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Breast cancer is a heterogeneous disease, and breast cancer cell lines are invaluable for studying this heterogeneity. However, the
epigenetic diversity across these cell lines remains poorly understood. In this study, we performed genome-wide chromatin
accessibility analysis on 23 breast cancer cell lines, including 2 estrogen receptor (ER)-positive/human epidermal growth factor
receptor 2 (HER2)-negative (ER+/HER2−), 3 ER+/HER2+, 3 HER2+, and 15 triple-negative breast cancer (TNBC) lines. These cell lines
were classified into three groups based on their chromatin accessibility: the receptor-positive group (Group-P), TNBC basal group
(Group-B), and TNBC mesenchymal group (Group-M). Motif enrichment analysis revealed that only Group-P exhibited coenrichment
of forkhead box A1 (FOXA1) and grainyhead-like 2 (GRHL2) motifs, whereas Group-B was characterized by the presence of the
GRHL2 motif without FOXA1. Notably, Group-M did not show enrichment of either FOXA1 or GRHL2 motifs. Furthermore, gene
ontology analysis suggested that group-specific accessible regions were associated with their unique lineage characteristics. To
investigate the epigenetic landscape regulatory roles of FOXA1 and GRHL2, we performed knockdown experiments targeting
FOXA1 and GRHL2, followed by assay for transposase-accessible chromatin sequencing analysis. The findings revealed that FOXA1
maintains Group-P–specific regions while suppressing Group-B–specific regions in Group-P cells. In contrast, GRHL2 preserves
commonly accessible regions shared between Group-P and Group-B in Group-B cells, suggesting that FOXA1 and GRHL2 play a
pivotal role in preserving distinct chromatin accessibility patterns for each group. Specifically, FOXA1 distinguishes between
receptor-positive and TNBC cell lines, whereas GRHL2 distinguishes between basal-like and mesenchymal subtypes in TNBC lines.
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INTRODUCTION
Breast cancer is a complex disease that exhibits substantial
heterogeneity. Current clinical practice relies on classifications
based on gene expression patterns, such as intrinsic molecular
subtypes and hormone receptor/human epidermal growth factor
receptor 2 (HER2) expression [1–4]. However, previous studies
have highlighted heterogeneity extending beyond gene expres-
sion across breast tumors [5, 6]. For example, we previously
showed that a subset of estrogen receptor-positive (ER+) breast
cancers displays reduced accessibility to ER-responsive elements,
potentially leading to poor outcomes [7]. These findings under-
score the critical need to identify epigenetic states for a more
comprehensive understanding of breast cancer heterogeneity.
Breast cancer cell lines serve as pivotal models for studying

breast cancer. They are typically categorized into various subtypes,
primarily based on intrinsic subtype and/or receptor status.
Lehmann et al. classified triple-negative breast cancer (TNBC) cell
lines into six distinct groups: basal-like 1 (BL1), basal-like 2 (BL2),
immunomodulatory, mesenchymal (M), mesenchymal stem-like
(MSL), and luminal androgen receptor [8]. Multiple studies have
highlighted transcriptional heterogeneity in breast cancer cell

lines and primary tumors [9–11]. However, the epigenetic
heterogeneity underlying the transcriptomes of these cell lines
remains predominantly unexplored. Gaining insight into the
epigenetic landscape of breast cancer cell lines is crucial for more
precise disease modeling and elucidating key regulatory
mechanisms.
We investigated the epigenetic heterogeneity of 23 breast

cancer cell lines by profiling chromatin accessibility using the
assay for transposase-accessible chromatin sequencing (ATAC-
seq). We found that these cell lines could be categorized into
three distinct groups based on chromatin accessibility patterns.
Furthermore, we observed a significant correlation between these
epigenetic groups and the motif enrichment of two transcription
factors (TFs): forkhead box A1 (FOXA1) and grainyhead-like 2
(GRHL2). FOXA1 functions as a pioneer factor for ER, promoting
luminal-lineage proliferation [12, 13], whereas GRHL2 is known to
be involved in reprogramming ER signaling in breast cancer
development [14]. Our knockdown experiments demonstrated
that these TFs maintain accessibility to region-specific accessible
regions. Consequently, we not only elucidated the epigenetic
differences among breast cancer cell lines but also revealed a
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novel function of GRHL2 in distinguishing basal-like and
mesenchymal characteristics in these cells.

