S5P (right) in the promoter regions of the indicated targets in WT and LSD1-KD MCF7
cells with or without LSD1 restoration. (E) ChIP-gPCR analysis of H3K9me3 enrichment on the promoters of genes in WT and LSD1-KD MCF7 cells with or
without LSD1 restoration. (F) ChIP-gPCR analysis of RBBP7 enrichment on the promoters of genes in WT and RBBP7-KD MCF7 cells with or without RBBP7
restoration. (G) ChIP-gPCR analysis of Pol II-S2P (left) and S5P (right) in the promoter regions of the indicated targets in control and RBBP7-KD MCF7 cells
with or without LSD1 restoration. (H) RT-qPCR analysis revealing the mRNA levels of SOX9/5S0X2/0CT4/CCND1 in RBBP7-overexpressing MDA-MB-231 or
MDA-MB-453 cells with or without LSD1 knockdown. (1) Graphs and tumor volumes of indicated MDA-MB-231-cell-derived xenograft tumors (Ctrl-shCtrl
group, RBBP7-shCtrl group, and RBBP7-shLSD1 group). (J) Quantification of tumor weight in tumors derived from indicated groups in (I). (K) IHC graphs
of Ki-67, and CCND1 markers in tumors derived from indicated groups in (I). Data represent the Mean +SD of at least three independent experiments.
*P<0.05, **P<0.01, and ***P<0.001. Differences were tested using a un-paired Student’s t-test (B, D-H, J), and the 2-way ANOVA followed by Tukey's

multiple comparisons test (1)
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Fig. 7 LSD1 specific inhibitor (ORY-1001) is effective to suppress RBBP7M9" BCa. (A) Dose-response curves and IC50 data in a list of BCa (RBBP7-high, and
RBBP7-low) cells treated with ORY-1001. (B) CCK-8 assays revealed the cell viability of RBBP7-high BCa cells treated with increasing doses of ORY-1001.
(C) Representative images of tumor sphere formation and quantification of spheres in RBBP7-overexpressing MDA-MB-231 or MDA-MB-453 cells with or
without ORY-1001 treatment. (D) RT-gPCR analysis detecting the mRNA levels of SOX9/SOX2/0CT4/CCND1 in MCF-7 or T-47D cells treated with increas-
ing doses of ORY-1001. (E) Flowchart showing the generation of BCa patients-derived organoids (PDOs) and xenografts (PDXs). (F) Quantification of
RBBP7-high and RBBP7-low BCa organoids with or without ORY-1001 treatment. (G) Representative IHC images of RBBP7 staining levels in tumors from
RBBP7-high or RBBP7-low PDXs. (H) Tumor volumes of indicated RBBP7-high, or RBBP7-low BCa PDXs treated with ORY-1001. (I) Representative IHC im-
ages of SOX2/CCND1/0CT4/CD31 in tumors derived from indicated RBBP7-high, or RBBP7-low BCa PDXs. (J) Representative whole lung and H&E graphs
derived from mice treated with or without ORY-1001 in MCF-7-derived metastatic model. (K) Representative whole lung and H&E graphs derived from
mice treated with or without ORY-1001 in MDA-MB-231-derived metastatic model. Data represent the Mean +SD of at least three independent experi-
ments. *P<0.05, **P<0.01, and ***P<0.001. Differences were tested using a un-paired Student’s t-test (C, D, F, J, K), and the 2-way ANOVA followed by

Tukey's multiple comparisons test (H)

expressed in breast cancer samples, relative to normal
tissues. Kaplan-Meier analysis further showed that high
RBBP7 correlated with poor prognosis of BCa individu-
als based on public GEO datasets. Our in vitro and in
vivo xenograft tumor models further demonstrated that
RBBP7 overexpression could facilitate tumor growth
and distant lung metastasis. Mechanistically, we identi-
fied one specific super-enhancer, named RBBP7-SE, that
contribute to driving high levels of RBBP7. Deletion of
RBBP7-SE abrogated RBBP7 expressions and impaired
the malignant progression of BCa cells. Furthermore,
RBBP7 mainly activated the stemness-associated genes
via recruiting LSD1. Therefore, we demonstrated that
targeting LSD1 could effectively abolish the oncogenic
effects of RBBP7 in BCa.

