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Abstract. Triple-negative breast cancer (TNBC) is a highly
aggressive breast cancer subtype with limited therapeutic
options. Estrogen receptor (ER)-f§ exerts anti-tumor effects.
However, ERf expression is frequently reduced in TNBC and
the mechanisms underlying the downregulation of ER{ in
TNBC remain poorly understood. In the present study, findings
revealed that tumor-associated macrophages (TAMs), which
are abundant in the tumor microenvironment, suppressed ERf
expression in TNBC cells. The relationship between TAMs
and ERp in TNBC was investigated through bioinformatics
analysis, co-culture and orthotopic mouse models. ERf
expression levels were lower in the TNBC tumors compared
with normal tissues. Mechanistically, TAM-induced activa-
tion of the PI3K/AKT pathway suppressed ER[} expression
by reducing FOXO3a binding to the ESR2 promoter, whereas
inhibition of PI3K/AKT restored ERf} expression. Notably,
combined PI3K/AKT pathway inhibition with ER activation
attenuated TNBC cell metastasis. Overall, findings indicated
that TAMs promoted TNBC progression by downregulating
ERp expression through the PI3K/AKT/FOXO3a axis, high-
lighting the therapeutic potential of combining PI3K/AKT
inhibitors with ERf agonists in TNBC.
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Introduction

Breast cancer is among the most prevalent malignancies in
women worldwide (1). Triple-negative breast cancer (TNBC)
is an aggressive breast cancer subtype characterized by the
absence of estrogen receptors (ERs), progesterone receptors
and human epidermal growth factor receptor-2 (HER-2).
Therefore, it does not respond to typical endocrine and
anti-HER-2 therapies. Consequently, TNBC is associated with
higher recurrence and metastasis rates compared with other
breast cancer subtypes. Current treatment strategies primarily
rely on chemotherapy, however the outcomes remain subop-
timal (2), necessitating the identification of novel therapeutic
targets.

ERp [also known as estrogen receptor 2 (ESR2)] is highly
expressed in normal breast tissues, however expression is
markedly decreased during breast carcinogenesis (3-6). ER
is detected in all breast cancer subtypes, especially in TNBC,
with ~30% of TNBC tumors expressing ERp and elevated
ERp levels being associated with its favorable prognosis (7,8).
Preclinical studies have demonstrated the tumor-suppressive
role of ERp (9-11), highlighting it as a promising therapeutic
target for TNBC. However, the mechanisms driving this
downregulation remain unclear.

Tumor-associated macrophages (TAMs) are key compo-
nents of the breast cancer microenvironment. High TAM
infiltration is associated with poor prognosis (12-14). TAMs
regulate ERa expression in cancer cells (15,16). However, the
specific association between TAMs and ERf expression and
the mechanisms by which TAMs regulate ERf expression
remains unknown. Therefore, in the present study, the asso-
ciation between TAMs and ERf expression in TNBC cells
was investigated and the molecular mechanisms underlying
TAM-mediated ER[} suppression was explored.

Materials and methods

Miceand celllines. Female BALB/c mice (6-8 weeks old; 20-25 g)
were housed in a pathogen-free facility at the Experimental


https://www.spandidos-publications.com/10.3892/etm.2026.13072

2 ZHANG et al: TAMS SUPPRESS ER( THROUGH PI3K/AKT

Animal Center of Tongji Medical College, Huazhong University
of Science and Technology (Wuhan, China). The animals were
maintained at a constant temperature of 22+2°C and a relative
humidity of 50+10% under a 12-h light/dark cycle, with free
access to food and water. All procedures were approved by the
Institutional Animal Care and Use Committee of Huazhong
University of Science and Technology. Following tumor cell
implantation, mice (n=12) were monitored every 2 days for body
weight, behavior, tumor size and vital signs, with food, water
and bedding refreshed as needed. Humane endpoints included
>20% body weight loss, dyspnea, tumor ulceration/necrosis
or inability to access food and water. Based on prior reports
and preliminary studies, mice were sacrificed at week 5 to
allow assessment of pulmonary metastases while minimizing
mortality. Sacrifice was performed with intraperitoneal sodium
pentobarbital (50 mg/kg) followed by cervical dislocation and
mortality was verified by absence of heartbeat, respiration and
corneal reflexes. The murine 4T1 cell line was purchased from
the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China) and incubated in humidified conditions at 37°C. Bone
marrow-derived macrophages with M2 polarization and condi-
tioned medium (CM) from M2 macrophages were obtained as
previously described (17).