RESULTS
Classification of breast cancer cell lines into three distinct
subgroups based on chromatin accessibility patterns
Using chromatin accessibility analysis, we investigated the
epigenetic landscape in 23 breast cancer cell lines, including 2
ER+/HER2−, 3 ER+/HER2+, 3 HER2+, and 15 TNBC lines
(Supplementary Table 1). All cell lines exceeded a predefined
threshold for the transcription start site (TSS) enrichment score
(≥5) and exhibited a unique fragmentation size distribution
pattern with nucleosomal periodicity (Supplementary Fig. 1).
Through peak calling, we identified 140,246 reproducible cis-
regulatory elements (CREs) (Fig. 1a). A large proportion of these
CREs were located in distal regions, including distal intergenic
and intronic regions, whereas promoter elements constituted
only 21.7% of the total CREs, consistent with previous findings
[6, 7].
Based on CRE accessibility, correlation analysis among cell lines

enabled the identification of three distinct groups: the receptor-
positive group (Group-P), encompassing ER+ and/or HER2+ lines,
including T47D, MCF7, MDA-MB-361, BT474, YMB1, MDA-MB-453,
and SKBR3; the basal group (Group-B), primarily comprising basal-
like TNBC lines, such as HCC1937 (BL1), MDA-MB-468 (BL1),
HCC1806 (BL2), HCC38 (BL1), HCC1143 (BL1), and HCC70 (BL2) [8];
and the mesenchymal group (Group-M), including both mesench-
ymal and mesenchymal stem-like lines, such as BT549 (M), MDA-
MB-436 (MSL), MDA-MB-231 (MSL), Hs578T (MSL), and MDA-MB-
157 (MSL) [8] (Fig. 1b). Principal component analysis confirmed the
segregation of these chromatin accessibility groupings (Fig. 1c).
The cell line DU4475 displayed a unique chromatin accessibility
pattern, likely due to distinct biological properties arising from its
cutaneous metastatic nodule origin [15]. Notably, the accessibility
pattern of the top 5000 most variable CREs indicated that Group-B
exhibited high accessibility for CREs specific to both Group-P and
Group-M (Fig. 1d). This suggests that Group-B has intermediate
features of chromatin accessibility compared with the other
groups. In total, 23 breast cancer cell lines were categorized into
the three aforementioned groups based on chromatin
accessibility.

Motif enrichment of FOXA1 and GRHL2 associated with
chromatin accessibility–based groups of breast cancer
cell lines
To gain insight into the three distinct subgroups, we analyzed
enrichment of TF binding motifs within chromatin accessible
regions across cell lines. Clear differences in motif enrichment
patterns were observed between Group-P and Group-M (Fig. 2a).
In particular, motifs belonging to the forkhead TF family, E2A, and
GRHL2 were highly enriched in Group-P but less enriched in
Group-M. In contrast, TEAD, RUNX, and AP-1 family motifs
exhibited greater enrichment in Group-M, underscoring their
crucial role in the mesenchymal state of breast cancer [16–18].
Notably, Group-B showed low enrichment of the forkhead motifs
but displayed high enrichment of the GRHL2 motif (Fig. 2a).
We subsequently examined the luminal-lineage TFs ER and

FOXA1. Enrichment of the ER-responsive element exhibited low
variation among the three groups (Fig. 2b). In contrast, FOXA1
enrichment clearly distinguished Group-P from the other two
groups (Fig. 2c), highlighting FOXA1’s importance as a TF
associated with receptor-positive tumor lineages. Interestingly,
GRHL2 motif enrichment remained consistently high in both
Group-P and Group-B but was significantly lower in Group-M (Fig.
2d). These results suggest that the coexistence of FOXA1 and
GRHL2 is unique to Group-P, whereas Group-B is characterized by
the absence of FOXA1 and the presence of GRHL2. In contrast,

