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Network Analysis Identifies Regulators of Basal-Like
Breast Cancer Reprogramming and Endocrine Therapy
Vulnerability
Sea R. Choi, Chae Young Hwang, Jonghoon Lee, and Kwang-Hyun Cho

ABSTRACT
◥

Basal-like breast cancer is the most aggressive breast cancer
subtype with the worst prognosis. Despite its high recurrence rate,
chemotherapy is the only treatment for basal-like breast cancer,
which lacks expression of hormone receptors. In contrast, luminal A
tumors express ERa and can undergo endocrine therapy for
treatment. Previous studies have tried to develop effective treat-
ments for basal-like patients using various therapeutics but failed
due to the complex and dynamic nature of the disease. In this study,
we performed a transcriptomic analysis of patients with breast
cancer to construct a simplified but essential molecular regulatory
network model. Network control analysis identified potential tar-
gets and elucidated the underlying mechanisms of reprogramming
basal-like cancer cells into luminal A cells. Inhibition of BCL11A

and HDAC1/2 effectively drove basal-like cells to transition to
luminal A cells and increased ERa expression, leading to increased
tamoxifen sensitivity. High expression of BCL11A and HDAC1/2
correlated with poor prognosis in patients with breast cancer. These
findings identify mechanisms regulating breast cancer phenotypes
and suggest the potential to reprogram basal-like breast cancer cells
to enhance their targetability.

Significance:Anetwork model enables investigation of mechan-
isms regulating the basal-to-luminal transition in breast cancer,
identifying BCL11A and HDAC1/2 as optimal targets that can
induce basal-like breast cancer reprogramming and endocrine
therapy sensitivity.

Introduction
Breast cancer has the highest cancer-related mortality rate among

women worldwide (1). It has been categorized into various subtypes,
including basal-like (or triple-negative), luminal A, luminal B, and
HER2-enriched (2–4). Among these subtypes, luminal A is the least
aggressive breast cancer (5). Almost 70% of patients with breast cancer
are diagnosed as luminal A and have normal-like features such as
expressing estrogen receptor alpha (ERa; ref 6) by which they are
probable in undergoing ERa-targeted therapy as their first line of
treatment (7, 8). In contrast, basal-like patients have the worst
prognosis with a very high tumor recurrence rate despite its low
prevalence ratio of 15% (9). They have highly elevated expression of
the epidermal growth factor receptor (EGFR; ref. 10), which is an
important characteristic feature of the basal-like subtype. Unfortu-
nately, chemotherapy is the only available treatment option for basal-
like patients because they are deficient in hormone receptors, including
ERa, and clinical trials of all single anti-EGFR therapy have failed (11).
Researchers have speculated that this might be due to interactions
between the EGFR signaling pathway and epithelial–mesenchymal
transition (EMT) regulators, including SLUG and ZEB1 (12), that are
more likely to develop distant metastasis. As a result, several studies

showed that blocking EMT regulators can abolish mesenchymal
features of the basal-like subtype (13), or induce the expression of
ERa (14), which allows therapeutic responsiveness to anti-ERa drugs.
Nevertheless, there still remains a limitation in using conventional
ERa-targeted therapies for basal-like patients because the increased
expression of ERa is not a sufficient measure to consider these basal-
like cells being reprogrammed into luminal A; there are complex
interactions and feedback between genes and molecules that retain
basal-like characteristics even after the expression of ERa is induced.
To overcome this limitation, we investigated the regulatory mechan-
isms and underlying dynamics of differentially expressed genes (DEG)
that are associated with the corresponding signaling cascades, which
can possibly determine the responsiveness of anti-ERa therapy at a
system level.

A cancer cell can be represented by a dynamical network model
composed of various genes, proteins, and small molecules as nodes and
their interactions as corresponding edges connecting them (15). A
well-defined and validated logical network model can capture differ-
ential behaviors of cellular systems to unveil their hidden mechanisms
and predict cellular responses when certain perturbations are
given (16–18). In this study, we have constructed a molecular regu-
latory network model that can represent the biological conditions of
basal-like and luminal A cells. We then applied a complex network
control strategy to identify potential targets that can induce a subtype
transition from the most invasive basal-like breast cancer subtype to
the terminally differentiated luminal A subtype, which is termed basal-
to-luminal A transition (BLT). We also elucidated the underlying
mechanisms of BLT through analyzing the logical relationships
between the key molecules in our network model. We identified B-
cell lymphoma/leukemia 11A (BCL11A) and histone deacetylase 1/2
(HDAC1/2) in combination as novel targets that can reprogram
extremely aggressive basal-like cells into luminal A cells by inducing
the activity of luminal A phenotypic markers while reducing the
activity of basal-like phenotypic markers. We further validated our
simulation results by performing in vitro experiments and analyzing
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clinical data. Together, our study provides new insights into the
subtype transition between breast cancer cells and a development
of new treatment for patients with the aggressive breast cancer
subtype.

Materials and Methods
Boolean network model construction for the BLT using DEG
analysis

The Cancer Genome Atlas (TCGA) Breast Invasive Carcinoma
(BRCA) RNA sequencing (RNA-seq) expression data were down-
loaded as Upper Quartile normalized fragments per kilobase of
transcript per million mapped reads (FPKM-UQ) values as well as
their genomic data from the Genomic Data Commons (GDC) data
portal (https://portal.gdc.cancer.gov/). All genomic data as well as
RNA-seq expression data from the Cancer Cell Lines Encyclopedia
(CCLE; ref. 19) breast cancer cell lines were downloaded as reads per
kilobase of transcript per millionmapped reads (RPKM) values. These
were classified according to subtype classification results from
PAM50 (20). We then performed DEG analysis of the basal-like and
luminal A subtypes of TCGA BRCA RNA-seq expression data using
the DEGseq R package (1.38.0).

Input–output relationships of the BLT model through in silico
simulation

Boolean network is a logical dynamicmodel with binary node states,
active (ON) as 1 or inactive (OFF) as 0, that does not require detailed
kinetic parameters (21, 22). One can adopt a logical Boolean network
model to describe a network where each state of nodes is based on their
regulatory logical rules by Boolean operators, “OR,” “NOT,” and
“AND” (23). We found that every initial state of our network model
reaches a stable state within 500-time steps. Hence, we updated our
Boolean logical functions for 1,000 times to analyze the activities of
network components according to various input settings. To represent
the input frequency of each simulation, the input node is set on a cycle
that capitulates a desired percentage of ON state. For example, if the
input node is set to be 50% ON, it would be placed on a cycle of
“01010101” or “10101010” that would remain constant throughout
each simulation.