Data acquisition. Expression profiles and related clinical
data of patients with TNBC were obtained from The
Cancer Genome Atlas (TCGA) datasets (https:/portal.gdc.
cancer.gov/). Single-cell RNA sequencing datasets were
downloaded from the Gene Expression Omnibus database
[GEO; https://www.ncbi.nlm.nih.gov/geo/; GSE202624 (18)].
UCALAN (http://ualcan.path.uab.edu/) was used to compare
the ESR2 mRNA levels among breast cancer gene (BRCA)
subtypes and Human Protein Atlas (HPA; https:/www.protein-
atlas.org/) datasets were used to compare the ERP protein
levels between breast cancer and normal tissues. AnimalTFDB
(version 4.0; https://guolab.wchscu.cn/AnimalTFDB4) was
used to predict transcription factor (TF) binding sites.

Bioinformatics analysis. Bioinformatics analyses of the data of
patients with TNBC obtained from TCGA and single-cell RNA
sequencing datasets (GEO: GSE202624) were performed using
R (version 4.0.2; http://www.R-project.org). Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis and gene
set enrichment analysis (GSEA) of differentially expressed
genes were performed using the ‘ClusterProfiler’ R package
(version 3.8; https:/bioconductor.org/packages/clusterProfiler/).
Survival statistics were plotted using the K-M Plotter database
(https://kmplot.com/). Immune infiltration and mRNA expres-
sion data from Gene Set Cancer Analysis (GSCA; https:/guolab.
wchscu.cn/GSCA) were used to investigate the association
between mRNA expression and immune cell infiltration through
Spearman's rank correlation analysis. Additionally, the Tumor
Immune Estimation Resource 2.0 database (TIMER2.0;
http:/timer.cistrome.org/) was used to explore the association
between macrophage scavenger receptor 1 (MSR1) and a number
of epithelial-mesenchymal transition (EMT) markers in TNBC.

Reverse transcription quantitative PCR (RT-gPCR). RNAiso
Plus (Takara Bio, Inc.) was used to extract the total RNA
of 4T1 cells, which was reverse transcribed into cDNA

using the ReverTra Ace™ qPCR RT Kit (Toyobo Co., Ltd.)
according to the manufacturer's instructions. qPCR analyses
with SYBR® Green Real Time PCR Master Mix (Toyobo
Co., Ltd.) and specific primers were performed to measure
the target gene mRNA transcript levels relative to the 3-actin
levels. The thermocycling conditions were as follows:
Initial denaturation at 95°C for 1 min; 40 cycles of 95°C for
5 sec (denaturation), 60°C for 15 sec (annealing) and 72°C
for 45 sec (extension), with fluorescence data collection. A
melting-curve analysis was performed at the end of each run
to confirm the specificity of amplification. All reactions were
carried out according to the manufacturers' protocols. Data
were normalized to the B-actin levels and analyzed through
the 2-24% method (19). All primer sequences are listed in the
Table SI.

Mouse model of breast cancer and macrophage depletion.
4T1 cell lines (1x10%) were injected into the mammary
fat pads of BALB/c mice. Clodronate liposomes obtained
from Vrije Universiteit (Amsterdam) were used to deplete
the macrophages, as previously described (17). LY294002
(MedChemExpress), a selective PI3K inhibitor, was
dissolved at 5 mg/ml in 10% DMSO and intraperitoneally
injected at 50 mg/kg (200 pl/injection), twice weekly for five
weeks (20,21). ERB041 (Tocris Bioscience), an ER[-selective
agonist, was dissolved at 2 mg/ml in 10% DMSO and adminis-
tered subcutaneously at 5 mg/kg (50 pl/injection) once daily for
five weeks, as previously described (22). For vehicle controls,
mice received injections of 10% DMSO in 90% corn oil.
Tumor volume was calculated as follows: Volume=(length x
width x width)/2.