Group-M is characterized by the absence of both FOXA1 and
GRHL2.
To investigate the transcriptional activity of FOXA1 and GRHL2,

we evaluated the accessibility of genomic loci near these two
genes and analyzed their expression. Group-P cell lines showed
substantial chromatin accessibility not only around the FOXA1 TSS
but also in regions upstream and downstream of FOXA1,
indicating the presence of enhancer elements (Fig. 2e). In contrast,
Group-B cell lines exhibited moderate accessibility at the FOXA1
TSS but lacked accessibility in the enhancer regions observed in
Group-P (Fig. 2e). The GRHL2 TSS exhibited high accessibility in
Group-P and Group-B but lower accessibility in Group-M (Fig. 2f).
Consistent with these observations, the mRNA expression levels of
both FOXA1 and GRHL2 are high in Group-P cell lines (Fig. 2g).
However, in Group-B cell lines, FOXA1 expression is lower than in
Group-P, while GRHL2 expression remains at the same level as in
Group-P lines. In Group-M, both genes show very low expression.
These findings are consistent with the motif enrichment analysis
and underscore the relationship between FOXA1 and GRHL2
activities and chromatin accessibility patterns in breast cancer
cell lines.

Functional annotation of group-specific CREs reveals the
distinct epigenetic landscape associated with each group’s
unique properties
To explore epigenetic distinctions among groups, we conducted a
differential accessibility analysis, resulting in the identification of
six CRE sets: Group-P–specific (N= 8650), Group-B–specific
(N= 1552), Group-M–specific (N= 7660), Group-P/B–shared
(N= 8498), Group-B/M–shared (N= 12,505), and Group-M/
P–shared (N= 490) (Fig. 3a; Supplementary Table 2). Consistent
with prior findings indicating an intermediate epigenetic state in
Group-B compared with the other groups (Fig. 1d), we observed a
substantial number of accessible CREs shared between Group-P
and Group-B, whereas the number of CREs shared between
Group-P and Group-M was comparatively lower. Motif enrichment
analysis revealed significant enrichment of FOXA1 and GRHL2
motifs in Group-P–specific and Group-P/B–shared CREs (Fig. 3b;
Supplementary Table 3). Conversely, GRHL2 motifs were signifi-
cantly enriched in Group-B–specific CREs, whereas FOXA1 motifs
were absent.
We subsequently performed GREAT [19] Gene Ontology (GO)

analyses for each set of CREs. We found that Group-P–specific
CREs were associated with gland morphogenesis (Fig. 3c;
Supplementary Table 4). Conversely, Group-M–specific CREs
exhibited associations with processes related to extracellular
matrix organization and epithelial cell migration, indicating their
utility in characterizing the mesenchymal traits of Group-M cell
lines. Notably, both Group-B–specific and Group-P/B–shared CREs
showed associations with skin development, epidermal develop-
ment, and keratinocyte differentiation. These findings suggest that
group-specific CREs have a marked impact on establishing cellular
identity. Collectively, these findings emphasize the critical role of
FOXA1 in maintaining the epigenetic state of luminal or receptor-
positive cells. Although both Group-B and Group-M are TNBC cell
lines, they exhibit unique epigenetic profiles, with Group-B’s
epigenetic state being notably influenced by GRHL2.

FOXA1 and GRHL2 play a pivotal role in regulating the
accessibility of Group-P–specific, Group-B–specific, and
Group-P/B–shared CREs
Although motif enrichment analysis offers valuable insight into
the potential activity of TFs, it cannot definitively establish their
roles. Therefore, we conducted knockdown experiments targeting
FOXA1 (FOXA1-KD) and GRHL2 (GRHL2-KD) in T47D (Group-P) and
HCC38 (Group-B) to determine their involvement in the chromatin
accessibility of Group-P–specific, Group-B–specific, and Group-P/
B–shared CREs. We examined the expression analysis after
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knockdown, which showed the successful knockdown of both
genes in these cell lines (Supplementary Fig. 2a–d).
We first knocked down FOXA1 and GRHL2 in T47D followed by