Attractor landscape and perturbation analysis using the BLT
Boolean network model

Our BLT network model has 228 or 268,435,456 possible states that
constitute the entire state space of the networkwith 28 nodes excluding
input nodes. We randomly sampled 214 initial states, which was a
sufficient number to cover the major attractors, that ultimately con-
verge to either point or cyclic attractor with a basal-like or luminal A
phenotype.

We calculate a phenotypic score PA to define the phenotype for each
attractor A in the BLT network model as follows:

PA¼ NL

Total # of luminal� A marker nodes
� NB

Total # of basal� like marker nodes
;

where NL is defined as luminal A marker nodes that are ON and NB

as basal-like marker nodes that are ON for each attractor. The larger
the PA as 1, the more luminal A phenotype an attractor has. The
lower the PA as �1, the more basal-like phenotype an attractor has:

0 ≤ PA ≤ 1: luminal A phenotype
�1 ≤ PA < 0: basal-like phenotype

For cyclic attractor, we first define the phenotype of existing states
within a cyclic attractor by using PA, and then determine the pheno-
type as follows:

If CL ≥ CB, then a cyclic attractor has a luminal A phenotype,
If CL < CB, then a cyclic attractor has a basal-like phenotype

where CL is a number of luminal A attractors within a cyclic attractor
andCB is a number of basal-like attractors within a cyclic attractor.We
perform attractor analysis using the BoolNet R package (2.1.9).

Clinicopathologic analysis
To compare overall survival of patients with breast cancer with

basal-like and/or luminal A patient groups, the Kaplan—Meier anal-
ysis and log-rank test were used. We downloaded clinical information
of TCGA and Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) patients with breast cancer from cBioPor-
tal (http://www.cbioportal.org/; ref. 24). We first classified the patients
into each patient group and then found upper, intermediate, and lower
quartiles for each of BCL11A, HDAC1, andHDAC2 genes according to
their Z-score normalized mRNA expressions per group. For this, we
labeled and compared between high (upper quartile; above the 80th
percentile) and low (lower quartile; below the 20th percentile) expres-
sions of these genes across the patient samples in each group. The R
package “survival” was used to perform overall survival analysis (25).

Gene set variation analysis with a list of gene sets
Wedownloaded the gene expression data of 356 patients with breast

cancerwith tamoxifen treatment, resistant (n¼ 203) and sensitive (n¼
153), from the Gene Expression Omnibus (GEO) database
(GSE158309). Considering our in vitro experimental conditions, we
categorized the samples into four groups, BCL11A & HDAC1/2 high,
BCL11A low, HDAC1/2 low, and BCL11A &HDAC1/2 low, based on
the expression levels of our target genes. For this, the expression data of
each gene was Z-score normalized and labeled as H (upper quartile), L
(lower quartile), or I (middle) across the patient samples (lower
quartile: ≤ �0.75, middle: �0.75 < x < 0.75, upper quartile: ≥0.75).
The samples were then categorized according to their label as follows:

(a) BCL11A & HDAC1/2 high group if two or more of these gene
expressions of a sample were labeled as H,

(b) BCL11A low group if BCL11A gene expression of a sample was
labeled as I or L,

(c) HDAC1/2 low group if HDAC1/2 gene expressions of a sample
were labeled as I or L,

(d) BCL11A & HDAC1/2 low group if two or more of these gene
expressions of a sample were labeled as L.

We performed gene set variation analysis (GSVA) by using the R
package “GSVA” (26) to assess gene set enrichment of these patient
samples. A list of gene sets was downloaded from the Molecular
Signature Databases (MSigDB; refs. 27, 28) and included in Supple-
mentary Data S5. Additional information regarding any relevant data
supporting the findings of this study is available from the authors upon
request.

Cell culture and reagents
Human breast cancer cell lines, BT20, MDA-MB-231, HS578T,

MCF7, and T47D, obtained from the Korean Cell Line Bank were
cultured in DMEM purchased from WelGENE Inc. containing 10%
fetal bovine serum (FBS,WelGENE Inc.) and antibiotics (100 U/mL of
penicillin, 100 mg/mL of streptomycin, and 0.25 mg/mL of fungizone)
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purchased from Life Technologies Corp. at 37�C in a humidified
atmosphere containing 5%CO2. 4-hydrotamoxifen or tamoxifen (ERa
inhibitor) and romidepsin (HDAC1/2 inhibitor) were purchased from
Sigma-Aldrich. Estradiol (E2) and EGF were purchased from Sigma
Aldrich. shBCL11A was purchased from Sigma-Aldrich to specifically
target the gene or scrambled shBCL11A-negative control.Mycoplasma
infection was regularly checked using the e-Myco Mycoplasma PCR
Detection Kit from iNtRON Biotechnology Inc.

Plasmid generation and virus production for overexpression
experiments

We generated lentiviral particles by transfecting HEK293T cells
with relevant lentiviral plasmid and packaging DNA mixture (pLP1,
pLP2, and pLP/VSVG) using polyethylenimine (PEI; Invitrogen)
according to the manufacturer’s instructions. To perform overexpres-
sion experiments, we amplified the full-length of human HDAC1 and
HDAC2 through PCR from the human kidney and colon cDNA library
(Clontech), respectively. The full-length human BCL11A was pur-
chased from Korea Human Gene Bank. The corresponding amplified
gene or genes in combination were ligated into the pLentiM1.4
lentiviral vector. We then confirmed that ligation is successfully done
by sequencing.

RNA extraction and real-time PCR analysis
RNA was extracted from cells using RNA-spin RNA Mini Kit

purchased from iNtRON Biotechnology Inc. according to the man-
ufacturer’s instructions and treated with RNase-free DNase I (Thermo
Fisher Scientific Inc.) to remove genomicDNA. Complementary DNA
(cDNA) was synthesized by reverse transcription (RT) using a DiaStar
RT kit purchased fromSolgent. RT-PCRwas performed using the PCR
system (Veriti 96-well Thermal Cycler purchased from Applied Bio-
systems), and sequences of primers are listed in Supplementary File S1.
All primers were purchased from Neoprobe. qRT-PCR analysis was
performed using the QuantStudio 5 real-time PCR system (Applied
Biosystems) with the primers.

Crystal violet assay
Cells were seeded at 1 � 104 cells/well in a 96-well plate or 1 � 105

cells/well in a 24-well plate for 24 hours. Cells were then treated with
the indicated drugs and doses, and incubated for 72 hours. Cells were
washed with phosphate-buffered saline (PBS) and stained with 0.5%
(w/v) crystal violet from Sigma-Aldrich for 30 minutes at room
temperature. Finally, plates were washed with tap water, air-dried,
and photographed.