Immunofluorescence assay and immunohistochemistry.
Mouse breast tumor paraffin-embedded sections (4 ym) were
stained with specific primary antibodies overnight at 4°C.
The bound antibodies were detected using CoraLite488-goat
anti-rabbit IgG (1:400; cat. no. SA00013-2; Proteintech
Group, Inc.) and Coralite594-goat anti-rabbit IgG (1:400; cat.
no. SA00013-4; Proteintech Group, Inc.) at room temperature
for 30 min. DAPI (Wuhan Servicebio Technology Co., Ltd.)
was used to stain the nuclei at room temperature for 10 min
in the dark. Finally, the cells were observed under a laser
confocal microscope (Olympus Corporation). All antibodies
used in the present study are listed in the Table SII.

TNBC tissues from two female patients (age, 45 and
63 years) were collected at The Central Hospital of Wuhan,
Tongji Medical College, Huazhong University of Science
and Technology between January 2022 and December 2023.
The present study was approved by the Ethics Committee
of The Central Hospital of Wuhan (China; approval
no. WHZXKYL2022-033). Immunohistochemistry staining
was performed by Wuhan Servicebio Technology Co., Ltd.,
on formalin-fixed, paraffin-embedded tissue sections. The
procedures followed standard immunohistochemistry proto-
cols, including deparaffinization, antigen retrieval, blocking,
incubation with primary and secondary antibodies, and chro-
mogenic detection. Slides were counterstained, dehydrated and
mounted according to routine laboratory practices. All steps
were carried out following the company's standard operating
procedures.
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Flow cytometry. 4T1 cells were cultured with M2 macro-
phages at 37°C in a humidified atmosphere containing 5% CO,
in the same dish for 24 h, washed with cold PBS and stained
with anti-F4/80-BV421 (BD Pharmingen; BD Biosciences)
and BV421 rat IgG isotype antibody (BioLegend, Inc.) for
30 min at 4°C. Subsequently, the cells were fixed, made
permeable (Fixation/Permeabilization Kit; cat. no. 554714,
BD Pharmingen; BD Biosciences) according to the manu-
facturer's instructions, and intracellularly stained with
anti-ERp-phycoerythrin antibodies (Novus Biologicals) for
60 min at 4°C. Flow cytometry (BD FACSAria™ II) was
used to characterize the cells and FlowJo™ v10 software
(BD Biosciences) was used for data analysis. Cells were first
gated based on forward scatter (FSC) and side scatter (SSC)
to select the live single-cell population, excluding debris and
aggregates. Macrophages were gated for F4/80* and mean fluo-
rescence intensity of ERP in 4T1 cells (F4/80°) was analyzed.
All antibodies used in the present study are listed in Table SII.

Transwell assay and wound healing assay. After digestion
with trypsin for 3 min at 37°C, 4T1 cells were resuspended
in a serum-free medium. Then, 200 ul cell suspension with
2x10* cells was added to the upper chamber and 500 ul
culture medium containing 10% fetal bovine serum (Wuhan
Servicebio Technology Co., Ltd.) was added to the lower
chamber of the Transwell system (Corning, Inc.) at 37°C. After
24 h, the migrated cells were fixed with 4% paraformaldehyde
and stained with crystal violet for 15 min at room temperature,
images were acquired using an inverted light microscope
(IX81; Olympus Corporation) and cells were counted using
Imagel] software (version 1.8.0; National Institute of Health).
Briefly, images were converted to 8-bit grayscale, the back-
ground was subtracted using the ‘Subtract Background’
function and cells were distinguished from the background
by applying a threshold. The ‘Analyze Particles’ function
was used to count cells, with size and circularity parameters
adjusted to exclude debris. For each well, three random fields
were analyzed, and the mean cell number was calculated. A
total of 1x10° cells were seeded in a six-well plate and cultured
until they reached 90% confluence. A scratch was then created
using a 20 ul pipette tip, then washed three times with PBS.
Images were captured at O and 24 h to evaluate cell migration.