ATAC-seq analysis. FOXA1-KD led to reduced accessibility to
Group-P–specific CREs (Fig. 4a, b) and, surprisingly, increased
accessibility to Group-B–specific CREs (Fig. 4c). In contrast, the
accessibility of Group-P/B–shared CREs remained unaffected
(Fig. 4d). GRHL2-KD caused a slight decrease in the accessibility

of Group-P/B–shared CREs, with no effects on either Group-
P–specific and Group-B–specific CREs (Fig. 4a–d). These findings
suggest that FOXA1 maintains the accessibility of Group-
P–specific CREs while suppressing the accessibility of Group-
B–specific CREs, with no significant effect on the accessibility of
Group-P/B–shared CREs. Furthermore, GRHL2 is partially
involved in regulating Group-P/B–shared CREs in the Group-P
cell line.

Fig. 1 Classification of breast cancer cell lines based on chromatin accessibility profiles. a Genomic features of 140,246 merged
reproducible peak sets. UTR: untranslated region. b Heatmap of Pearson’s correlations for ATAC-seq signals with all reproducible peaks.
c Principal component analysis using the ATAC-seq profiles of cell lines. d Heatmap showing the chromatin accessibility of the top 5000
variable peaks. Annotations above the heatmap represent the receptor statuses of cell lines.
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Subsequently, FOXA1- and GRHL2-KD was conducted in HCC38,
followed by ATAC-seq analysis. For Group-P–specific CREs, we
observed low accessibility of these regions in HCC38 under three
conditions, specifically a low number of reads per million mapped
reads. (Fig. 4e, f). For Group-B–specific CREs, a slight decrease in
accessibility was observed with GRHL2-KD, while FOXA1-KD
showed no change (Fig. 4g). Furthermore, GRHL2-KD resulted in
a reduction in Group-P/B–shared CRE accessibility, whereas
FOXA1-KD did not produce the same effect (Fig. 4h). These results

suggest that GRHL2 plays a critical role in preserving the shared
epigenetic signature between Group-P and Group-B cell lines.

FOXA1-KD reduces cell cycle in T47D cells, while GRHL2-KD
activated a mesenchymal gene expression program in
HCC38 cells
We investigated the effects of chromatin accessibility changes,
following FOXA1 and GRHL2 knockdown, on gene expression
regulation and phenotypes. RNA-seq analysis revealed 407

Fig. 2 Enrichment of FOXA1 and GRHL2 binding motifs and chromatin accessibility in their coding regions. a Heatmap representing
ChromVAR motif scores for the top 30 most variable motifs. Annotations above the heatmap indicate chromatin accessibility groups and the
receptor statuses of cell lines. Boxplots showing motif scores across chromatin accessibility groups for ER (b), FOXA1 (c), and GRHL2 (d). P-
values, calculated via Student’s t-test, are shown. Genome track view of the ATAC-seq profiles of cell lines at loci around FOXA1 (e) and GRHL2
(f). MSL mesenchymal stem-like, M mesenchymal, Un unclassified, IM immunomodulatory, BL1 basal-like1, BL2 basal-like2. g Bar plots showing
the relative expression of FOXA1 (blue) and GRHL2 (red) compared to MDA-MB-231. Error bars represent standard deviation.
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upregulated and 1029 downregulated genes in T47D following
FOXA1-KD, and 183 upregulated and 146 downregulated genes
following GRHL2-KD (Fig. 5a, b; Supplementary Table 5). In HCC38,
GRHL2-KD resulted in 203 upregulated and 136 downregulated
genes (Fig. 5c; Supplementary Table 5). Gene enrichment analysis
revealed that genes linked to the cell cycle were downregulated
by FOXA1-KD in T47D (Fig. 5d), highlighting the critical role of
FOXA1 in cell proliferation in luminal breast cancer [20]. In T47D
cells, GRHL2-KD transcriptionally upregulated genes associated
with apoptosis. Furthermore, genes upregulated by GRHL2-KD in
both T47D and HCC38 were associated with epithelial-
mesenchymal transition (EMT) (Fig. 5d). Notably, GRHL2-KD in
HCC38 upregulated well-known EMT markers such as VIM and
VCAN, as well as a key EMT regulator, SNAI2 [21](Supplementary
Table 5). These findings indicate that GRHL2 regulates gene
expression, distinguishing between basal and mesenchymal
lineages.
The cell proliferation assay showed that FOXA1-KD decreased