Western blot analysis
Cells were washed in PBS and lysed in lysis buffer (20 nmol/L of

HEPES, 150 mmol/L of NaCl, 0.5% Triton X-100, 10% glycerol,
1 mg/mL of aprotinin, 1 mg of leupeptin, 1 mmol/L of Na3VO4, and
1 mmol/L of NaF). For immunoblotting, anti–phospho-ERK1/2,
anti-ERK1/2, anti–phospho-EGFR, and anti-EGFR purchased from
Cell Signaling Technology Inc., anti–a-actinin and anti-ERa pur-
chased from Santa Cruz Biotechnology Inc. were used. For quan-
tifying intensity of the protein bands, ImageJ software was used
(http://imagej.nih.gov/ij) and normalized by GAPDH.

Hormone dependency and cell viability assay using automated
live-cell imaging instrument and analysis

Breast cancer cells were seeded into a 96-well plate at a density of 1�
104 cells/well, and cultured in phenol red-free and serum-free medium
overnight. The cells were then exposed tomedium containing 10%FBS

plus or minus growth factors, 0.1 nmol/L E2 or 100 ng/mL EGF, or
DMSO for control. Then, the cells were collected for RNA/protein
extraction after 24 hours, or cell growth was measured at each time
point using IncuCyte ZOOM (Essen Biosciences) for 5 days. Images
using the software were captured every 3-hour interval from three
different regions per well with a 20� objective. For testing tamox-
ifen sensitivity, cells were seeded into a 96-well plate at a density of
1 � 104 cells/well, cultured for 24 hours, and then treated with the
indicated concentrations of tamoxifen and/or romidepsin for
72 hours. To analyze cell confluency, cells were measured using
IncuCyte ZOOM to assess cell viability rates according to the
manufacturer’s instructions.

Results
A mathematical model of the BLT

We summarized the workflow of this study in Supplementary
Fig. S1. There are various regulatory feedback and interactions inter-
twined in cancer cells that the mechanism of driving the BLT may not
be easily predictable. To systemically analyze this mechanism, we have
constructed a mathematical model that can explain the dynamics
between basal-like and luminal A breast cancer cells during the BLT.
For this purpose, we have reconstructed our network model based on
two major pathways, EGFR and ERa signaling, that govern cell
growth, survival, and tumorigenesis in these cell types (29, 30) by
using public databases such as Kyoto Encyclopedia of Genes and
Genomes (31). We also used the activity of these receptors in the
pathways, ERa and EGFR, as a major phenotypic marker node for
determining a cellular state for the luminal A and basal-like subtype,
respectively. We further identified and integrated DEGs for the
corresponding subtypes as additional phenotypic markers in our
network model (Supplementary Fig. S2A; Supplementary File S2).
For this, we compared the mRNA expression profiles of TCGA basal-
like and luminal A breast cancer patients, and we listed the top 10%
rankedDEGs (Fig. 1A) that are highly expressed in one of the subtypes
but lowly expressed from another for each subtype. The selected nodes
and their associated links in our network model are literature-based
and supported by experimental evidence obtained from public data-
bases (Supplementary File S3). We also confirmed the expression
patterns of these selectedDEGs from the corresponding TCGApatient
samples by using the CCLE andMETABRIC (32) cohorts (Fig. 1B–G;
Supplementary Fig. S2B–S2G). As a result, we have constructed a
simplified but essential regulatory network model for the BLT, which
consists of 30 nodes and 73 links that can present molecular interac-
tions between the ERa and EGFR signaling pathways as well as DEGs
of the corresponding subtypes (Fig. 2A).

Network modification specific to basal-like cell lines
Although cancer cell lineswere originated from the same tissue, they

have various differences depending on their genomic information,
including copy number alteration (CNA), mRNA expression, and
somatic mutation. Prior to computational simulation, we have mod-
ified our BLT network model to cell line–specific networks by ana-
lyzing genomic data of 21 basal-like breast cancer cell lines from the
CCLE cohort. We determined the functional results of each genomic
change for the nodes in ourmodel (Fig. 2B–D). A result of hierarchical
clustering using the functional genomic profile shows that the basal-
like cell lines fall into two groups (Fig. 2E). The main difference
between the two groups is that most cell lines have PI3K and/or PTEN
alterations in Group 1, whereas KRAS alteration is more frequent in
Group 2. Thus, we selected BT20 andMDA-MB-231 cell lines with the

Choi et al.

Cancer Res; 82(2) January 15, 2022 CANCER RESEARCH322

on January 18, 2022. © 2022 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from 

Published OnlineFirst November 29, 2021; DOI: 10.1158/0008-5472.CAN-21-0621 

http://imagej.nih.gov/ij
http://cancerres.aacrjournals.org/


corresponding alterations from each of the two groups (Supplemen-
tary Fig. S3). To modify our BLT model to cell line–specific networks,
we mapped the functional genomic alterations of these cell lines
onto our model to differentially rewire the network model (Fig. 2F;
Supplementary File 4).

Reflecting molecular features for the breast cancer subtypes to
the BLT model

To affirm that our BLT network model can reproduce the biological
condition of both luminal A and basal-like cells, we have performed
in silico simulation and observed the activity change of our network
components depending on the intensity of each input signal, estro-
gen (33) and EGF (34). Considering to perform these qualitative

simulations dependent on incoming signals, one can investigate the
dynamics of a network model by evaluating the output results based
on different concentrations of input signals (35). For detailed infor-
mation, please see Materials and Methods. We then compared our
results with previous experimental data to validate our model. As a
result, we were able to reproduce the physiological condition of
luminal A cells, of which, the activities of luminal A DEGs (36–38),
ERa (39), and ERa-downstreammolecules, including c-Src, AKT, and
ERK1/2 (40, 41), are dependent on the intensity of estrogen. In
contrast, the activities of basal-like DEGs (42, 43), EGFR, and
EGFR-downstream molecules, including PI3K, AKT, KRAS, and
ERK1/2 (34), are dependent on the intensity of EGF (Supplementary
Fig. S4A) in basal-like cells.

Figure 1.