As a regulatory DNA sequence that mainly exists in
non-coding regions, enhancers could remarkably elevate
the transcriptional efficiency by interacting with adjacent
promoters [27]. Containing high-density critical TFs and
cofactors, super-enhancer (SE) belongs to specialized
enhancer elements that forcefully augment the transcrip-
tion of their target genes [28, 29]. Compared with typical
enhancers, SE mainly possesses the following features:
(1) TFs numbers and transcriptional activity of ele-
ments are much higher; (2) downstream genes driven by
SE show much higher expressions; (3) SE preferentially
recruits tissue-specific TFs to determine cell identity.
As a result, we screened the high-throughput screen-
ing data of H3K27ac to find the RBBP7-SE has a larger
binding size in MCE-7 cells, which is absent in normal
MCEF-10 A cells. Low-throughput ChIP-qPCR analysis
further confirmed that RBBP7-SE depletion by CRISPR
could substantially suppress the RBBP7 levels, showing
the regulatory specificity of RBBP7-SE. The histone acet-
yltransferase CREB-binding protein (CBP) and its closely
binding p300 proteins, defined as CBP/p300 complex,
are indispensable for histone acetylation at enhancers,
SE, and promoters. Along with RNA polymerase II and
eRNA, CBP/p300 complexes are heavily enriched in SE
regions to sustain chromatin accessibility and massive
H3K27ac signals. Actually, CBP/P300 proteins adopt
their intrinsic histone acetyltransferase (HAT) domain

to maintain SE activity, which is the main factor for
CBP/p300-dependent gene transcription. In line with
the truth, targeting p300 via the siRNA method notably
abolished H3K27ac enrichment on RBBP7-SE sites and
subsequently inhibited RBBP7 levels. In addition, SE are
reported to be commonly bound by BRD4 proteins that
contribute to recruit Mediators and enrich chromatin
modifiers. For instance, BRD4 is a master regulator of
the transcriptional activation of ERa-occupied super-
enhancers (ERSEs), potentiating ERa-induced gene tran-
scriptional activation [30]. Given that SE is more likely
to disrupt the expression transcription-regulating sig-
nature, targeting BRD4 via JQ1 was widely investigated
and proved to be effective against SE-addicted tumors,
like prostate cancer, neck squamous cell carcinoma, liver
cancer, and ovarian cancer. In this study, we observed
that JQ1 could inhibit RBBP7 expressions in a dose-
dependent manner, suggesting that JQ1 administration
may be an appropriate method to suppress RBBP7-driven
BCa. Aberrant SE hijacking contributes to BCa growth,
metastasis, or drug resistance, but relationships between
SE assembly and BCa stemness maintenance were rarely
reported. In this study, we identified a novel RBBP7-
specific SE that could elevate RBBP7 levels to drive the
stemness program. As a result, we could develop specific
drugs to abrogate these SE elements, therefore effectively
inhibiting BCa malignant phenotypes.

To further understand the stemness pathway epige-
netically manipulated by RBBP7 in BCa, bioinformatics
analysis was conducted and the self-renewal signal was
intensively enriched in RBBP7-high BCa samples. Given
that RBBP7 belongs to a subunit of the NuRD complex,
we screened the other subunits that may contribute to
RBBP7 functions in BCa. For instance, RUNX2 could
recruit the NuRD(MTA1)/CRL4B complex to enhance
breast cancer progression and bone metastasis [31]. Con-
sistently, we screened that RBBP7-binding LSD1 may
influence BCa stemness phenotypes. Mechanistically,
RBBP7 recruits LSD1 to RBBP7-binding promoters of
SOX2/SOX9/0CT4/CCND1, and LSD1 determined the
transcriptional activation induced by RBBP7. Notably,
LSD1 mediates the demethylation process of H3K9me3,
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Fig. 8 Schematic illustration of the proposed model in which RBBP7-SE/RBBP7/LSD1 axis regulates tumor stemness and progression of BCa