cell proliferation in T47D cells, consistent with the decreased

expression of cell cycle genes caused by FOXA1-KD (Fig. 5e).
Similarly, GRHL2-KD resulted in decreased cell proliferation in
T47D. In contrast, GRHL2-KD increased cell proliferation in HCC38
cells (Fig. 5f), suggesting a different role for GRHL2 in Group-P and
Group-B cell lines.
Finally, we conducted survival analysis using The Cancer Genome

Atlas invasive breast cancer (TCGA-BRCA) data. We found that
elevated FOXA1 expression may be associated with poorer
prognosis in luminal A tumors (P= 0.067, Log-rank test; Supple-
mentary Fig. 3a, b), but no such correlation was observed in basal
tumors. Furthermore, elevated levels of GRHL2 expression were
significantly associated with a poorer prognosis in luminal A tumors
(P= 0.038, Log-rank test; Supplementary Fig. 3c, d). However, this
correlation was not statistically significant in basal tumors. Taken
together, these findings suggest that FOXA1 plays a critical role in
tumor proliferation in Group-P cells. Conversely, GRHL2 possesses a
distinct function in maintaining cell viability in Group-P and
sustaining the basal program in Group-B cells through the
regulation of chromatin accessibility and gene expression.

Fig. 3 Group-specific or shared CREs. a Heatmap showing the chromatin accessibility of group-specific or shared CREs. Annotations above
the heatmap indicate chromatin accessibility groups and the receptor statuses of cell lines. b Annotation of each CRE set and significantly
enriched motifs. c Bar plots of GO enrichment obtained using GREAT analysis of each CRE set.
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DISCUSSION
Epigenetic regulation including non-coding RNAs [22, 23], chro-
matin organization [24], trans-acting transcription factors [25], and
cis-acting regulatory elements [6], is a central machinery for
cancer progression. In breast cancer, various TFs plays a pivotal
role for promoting and/or suppressing cancer development and
progression, highlighting that importance of better understanding
of the functions of TFs and its targetable CREs to improve breast
cancer diagnosis and treatment. In this study, we uncovered that
well-known TFs, FOXA1 and GRHL2 are key epigenetic regulators
distinguishing the diversity of genome-wide chromatin accessi-
bility pattern across breast cancer cell lines.
FOXA1 is a well-established regulator, that acts as a pioneer

factor for ER and drives estrogen-dependent proliferation in ER-
positive breast cancer [12, 13]. Overexpression or activating
mutations of FOXA1 promote breast cancer aggressiveness and

are associated with poorer outcomes [26, 27]. Our study revealed
that FOXA1 is highly expressed and showed increased accessibility
to its binding motifs in Group-P including ER+ cell lines.
Consistent with previous studies, FOXA1-KD resulted in the
downregulation of genes associated with the cell cycle and
decreased cell proliferation in an ER+/HER2– cell line. Further-
more, luminal tumors with high FOXA1 expression tend to have a
poorer prognosis. Interestingly, downregulation of FOXA1 not only
reduced accessibility to Group-P–specific CREs, but also increased
accessibility to Group-B–specific CREs. This finding emphasizes
that FOXA1 has a pleiotropic role in ER+/HER2− breast cancer,
promoting cell proliferation signaling and suppressing a distinct
epigenetic program of basal-like tumors [28].
GRHL2 plays a crucial role in both normal developmental

processes, particularly tubulogenesis, and cancer biology [29].
GRHL2 is a known tumor-promoting factor in breast cancer. It acts