DEG analysis for constructing the BLT network model.A,DEG analysis using TCGA database. TCGA samples of luminal A (n¼ 418) and basal-like (n¼ 138) subtypes
are in a green and purple rectangle, respectively. DEGs that were highly expressed from the luminal A subtype or basal-like subtype are in a yellow or blue rectangle,
respectively. The top-tier DEGs that were selected for the network construction are labeled in red. B and C, Some of the selected DEGs that were highly expressed in
the basal-like (n¼ 21;B) and luminal A (n¼ 12;C) subtype from theCCLE cohort.D–G, Someof the selectedDEGs thatwere highly expressed in thebasal-like (n¼801;
D) and luminal A (n¼ 1103; E) subtype from the METABRIC cohort. F and G, Some of the selected DEGs that were highly expressed in the basal-like (n¼ 138; F) and
luminal A (n ¼ 418; G) subtype from the TCGA cohort. Data were analyzed and are presented by two-sample Wilcoxon rank-sum (Mann–Whitney) test.
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Figure 2.

BLT networkmodel and itsmodification bymapping genomic information of basal-like cancer cell lines.A,Our constructed networkwith the selectedDEGs and their
molecular interactions by using public databases. B–D, Copy number alteration (B), mRNA expression (C), and functional mutation profile (D) of the network for 21
basal-like breast cancer cell lines. E, Using the genomic data of these cell lines, the functional genomic profile is created for each cell line. Clustering analysis was
performed and one cell line was selected from each cluster, MDA-MB-231 and BT20, to represent the basal-like subtype. F, Cell line–specific networks of the selected
breast cancer cell lines are shown. The BLT networkwasmodified to cell line–specific networks bymapping the functional genomic profile of corresponding cell lines.
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Furthermore, basal-like cancer cells are solely dependent on
EGFs to activate the downstream molecules even when estrogens
coexist due to ERa being absent on the cell membrane. To validate
this physiologic condition of the cells, we performed the same
simulation with differential input settings where EGF is increasing
its intensity from 0% to 100% by 1% increments with constitutively
active estrogen at 0%, 50%, or 100% (Supplementary Fig. S4B). At
0% of active estrogen, the basal-like DEGs, EGFR, and its down-
stream molecules respond to EGF and continuously increase their
activity as the intensity of EGF increases. However, the activity of
luminal A DEGs and ERa shows no change because there is no
estrogen. At 50% of active estrogen, the activity of basal-like DEGs,
EGFR, and EGFR-downstream molecules increases, whereas the
activity of luminal A DEGs and ERa decreases. Likewise, at 100% of
active estrogen, the activity of basal-like–related nodes is dependent
on EGF and increases their activity, whereas the luminal A–related
nodes decrease their activity even with constitutively active estrogen
at the highest level of intensity. These results illustrate that our
model can well reproduce the cellular responses of basal-like cancer
cells as well as luminal A cancer cells according to various input
settings. Therefore, it is pertinent to note that our model is adequate
to investigate the mechanism of the BLT at a system level.

Identifying possible targets for BLT through a systems
biological approach

Next, we employed a complex network control strategy called
logical domain of influence (LDOI)-based target control strategy (44)
to identify potential targets that can drive the BLT and uncover its
underlying mechanisms in our network model. The LDOI of a node
can be defined as nodes and their corresponding state that are
influenced and ultimately become stabilized by the node regardless
of any initial states of a system. The algorithm of LDOI-based target
control strategy retracts back what state of nodes influences a specific
target node of interest based on the provided logical rules of a network
model. As a result, it revealed nodes and their corresponding states as
solution sets that can drive a system to any desired state (44).

Our networkmodel does not have a single node that defineswhether
an attractor has either luminal A or basal-like phenotype. Thus, we
have defined the luminal A and basal-like phenotype according to the
activity of phenotypic markers within attractors. For instance, we
defined a state as luminal A if the activity of ERa and/or luminal A
DEGs are active (ON), and EGFR signaling molecules and/or basal-
like DEGs are inactive (OFF). Conversely, we defined a state as basal-
like if the activity of EGFR signalingmolecules and/or basal-like DEGs
are ON, and ERa and/or luminal A DEGs are OFF. Hereafter, we
denoted “�” as OFF or negation of a node. For instance, [�EGFR]
corresponds to “EGFR OFF” or “NOT EGFR”. Due to complexity
problem, we primarily considered identifying potential targets that can
induce the activity of ERa and luminal A DEGs, and simultaneously
block the activity of EGFR and its downstream molecules. Among the
list of solution sets, we identified the optimal targets that can also
predominantly block the activity of basal-like DEGs to prompt the
BLT. From the BLT network without any mutation (nominal), we
found a total of three potential target solution sets, which are [�KRAS,
�HDAC1/2], [�PI3K, �HDAC1/2], and [�HDAC1/2, �BCL11A]
(Table 1). For modifying our model to cell line–specific networks, we
fixed KRAS as ON for the MDA-MB-231 network according to our
functional genomic alteration profile. Likewise, we fixed PI3K as ON
and PTEN as OFF for the BT20 network. As a result, we found
potential target solution sets as [�PI3K, �HDAC1/2] and
[�HDAC1/2, �BCL11A] for the MDA-MB-231 network, and

[�KRAS, �HDAC1/2] and [�HDAC1/2, �BCL11A] for the BT20
network. Interestingly, [�HDAC1/2, �BCL11A] was commonly
found in all our nominal and cell line–specific network models, and
thereby is the optimal combinatorial targets that can sufficiently
induce the BLT. These results were in accordance with our quantitative
Boolean attractor simulation by perturbing every single and double
node(s) in our network models (Supplementary Fig. S5).

Double KO of BCL11A and HDAC1/2 drives the cell-fate
switching to luminal A phenotype

An expanded network provided by the LDOI-based target control
strategy is similar to hypergraph that integrates regulatory interactions
and dynamics of a network (44). We employed the expanded network
of our BLTmodel to analyze howBCL11A andHDAC1/2 interact with
the other network components. The resulting expanded network of
our model encompasses every footprint of the network components,
including all possible initial states (basal-like phenotype) to our desired
state, luminal A (Fig. 3A). We then analyzed how the BLT is occurring
by navigating the transition after each perturbation, HDAC1/2 KO
and/or BCL11A KO.

KO of HDAC1/2 induced the activity of [ESR1], which prompted
the activity of luminal A DEGs and ERa as well as directly initiated
[�EGFR] and [�ERK1/2] (Fig. 3B). As soon as ERa was activated,
its direct downstream molecule, [c-Src], was also activated and
induced its further downstream molecules, including [AKT] and
[ERK1/2]. Therefore, KO of HDAC1/2 initially induced the activity
of ERa and luminal A DEGs but ultimately turned OFF their
activity by activating the EGFR downstream molecules that are
shared with the ERa signaling pathway (Fig. 3B). In contrast, KO of
BCL11A directly downregulated [PI3K], [AKT], and some of the
basal-like DEGs such as [SOX11], [ZEB1], and [SLUG] (Fig. 3C). It
can also partially regulate the activity of HDAC1/2 that can be
turned OFF only if both [AKT] and [ERK1/2] are inactive. Togeth-
er, it is imperative that both KO of HDAC1/2 and BCL11A are
required to induce the activity of ERa and luminal A DEGs, and
simultaneously block the activity of EGFR signaling molecules and
basal-like DEGs.