which is a repressive histone modification. Similarly,
LSD1 could up-regulate activating transcription factor 4
(ATF4) levels via erasing H3K9me2 and promoting glu-
tathione (GSH) production during the progression of
non-small cell lung cancer (NSCLC) [32]. Conversely,
AMPK-mediated the phosphorylation of PHF2 to release
the repressive H3K9me2, leading to limited lung cancer
metastasis [33]. Furthermore, abnormal H3K9me2 modi-
fication levels correlate tightly with cancer stemness, like
esophageal squamous cell carcinoma, colon cancer, as
well as glioma [34—36]. We firstly confirmed the positive
relationships between LSD1 and stemness-related signa-
ture in BCa, and mechanistic regulations were further
clarified. RBBP7 depended on the epigenetic functions
of LSD1 to activate stemness-related genes and sustained
tumor growth, or migration. Therefore, we introduced
the specific LSD1 inhibitor, ORY-1001, in BCa treat-
ment. The dose-response curve suggested that ORY-1001
may possess remarkable inhibitory effects in RBBP7 high
BCa cells, whereas it showed unsatisfactory efficiency in
RBBP7"" cells. For these RBBP7°" BCa cells, ORY-1001
might lose effective targets. Therefore, tumor heteroge-
neity is an important factor thta affects the efficacy of
ORY-1001. We further hypothesized that RBBP7-medi-
ated LSD1 recruitment might be the essential step for
LSD1-driven tumor growth. Thus, RBBP7 down-regu-
lations or deficiency may compromise the LSD1 inhibi-
tors. Besides, we demonstrated the in vitro findings in
BCa patient-derived xenograft tumor models, where
RBBP7-high PDXs were more sensitive to ORY-1001
than RBBP7-low PDXs. However, we failed to detect the
impact of ORY-1001 on structures of RBBP7-SE in BCa.

Considering that BCa metastasizes mainly through lym-
phatic or blood vessel metastasis, we demonstrated that
ORY-1001 could effectively inhibit BCa lung metastasis,
inducing negligible side effects.

Several limitations in this study deserve to be further
resolved or improved. First, the prognostic significance
of RBBP7 should be validated in more BCa samples from
multi-center cohorts, not just the current public datasets.
Secondly, Chromatin Immunoprecipitation sequencing
(ChIP-seq) of H3K27ac/H3K4mel in BCa cells should
be performed to further investigate the structure and
activity of RBBP7-SE. Thirdly, the relationships between
RBBP7 and immune evasion in BCa, not only stemness
maintenance, are still unknown. Last, we should discover
the specific RBBP7 inhibitors for translational research,
and the small molecular inhibitors targeting RBBP7 are
currently still unavailable.

Conclusion

In conclusion, the present study reveals that the SE-
hijacking RBBP7-mediated stemness pathway endows
BCa with new epigenetic vulnerability. Abrogating the
RBBP7-LSD1 complex may merit investigation as a ther-
apeutic strategy for suppressing stemness and progres-
sion of BCa.
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The online version contains supplementary material available at https://doi.or
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Supplementary Material 1: Figure S1. RBBP7 promotes BCa proliferation
and migration in vitro. (A) RT-gPCR analysis and western blotting assays
showing the RBBP7 overexpression in MDA-MB-231 and MDA-MB-453
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the proliferation rates in EV and RBBP7-overexpressing BCa cells. (D-E)
Quantification of tumor weight of tumors derived from RBBP7-overex-
pressing (D) or RBBP7-KD cells (E). (F-G) Transwell assays and quantifica-
tion data in RBBP7-overexpressing (F) or RBBP7-KD cells (G).

Supplementary Material 2: Figure S2. RBBP7 relies on LSD1 to regulate
stemness-related signature. (A-B) Luciferase assays showing the relative
trans-activation activities of the promoters of the four genes in RBBP7-
overexpressing (A) or RBBP7-KD (B) cells. (C) RT-gPCR analysis showing
relative mRNA levels of stemness-reelated signature in cells transfected
with indicated siRNAs. (D) ChIP-gPCR analysis showing the relative
levels of Ser5- and Ser2-phosphorylated RNA Pol Il CTDs in promoters of
indicated genes in RBBP7-KD cells with or without RBBP7 restoration. (E)
CCK-8 assays showing the relative cells growth in cells with or without
LSD1 inhibition. (F-G) Colony formation or Transwell asssays showing the
growth or migration abilities in cells with or without LSD1 inhibition

Supplementary Material 3: Figure S3. Quantification of pharmaceutical
effects of ORY-1001 in treating BCa. (A) Quantification of tumor weight in
the indicated mice treated with or without ORY-1001. (B) Comparison of
hematological parameters in mice treated with or without ORY-1001. (C)
H&E slides of organ tissues in the indicated mice treated with or without
ORY-1001

cells. (B) RT-gPCR analysis and western blotting assays showing the RBBP7
inhibition in the indicated cells. (C) The representative EAU assays showing
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