Fig. 4 Effects of FOXA1 or GRHL2 knockdown on the chromatin accessibility of Group-P–specific, Group-B–specific, and Group-P/
B–shared CREs. a Heatmap showing normalized ATAC-seq signals in Group-P–specific, Group-B–specific, and Group-P/B–shared CREs of
control, FOXA1 or GRHL2 knockdown in T47D (Group-P) cells. Normalized read count profiles in Group-P–specific (b), Group-B–specific (c), and
Group-P/B–shared (d) CREs of control, FOXA1 or GRHL2 knockdown in T47D (Group-P) cells. e Heatmap showing normalized ATAC-seq signals
in Group-P–specific, Group-B–specific, and Group-P/B–shared CREs of control, FOXA1 or GRHL2 knockdown in HCC38 (Group-B) cells.
Normalized read count profiles in Group-P–specific (f), Group-B–specific (g), and Group-P/B–shared (h) CREs of control, FOXA1 or GRHL2
knockdown in HCC38 (Group-B) cells.
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as a transcriptional regulator for genes associated with cell
motility by influencing ER binding to chromatin [30]. Additionally,
it serves as a reprogramming factor for ER binding sites during
tumorigenesis [14] and collaborates with FOXA1 to establish
endocrine resistance [31]. Our previous research has also shown
that GRHL2 contributes to the epigenetic intratumor heterogene-
ity of ER+/HER2− breast cancer [32]. Collectively, these studies
highlight the significant role of GRHL2 in the pathology of ER
+/HER2− breast cancer. In contrast to these findings, our current
study revealed that GRHL2 functions as an epigenetic regulator
that distinguishes genome-wide chromatin accessibility between
basal-like and mesenchymal types. While a previous study
demonstrated that GRHL2 represses ZEB1 expression and inhibits
EMT in a basal-like cell line [33], our findings indicate that GRHL2
regulates not only the expression levels of individual genes but
also maintains accessibility of numerous CREs associated with
epithelial characteristics in multiple basal-like cell lines (Group-B
lines). In the HCC38 cell line, which is basal-like, GRHL2-KD reduced
the accessibility of CREs and increases the expression of EMT-
related genes and cell proliferation. These findings indicate that
GRHL2 affects not only genome-wide chromatin accessibility but

also gene expression and cellular phenotype, contributing to
basal-like characteristics. The study found that the EMT-associated
factor upregulated by GRHL2-KD in HCC38 is SNAI2, not ZEB1,
indicating that the function of GRHL2 in inhibiting EMT is context-
dependent. The results suggest a heterogeneous mechanism for
suppressing mesenchymal gene expression within basal-like cell
lines, and the GRHL2-dependent CREs identified in this study
could provide a common signature for regulating this process.
Further exploration of these CREs may reveal a fundamental
program for maintaining basal characteristics in basal-like breast
cancer.
One question remaining in this study is which transcription

factor regulates FOXA1 and GRHL2. Although previous research
suggests that both FOXA1 and GRHL2 play a crucial role in the
development and progression of breast cancer, there is limited
understanding of their upstream regulators. The study identifies
FOXA1 and GRHL2 as TFs associated with three distinct chromatin
accessibility patterns across various cell lines. Similar enrichment
patterns were observed with other FOX TFs and CTCF for FOXA1,
and with E2A for GRHL2 (Fig. 2a). CTCF, known for its role as an
insulator protein influencing chromatin organization [34], may

Fig. 5 Transcription and cell proliferation changes of FOXA1 or GRHL2 knockdown. MA plots showing differentially expressed genes
between the control and FOXA1 knockdown in T47D (a), GRHL2 knockdown in T47D (b), and GRHL2 knockdown in HCC38 (c). d Gene
enrichment analysis for each set of differentially expressed genes. No enriched terms were found for downregulated genes by siGRHL2 in
T47D and in HCC38. Bar plots showing cell viability of T47D (e) and HCC38 (f) after siRNA transfection for 48, 72, 96, 120 h. Error bars represent
standard deviations. P-values, calculated via Student’s t test, are shown.
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regulate FOXA1 expression by modulating chromatin structure.
The gene E2A has been linked to stemness, metastasis, and
therapeutic resistance in breast cancer [35], however, there are no
reports on its ability to distinguish between basal-like and
mesenchymal types or its interaction with GRHL2. Therefore, it is
important to explore the upstream regulators of FOXA1 and
GRHL2 in future studies to gain a deeper understanding of their
regulatory network in breast cancer.
In summary, our study provides insight into the epigenetic