Table 1. LDOI solutions that drive basal-like to luminal A state.

No. LDOI target solution
Total number of
solutions found

Network without any genomic alteration
1 BCL11A OFF & HDAC1/2 OFF 46
2 PI3K OFF & HDAC1/2 OFF 11
3 KRAS OFF & HDAC1/2 OFF 10

BT20 network
1 BCL11A OFF & HDAC1/2 OFF 16
2 KRAS OFF & HDAC1/2 OFF 12

MDA-MB-231 network
1 BCL11A OFF & HDAC1/2 OFF 32
2 PI3K OFF & HDAC1/2 OFF 4

Note: A list of LDOI solution sets that can drive a state to luminal A state with
luminal A phenotypic marker nodes ON and basal-like phenotypicmarker nodes
OFF. The luminal A phenotypic marker nodes include ERa, C6orf97, KRT18,
FOXA1, ESR1, CA12, ANXA9, and GATA3. The basal-like phenotypic marker
nodes include EGFR, AKT, and ERK1/2.
Desired state:
ON: ERa, C6orf97, KRT18, FOXA1, ESR1, CA12, ANXA9, GATA3.
OFF: EGFR, AKT, ERK1/2.
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Modification of dynamic stability of the attractors after KO of
BCL11A and HDAC1/2

To investigate dynamic stability of the states and to examine
effectiveness of the targets for the BLT, we performed attractor
landscape analysis by mathematically analyzing the basin of each
attractor. An attractor is a steady state within a network model that
can be defined by binary activity ofmolecules (23). The attractor can be
either stabilized at a single state, which is named as a point attractor, or

as a limit cycle of multiple states that are recurrently traversed by
dynamics of a network, which is named as a cyclic attractor (45).
Boolean network with n nodes has 2n different initial states as their
entire state space. A basin of attractors is a set of initial states that will
ultimately converge to a particular attractor determined by the inter-
actions between network components. We can analyze the relative
stability of those components by measuring the basin size of attrac-
tors (46, 47). For this, we first defined the phenotype of each attractor

Figure 3.

Themechanisms of BLT induced by KOof BCL11A andHDAC1/2.A, The entire state transitions are shown. Each node represents an individual state of node(s)making
a transition from one to another. The commonly shared expanded network of our BLT and cell line–specific models after inhibiting BCL11A and HDAC1/2. The effect
after HDAC1/2 KO or BCL11A KO is represented by red or blue arrows, respectively. The state transition that approaches basal-like or luminal A phenotype is
represented by solid or dotted arrows, respectively. B, The state transitions after KO of HDAC1/2 or BCL11A are shown in a hierarchical order. KO of HDAC1/2
(�HDAC1/2) or BCL11A (�BCL11A) is represented by red or blue drug, respectively. The basal-like–related nodes’ names are labeled in red, and the luminal A–related
nodes’ names are labeled in blue. A state of basal-like–related node ON, or a state of both basal-like–related nodeON and luminal A–related node OFF is color-coded
in green. A state of luminal A–relatednodeOFF, or a state of both basal-like–related nodeONand luminal A–relatednodeON is color-coded in lighter green. A state of
basal-like–related node OFF, or a state of both luminal A–related node OFF and basal-like–related node OFF is color-coded in yellowish green. A state of luminal A–
related node ON, or a state of both luminal A–related node ON and basal-like–related node OFF is color-coded in yellow. C,Overall schematic representation of the
regulation after KO of HDAC1/2 and/or BCL11A. Nodes that are regulated by HDAC1/2 are within the dotted boundary in red. Nodes that are regulated by BCL11A are
within the dotted boundary in blue.
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by using binary activities of the phenotypic marker nodes within each
attractor (see Materials and Methods for details). We then calculated
how many initial states converge to the attractors with a particular
phenotype over time out of a total number of the initial states in each
network before and after the target perturbation. In theMDA-MB-231
network (no perturbation), there were four attractors whose pheno-
type is basal-like according to their phenotypic score, and the basin of
luminal A was 0% (Fig. 4A). After KO of BCL11A or HDAC1/2 from
the network, there were distributed attractors, including point and
cyclic attractors with repeatedly visited luminal A states, and the basin
of luminal A phenotype was increased to 49.342% or 33.956%,
respectively. When both BCL11A and HDAC1/2 were KO, the basin
of the entire eight attractors was shown to have the luminal A
phenotype with 100% basin size. These results were consistent with
the BT20 network (Fig. 4B).

High expressions of BCL11A and/or HDAC1/2 correlated with
poor prognosis

To validate our network analysis and simulation results, we per-
formedKaplan–Meier analysis of overall survival among basal-like and/
or luminal A patients using TCGA (Fig. 4C–K) and METABRIC
(Supplementary Fig. S6) cohorts. Among TCGA basal-like patients
(n ¼ 115), overall survival for BCL11A (high ¼ 27, low ¼ 29,
P ¼ 0.049), HDAC1 (high ¼ 16, low ¼ 28, P ¼ 0.04), and HDAC2
(high¼ 17, low¼ 27, P¼ 0.012) showed that high expressions of these
genes were correlated with poor prognosis (Fig. 4C–E). Similar results
were shown from TCGA luminal A patients (n ¼ 356; Fig. 4F–H).
Finally, among basal-like and luminal A patients (n ¼ 471), Kaplan–
Meier analysis of overall survival for BCL11A (high ¼ 76, low ¼ 93,
P¼ 0.049),HDAC1 (high¼ 51, low¼ 89,P¼ 0.024), andHDAC2 (high
¼ 91, low ¼ 94, P ¼ 0.011) also showed that high expressions of the
corresponding genes were correlated with poor prognosis (Fig. 4I–K).
These resultswere in concordancewith the results using theMETABRIC
dataset (Supplementary Fig. S6).