heterogeneity in breast cancer cell lines as well as the roles of
FOXA1 and GRHL2 in shaping breast cancer properties. Although
our data suggest that FOXA1 and GRHL2 contribute to maintain-
ing the accessibility of group-specific CREs and distinct gene
expression programs for each lineage, the precise mechanisms by
which these factors influence phenotypes remain to be fully
elucidated. Further extensive investigations are required to
determine the nature of the interplay among these factors as
well as their overall impact on breast cancer traits.

METHODS
Cell culture
Breast cancer cell lines were purchased from the Japanese Collection of
Research Bioresources, the American Type Culture Collection, or gener-
ously provided by Drs. Hitoshi Zembutsu and Yoshio Miki. Cells were
cultured according to recommended guidelines, with specific details
outlined in Supplementary Table 1.

ATAC-seq experiment
ATAC-seq libraries were prepared following the Omni-ATAC protocol [36].
Briefly, 50,000 cells were lysed to release the nuclei and subjected to a
transposition reaction using Tn5 transposase (Illumina). Transposed
fragments underwent preamplification, quantification via real-time poly-
merase chain reaction, and subsequent amplification. Prepared libraries
were sequenced on the Illumina MiSeq platform (Illumina) with paired-end
reads (read 1, 75 bp; index 1, 8 bp; index 2, 8 bp, read 2, 75 bp).

Knockdown experiment
T47D and HCC38 cells were transfected with small interfering RNA (siRNA)
targeting FOXA1 (Ambion, s6687 and s6688) and GRHL2 (Ambion, s36754
and s36755) or with negative control siRNAs (Ambion, Negative Control
#1 & Negative Control #2). All transfections were performed using
Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) following the
manufacturer’s instructions. Cells were harvested 48 h post-transfection
and then subjected to RT-qPCR, Western blot, RNA-seq and ATAC-seq
analysis.

Quantitative PCR
The QIAGEN RNeasy Plus Mini Kit was used to extract total RNA from the cells.
The resulting RNA, with a quantity of 500 ng, was then used to create cDNA
using the PrimeScript RT Master Mix Perfect Realtime (Takara), which was later
diluted to a volume of 200 µL. Reverse transcription real-time polymerase
chain reaction (RT–qPCR) was conducted using 2 µL of this cDNA for each
reaction, employing TB Greeen® Premix Ex TaqTM II (Tli RNaseH Plus) on a
StepOnePlusTM Real-Time PCR System (Applied Biosystems). The relative
expression of the FOXA1 and GRHL2 genes were measured using the delta-
delta Ct method. For this, RNA from MBA-MB-231 was used as a reference,
and the ACTB gene served as an internal control. The primers used in this
study included FOXA1-F (GTGGCTCCAGGATGTTAGGA), FOXA1-R
(CATGTTGCTGACCGGGAC), GRHL2-F (TGTTGAAGTCTCCCACAGTGA), GRHL2-R
(AGTAGTGCTCGATGATGTTGTC), ACTB-F (GCCAACCGCGAGAAGATGA), and
ACTB-R (AGCACAGCCTGGATAGCAAC).

Western blot
Fifteen micrograms of protein were separated using SuperSep Ace, 10%,
17-well gels (Fujifilm) by electrophoresis. Following separation, proteins
were transferred to PVDF membranes, which were then incubated
overnight at 4 °C with the primary antibodies: anti-FOXA1 (Abcam,
#ab23738) at a 1:1000 dilution and anti-GAPDH (HyTest, #5G4) at a
1:2000 dilution. After the primary antibody incubation, the membranes
were washed and then incubated with horseradish peroxidase-conjugated

secondary antibodies for 1 h at room temperature: anti-rabbit IgG, HRP-
linked antibody (CST, #7074) at a 1:2000 dilution and anti-mouse IgG, HRP-
linked antibody (CST, #7076) at a 1:2000 dilution. The protein bands were
visualized using an enhanced chemiluminescence detection system.

RNA-seq experiment
RNA was extracted from T47D and HCC38 cells after 48 h of siRNA
treatment, using a previously detailed method. For RNA sequencing,
450–700 ng of the RNA was used to prepare each library using the
SMARTer® Stranded Total RNA Sample Prep Kit - HI Mammalian (Takara,
634874), according to the provided guidelines. The gene expression
libraries produced were then sequenced on an Illumina NextSeq
550 system, using paired-end reads (75 bp for read1, 8 bp for the index,
and 75 bp for read2).

Cell proliferation assay
T47D and HCC38 cells were seeded onto 96-well plates at a density of
4 × 103 cells per well for T47D and 2 × 103 cells per well for HCC38. After
24 h, siRNA was transfected into the cells using the same method and
concentration as previously described. Cell Counting Kit-8 (Dojindo)
reagent was added to the cells at 48, 72, 96, and 120 h, and absorbance
was measured.

Data analysis
For ATAC-seq data analysis, we used Skewer [37] to trim Illumina adapter
sequences, FastQC [38] for quality control of the sequenced reads, and
Bowtie2 [39] for read removal from chrM or repeat sequences and
alignment to the human genome hg38. To filter out duplicate reads, we
used the Picard MarkDuplicates tool (http://broadinstitute.github.io/picard/
). We assessed the normalized insertion profiles and fragment lengths of
each ATAC fragment and calculated the TSS enrichment score for quality
assessment. Subsequently, we performed peak calling analysis using
MACS2. To generate a counts matrix, we employed a method established
previously [6, 7] (Supplementary Methods). ChIPseeker was used for peak
annotation [40]. Differential peak analysis was performed using the
glmQLFTest package in edgeR [41]. Log2 fold change (log2FC) and false
discovery rate (FDR) values were calculated, after which differential regions
were identified as those with an absolute log2FC > 1 and an FDR < 0.01.
Motif enrichment analysis was conducted using ChromVAR [42] and
HOMER [43]. To compare ATAC-seq signals in the knockdown experiment,
we used ngsplot [44].
For RNA-seq data analysis, we first trimmed raw reads to eliminate

adaptor sequences using Skewer (version 0.2.2). These trimmed reads were
then aligned to the human genome (hg38) using STAR (version 2.7.8a).
Following this, we counted the aligned reads with featureCounts (version
2.0.10). After calculating log2-transformed transcripts per million (TPM), MA
plots were generated and identified genes with log2 fold change >1
(upregulated) or <−1 (downregulated) and average expression >2 as
differentially expressed genes.
For patient prognosis analysis, the RNA-seq data for TCGA-BRCA was

obtained as a SummarizedExperiment object using the R package
TCGAbiolinks [45]. A series of functions were used for this purpose:
‘GDCquery’ with parameters set to project ‘TCGA-BRCA,’ data category
‘Transcriptome Profiling,’ data type ‘Gene Expression Quantification,’ and
workflow type ‘STAR-Counts,’ followed by ‘GDCdownload()’ and ‘GDCpre-
pare()’. Survival data analysis was performed using the ‘survfit()’ function
from the survival package and the ‘ggsurvplot()’ function from the
survminer package. Patients were stratified by their FOXA1 or GRHL2
expression levels, with the top 33% categorized as the high group and the
bottom 33% as the low group.

Statistical analysis
To calculate FDR for the identification of specific CREs, we used quasi-
likelihood F-tests through edgeR’s glmQLFTest function, as described
above. To calculate the p-value for the comparison of chromVAR motif
scores and cell proliferation assays, we used two-tailed Student’s t test.

DATA AVAILABILITY
ATAC-seq and RNA-seq data have been deposited at Gene Expression Omnibus
(GSE254216 and GSE254218) and are publicly available.
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CODE AVAILABILITY
R code for reproducing the results can be found at https://github.com/
KoheiKumegawa/BRCA_celllines.
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