BCL11A and HDAC1/2 regulate protein activities and mRNA
expression of luminal A and basal-like phenotypic markers

To further validate our analyses, we performed in vitro experiments
for short hairpin RNA (shRNA) knockdown (KD) and drug treatment
in three of the basal-like breast cancer cell lines, MDA-MB-231 (Fig. 5;
Supplementary Fig. S7), BT20 (Fig. 5), and HS578T (Supplementary
Fig. S7A and S7B). All experiments were repeated three times.We have
observed the BLT through cell culture experiments (mRNA, protein
expressions, and cell morphology), drug responsiveness, and growth
factor–dependent cell growth. We used shRNA for blocking BCL11A
gene (Fig. 5A and C), whereas romidepsin (an HDAC1/2-specific
inhibitor; Fig. 5B and D) that biochemically binds to HDAC1/2 to
prevent their protein activity. We also have used shRNA for blocking
HDAC1/2 genes in theMDA-MB-231 cells to observe the expression of
ESR1 and ERa (Supplementary Fig. S7C and S7D). The effect of BLT
using shRNA was consistent with romidepsin through the mRNA
expression of ESR1 and protein expression of ERa.

Blocking HDAC1/2 remarkably increased the mRNA expression of
ESR1 by 4-fold in MDA-MB-231 cells (P¼ 0.048) and 2-fold in BT20
cells (P ¼ 0.049; Fig. 5B and D). KD of BCL11A did not show much
change for the expression of ESR1 in MDA-MB-231 cells (P¼ 0.015),
whereas it increased the expression of ESR1 by 1.5-fold in BT20 cells
(P ¼ 0.035). After both BCL11A and HDAC1/2 were inhibited, the
expression of ESR1 was increased by 10-fold in MDA-MB-231 cells
(P ¼ 0.005) and 3.5-fold in BT20 cells (P ¼ 0.003). These results
showed that the fold changes of ESR1 expression after inhibiting the

target(s) can vary depending on the cell lines with different mutation
profiles. However, it was consistent that inhibiting both BCL11A and
HDAC1/2 can synergistically increase the expression of ESR1 to drive
the BLT in both MDA-MB-231 and BT20 cells.

Next, we accessed the effect of BLT by measuring the protein
expression of ERa, EGFR, and ERK1/2 and then quantified the results
using ImageJ software. Using romidepsin to block HDAC1/2 consid-
erably increased the expression of ERa in BT20 cells. Although the
effect was not as substantial in shBCL11A-treated cells, the expression
of ERa was increased by 15-fold in MDA-MB-231 cells (P ¼ 0.031)
and 18-fold in BT20 cells (P¼ 0.046) after inhibiting bothBCL11A and
HDAC1/2.Moreover, the expression of phosphorylatedEGFR (pEGFR)
was decreased by 10-fold in MDA-MB-231 cells (P ¼ 0.047) and 100-
fold in BT20 cells (P ¼ 0.006) after inhibiting both BCL11A and
HDAC1/2. Similarly, the expression of phosphorylated ERK1/2
(pERK1/2) was reduced by 3-fold in MDAMB231 cells (P < 0.001) and
114-fold in BT20 cells (P ¼ 0.003; Fig. 5E and F).

BCL11AandHDAC1/2 regulate tamoxifen sensitivity in basal-like
breast cancer cells

Increased protein expression of ERa in basal-like cells after blocking
BCL11A and HDAC1/2 suggested that the cells have been repro-
gramed into luminal A cells. We hypothesized that these repro-
grammed cells would now be sensitive to anti-hormone treatment
targeting ERa. To validate this hypothesis, we used 5 mg/mL of 4-OH-
tamoxifen (tamoxifen), which is an ERa-targeted drug for luminal
breast cancer patients, to treat MDA-MB-231 and BT20 cells. While
the control cells (shScrambled) showed no sensitivity, BCL11A-
silenced cells (using shBCL11A) or HDAC1/2-inhibited cells (using
romidepsin) showed some sensitivity to tamoxifen. As expected, the
cells that were treated with both shBCL11A and romidepsin, which
had the highest protein expression level of ERa, showed the most
sensitivity to tamoxifen in both MDA-MB-231 (Fig. 5G and I) and
BT20 (Fig. 5H and J) cells. These results support our hypothesis that
depletion of both BCL11A and HDAC1/2 can sufficiently induce the
BLT through their increased expression of ESR1 and ERa, and
tamoxifen sensitivity.

Overexpression of BCL11A and HDAC1/2 can reactivate EGFR–
ERK1/2 signaling in luminal A cells

To further validate, we conversely performed in vitro experiments
for BCL11A and HDAC1/2 overexpression (OE), and drug treatment
in two of the luminal A breast cancer cell lines, T47D (Fig. 6) and
MCF7 (Supplementary Fig. S7E–S7I). Fold difference >1.5-fold
increase was considered to be overexpression. BCL11A and/or
HDAC1/2OEdid not show dramatic changes of ESR1 or EGFRmRNA
expression levels in T47D cells (Fig. 6A–C). After BCL11A or
HDAC1/2 OE, however, we observed decreased protein expressions
of ERa as well as increased expressions of pEGFR and pERK1/2.
Almost no expression of ERa was observed when all these genes were
overexpressed in T47D cells (Fig. 6D). Similarly, BCL11A and
HDAC1/2 OE synergistically decreased the expression of ESR1 for
2-fold and increased the EGFR expression for 30-fold in MCF7 cells
(Supplementary Fig. S7E–S7G) as well as their protein expressions
accordingly (Supplementary Fig. S7H). Moreover, BCL11A and/or
HDAC1/2 OE also drastically changed the morphology of MCF7 cells
towards a more mesenchymal-like phenotype (Supplementary
Fig. S7I).

Decreased protein expression of ERa in luminal A cells after
BCL11A andHDAC1/2OE suggested that the cells possibly have been
reprogramed into basal-like cells that are not responsive to tamoxifen.
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Figure 4.

Dynamic stability of the attractors and patient
outcomes depend on the expression of BCL11A
and HDAC1/2. The basin size of attractors is used
to analyze the stability of each state. Each
attractor is defined as a basal-like or luminal A
phenotype in pink or green, respectively.A, In the
MDA-MB-231 network (no perturbation), there
are four major attractors in blue, red, yellow, and
green, and all of them have the luminal A phe-
notype with 0% basin. After BCL11A KO, there
were eight attractors, including both point and
cyclic attractors, and the basin of luminal A
phenotype was increased to 49.3%. After
HDAC1/2 KO, there were 12 attractors, including
both point and cyclic attractors, and the basin of
luminal A phenotype was 34%. After BCL11A and
HDAC1/2 KO, the basin of the networkwas shown
to have the luminal A phenotype with 100%. B, In
the BT20 network (no perturbation), there are
four major attractors with 0% basin of the luminal
A phenotype. After BCL11A KO, there were 12
attractors and the basin of luminal A phenotype
was increased to 46.6%. The network has 57.7%
or 100% of the luminal A phenotype after
HDAC1/2 KO or both BCL11A and HDAC1/2 KO,
respectively. Kaplan–Meier analysis of overall
survival among basal-like patients (n ¼ 115) with
high (n ¼ 27) and low (n ¼ 29) expression of
BCL11A (C), high (n ¼ 16) and low (n ¼ 28)
expression of HDAC1 (D), and high (n ¼ 17) and
low (n¼27) expression ofHDAC2 (E) usingTCGA
cohort. Overall survival among TCGA luminal A
patients (n¼ 356)with high (n¼ 52) and low (n¼
86) expression of BCL11A (F), high (n ¼ 35) and
low (n ¼ 62) expression of HDAC1 (G), and high
(n ¼ 54) and low (n ¼ 89) expression of HDAC2
(H). Overall survival among basal-like and
luminal A patients (n ¼ 471) with high (n ¼ 76)
and low (n ¼ 93) expression of BCL11A (I), high
(n ¼ 51) and low (n ¼ 89) expression of HDAC1
(J), and high (n¼ 91) and low (n¼ 94) expression
of HDAC2 (K).
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To validate our hypothesis, we used 10 mg/mL of tamoxifen to treat
the cells. While the control cells responded to tamoxifen, BCL11AOE
and/orHDAC1/2OE cells showed no sensitivity to tamoxifen in T47D
cells (Fig. 6E–G). These results further substantiate our hypothesis
that both BCL11A and HDAC1/2 OE can conversely induce the
reverse-BLT through the upregulated expression of pERK1/2 and
pEGFR as well as the downregulated expression of ERa, which
ultimately regulate tamoxifen sensitivity.

BCL11A andHDAC1/2 regulate cell growth dependency in basal-
like and luminal A cells

To analyze cell growth dependency on different growth factors, cells
were measured using IncuCyte ZOOM to assess cell viability rates.
While the shScrambled basal-like cells showed no dependency on
estradiol (E2) for growth, shBCL11A or shHDAC1/2 cells showed
some dependency, and shBCL11A and shHDAC1/2 cells became fully
dependent on E2 for growth (Supplementary Fig. S8A). When treated
with EGF, the shScrambled cells were dependent on EGF for growth,
whereas all of BCL11A- and/or HDAC1/2-silenced cells showed no
dependency on EGF for growth (Supplementary Fig. S8B). This is due
to increased protein expressions of ERa (Supplementary Fig. S8C) and
decreased expressions of pEGFR and pERK1/2 (Supplementary
Fig. S8D) after inhibiting BCL11A and HDAC1/2. Furthermore, E2-
triggered basal-like cells showed increased RNA expression patterns of
ERa downstream target genes after silencing the target(s) (Supplemen-
tary Fig. S8E), whereas the cells showed no change or decreased RNA
expression patterns of EGFR downstream target genes even after EGF
stimulation (Supplementary Fig. S8F). This indicates that inhibition of
BCL11A andHDAC1/2 not only enhances targetability of basal-like cells
but also switches their dependency from EGF to E2 for growth.

To further validate, we conversely analyzed cell growth dependency
in luminal A cells. The results showed that the control cells had
complete dependency on E2 for growth, whereas BCL11A and/or
HDAC1/2 OE cells were not dependent on E2 for growth (Supple-
mentary Fig. S8G). In addition, the control cells did not show any cell
growth increase after EGF stimulation, whereas BCL11A and/or
HDAC1/2 OE cells showed dependency on EGF for growth (Supple-
mentary Fig. S8H). Although the OE cells still showed increased
protein expressions of ERa after E2 stimulation (Supplementary
Fig. S8I), they also showed increased expression of pEGFR and
pERK1/2 (Supplementary Fig. S8J), which possibly had led them to
depend onEGF for growth. Furthermore, E2-triggeredBCL11A and/or
HDAC1/2 OE luminal A cells showed no change in RNA expression
patterns of the ERa-downstream target genes in contrast to their
control (Supplementary Fig. S8K). However, the OE cells showed
increased RNA expression patterns of the EGFR downstream target
genes after EGF stimulation (Supplementary Fig. S8L). These results
further support our hypothesis that depletion of both BCL11A and
HDAC1/2 can sufficiently induce the BLT, whereas BCL11A and
HDAC1/2 OE can conversely induce the reverse-BLT through acti-
vating the EGFR pathway.

Discussion
Switching the signal flow from the EGFR- to ERa signaling pathway

can make cells rely on the ERa cascade for their growth. This can be
partially done by solely blocking BCL11A in our network model. The
role of BCL11A KO is to inactivate the EGFR/AKT signaling pathway
by blocking its interaction with PI3K, which is in accord with the
previous study (48). To inactivate further downstreammolecules such
as ZEB1, SLUG, and SOX11, ERK1/2 also needs to be inactivated,

which can be done by blocking HDAC1/2. KO of HDAC1/2 has two
opposite roles in our network model. It initially induces the activity
of ESR1 and thereby reduces the activity of EGFR, ERK1/2, and the
basal-like DEGs, CDCA7 and ZEB1. This is consistent with previous
studies that HDAC1/2 transcriptionally regulates various genes,
including ESR1 (49, 50) and EGFR (47, 51). Inactivation of both
ERK1/2 and AKT can terminate the activity of entire basal-like DEGs.
Moreover, induction of ESR1 activity further activates ERa and most
luminal A DEGs. As soon as the activity of ERa is induced, however, it
starts to trigger the activity c-SRC and its downstream molecules
that are shared between the EGFR and ERa signaling pathways. As a
result, the EGFR signaling molecules as well as the basal-like DEGs
become activated and, eventually, intervene positive feedback
between the luminal A DEGs and ERa signaling pathway. Therefore,
both BCL11A and HDAC1/2 are required to be terminated to
completely reprogram basal-like cells into luminal A cells by turning
OFF the basal-like phenotypic nodes and turning ON the luminal A
phenotypic nodes.

To confirm that our results are clinically reasonable, we analyzed the
gene expression data of 356 patients with breast cancer with tamoxifen
treatment. We first categorized the patient samples into four groups,
BCL11A&HDAC1/2 high, BCL11A low,HDAC1/2 low, and BCL11A
& HDAC1/2 low, based on the expression of these genes. We then
analyzed the relationship between tamoxifen sensitivity and the
expression of our target genes according to each conditional subgroup.
As a result, a higher percentage of the tamoxifen-resistant group was
enriched within the BCL11A & HDAC1/2 high group, whereas the
tamoxifen-sensitive group was highly enriched in the BCL11A &
HDAC1/2 low group (Supplementary Fig. S9A). Thus, we further
affirmed that high expressions of the target genes were enriched in the
tamoxifen-resistant patient group and inhibiting them can possibly
drive the patients to become sensitive to the drug.

Finally, we performed GSVA to assess gene set enrichment of
these patient samples by calculating sample-wise gene set enrich-
ment scores of various gene sets that are associated with the ERa
and EGFR signaling pathways. GSVA scores of the gene sets that are
upregulated in basal-like or luminal A breast cancer (Supplemen-
tary Fig. S9B), and are downstream genes of ERa or EGFR signaling
pathway (Supplementary Fig. S9C) for each of the conditional
subgroups. These results show that cancer cells with high expression
levels of BCL11A and HDAC1/2 are more likely to be tamoxifen-
resistant and dependent on the EGFR signaling pathway for growth.
Conversely, cancer cells with low expression levels of BCL11A and
HDAC1/2 are more likely to be tamoxifen-sensitive and dependent
on the ERa signaling pathway for growth. Therefore, blocking
BCL11A and HDAC1/2 will drive tamoxifen-resistant cells to
activate the ERa signaling pathway, which may provide a vulner-
ability for endocrine therapy in basal-like patients.

HDAC1/2 is a well-known epigenetic regulator that governs the
expression of ERa (49) by removing acetyl groups that are bound at the
estrogen response element (ERE) site of ERa or from the promoter
region of ESR1 (52). In addition, BCL11A is a transcription factor that
regulates the cell cycle and apoptosis in lymphoma and hematopoietic
stem cells (24, 53). BCL11A is also known for regulating various
chromatin regulators such as histone deacetylases. A previous study
showed that BCL11A can recruit endogenous SIRT1, the class III
histone deacetylase, to the promotor template, which plays an impor-
tant role in transcriptional regulation (54). In addition, BCL11A is a
potential regulator of fetal hemoglobin that can ameliorate the major
b-hemoglobin disorders by regulating the nucleosome remodeling
deacetylase (NuRD) complex, including HDAC1/2, in erythroid
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cells (55, 56). Furthermore, its interaction with histone deacetylase
complexes promotes tumorigenesis in triple-negative breast cancer
(TNBC; ref. 57). Although BCL11A and HDAC1/2 were previously
reported as highly expressed genes in TNBC (49, 58), their role in the
cellular functions of breast cancer cells was not previously identified.

Cancer is a highly heterogeneous disease with various genetic and
epigenetic modifications. Although we are only considering two
subtypes within breast cancer, our analysis has shown that even these
relatively homogeneous groups of patients with breast cancer and cell
lines could be very heterogeneous with their diversified mutation
profiles. For instance, we found out from our in vitro experiments
that interactive relationships between BCL11A andHDAC1/2 could be
different at the gene expression level and independently related to
cancer subtypes or cell types with different mutation profiles. In
addition, the scope of this study was limited to in vitro experiments

to validate the identified targets using the systems biological approach.
Even with our effort to overcome these limitations, it is still hard to
rationalize that our network can recapitulate the entire basal-like and
luminal A breast cancer subtypes with diverse genetic backgrounds.
Thus, it is imperative to study the relationship between BCL11A and
HDAC1/2 more in-depth using animal models as well as to more
precisely represent each of patient samples and cell lines.

Here, we suggest that highly expressed BCL11A may recruit more
frequently existing HDAC1/2 to the promoter region of ESR1 to block
its transcription as well as its target genes. Moreover, we show how
double inhibition of BCL11A andHDAC1/2 can regulate the ERa and
EGFR signaling cascades as well as the basal-like and luminal DEGs to
synergistically reprogram basal-like cells into luminal A cells, and vice
versa. Therefore, our study demonstrates that the systems biological
approach to identify such targets can be a useful tool for analyzing

Figure 5.
Effects of BCL11A and HDAC1/2 silencing on mRNA and protein expressions, and tamoxifen drug response. A–D, Effects of mRNA expression after silencing BCL11A
and HDAC1/2 in MDA-MB-231 and BT20 cells. The mRNA expression of BCL11Awas effectively silenced with BCL11A shRNA sequences in MDA-MB-231 (A) and BT20
(C) cells. The mRNA expression of ESR1 after inhibiting BCL11A and/or HDAC1/2 in MDA-MB-231 (B) and BT20 (D) cells. E and F, Protein expression of ERa, and
phosphorylated EGFR (pEGFR) and ERK1/2 (pERK1/2) after inhibiting BCL11A and/or HDAC1/2 in MDA-MB-231 cells (E) and BT20 cells (F). Bottom, representative
Western blot results were quantified by ImageJ and normalized by GAPDH. G and H, Drug sensitivity to tamoxifen after inhibiting BCL11A and/or HDAC1/2 in
MDA-MB-231 cells (G) and BT20 cells (H). I and J, Images of MDA-MB-231 cells (I) and BT20 cells (J) were taken after 3-day treatment with the indicated drugs. Left,
MDA-MB-231 cells expressing vector alone, or shBCL11A and/or treatedwith romidepsin (R; 0.04 mmol/L for MDA-MB-231 or 0.06 mmol/L for BT20), respectively, are
shown. Right, corresponding cells treated with tamoxifen (Tam; 5 mmol/L) are shown. Bottom, crystal violet staining of cells treated with the indicated drugs. shScr,
scrambled shRNA. shBCL11A,BCL11A shRNA (#1, sequence #1; #2, sequence #2). Data are presented asmean� SEM (error bars; n¼ 3). �, P <0.05; �� , P <0.01; ��� , P <
0.001 by Student t test.

Figure 6.

Effects ofBCL11A andHDAC1/2 overexpression and tamoxifen drug responses.A, ThemRNAexpression ofBCL11A,HDAC1, andHDAC2was effectively overexpressed
in T47D cells. B and C, The mRNA expression of ESR1 (B) and EGFR (C) after BCL11A and/or HDAC1/2 OE in T47D cells are shown. D, Protein expression of ERa and
pEGFRandpERK1/2 after overexpressingBCL11A and/orHDAC1/2.E, Left, T47Dcells expressing vector alone, orBCL11AOEand/orHDAC1/2, respectively, are shown.
Right, corresponding cells treatedwith tamoxifen (Tam: 10 mmol/L) are shown. F,Drug sensitivity to tamoxifen after overexpressingBCL11A and/orHDAC1/2 in T47D
cells. G, Crystal violet staining of cells treated with tamoxifen. BCL11A OE, BCL11A overexpression. HDAC1/2 OE, HDAC1/2 overexpression. Tam, tamoxifen. Data are
presented as mean � SEM (error bars; n ¼ 3). � , P < 0.05; �� , P < 0.01 by Student t test.
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and governing the repertoire of complex biological networks of
biological phenomena.
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