Chromatin immunoprecipitation (ChIP) assay. A total of
1x107 4T1 cells were used for each experimental condi-
tion. Briefly, 4T1 cells were fixed with 1% formaldehyde for
10 min at room temperature, and cross-linked protein-DNA
complexes were extracted using the Magna ChIP® A/G
Chromatin Immunoprecipitation Kit (cat. no. 17-10085;
MilliporeSigma) according to the manufacturer's instructions.
Immunoprecipitation was performed by overnight incubation
at 4°C with a primary antibody against FOXO3a or rabbit
IgG under gentle rotation (Table SII), followed by incubation
with magnetic beads at 4°C for 2 h. DNA was purified from
the complexes and analyzed through qPCR using primers
targeting the FOXO3a binding site within the mouse ESR2
promoter (forward: 5-GTGGGATAAGGGATTGTGAA-3'
reverse: 5-AACGCAGGAGCAGAAGATAG-3"). ChIP signal
enrichment was quantified by RT-qPCR and expressed as the
signal-to-input ratio (fold enrichment=100x24°%). Amplified

EXPERIMENTAL AND THERAPEUTIC MEDICINE 31: 77, 2026 3

products were resolved by 1.5% agarose gel electrophoresis in
1X TAE buffer, stained with ethidium bromide and detected
under a UV transilluminator.

Statistical analysis. Statistical analyses were conducted using
the GraphPad Prism (version 8.0; GraphPad; Dotmatics)
software. Differences between two groups were evaluated
using an unpaired Student's t-test, while comparisons among
three or more groups were analyzed using one-way ANOVA
followed by Tukey's post-hoc test. Results are represented
as the mean =+ standard deviation. P<0.05 was considered to
indicate a statistically significant difference. "P<0.05,"P<0.01
and “"P<0.001.

Results

Clinical value and expression of ERf3 in TNBC. Survival
analysis using GSCA data revealed that high ESR2 levels in
patients with breast cancer were associated with improved
progression-free survival (Fig. 1A) and overall survival
(Fig. 1B). ESR2 levels were also found to differ among breast
cancer subtypes (Fig. 1C), with TNBC showing the highest
ESR2 levels (23). Further validation using the Cancer Cell Line
Encyclopedia (24) demonstrated that TNBC cell lines expressed
high ESR2 levels (P<0.05; Fig. 1D). Transwell assay results
revealed that the pharmacological activation of ERf effectively
suppressed 4T1 cell migration (P=0.003; Fig. 1E), suggesting
ERp as a potential therapeutic target for TNBC. Furthermore,
ESR2 expression levels were compared between normal and
tumor tissues using TCGA data. Findings demonstrated that
ESR2 levels were significantly downregulated in TNBC
(P<0.001; Fig. 1F). Analysis of the HPA data (25) revealed that
protein ER levels were lower in BRCA tissues compared with
normal tissues (Fig. 1G). Results consistently showed lower ERf3
levels in cancerous tissues compared with adjacent non-malig-
nant tissues (Fig. 1H). Collectively, TNBC showed higher ERf3
expression compared with other breast cancer subtypes, indi-
cating its therapeutic potential. However, the levels remained
markedly lower compared with those in normal breast tissues.
The underlying mechanisms of ER downregulation remain to
be elucidated and warrant further investigation.

TAMs enhance tumor metastasis in TNBC. TAM infiltration
is a key feature of the breast cancer microenvironment and
is associated with a poor prognosis. To assess the roles of
TAMs in breast cancer, the expression levels of TAM marker
MSRI1 were examined using TCGA data. MSR1 levels were
notably upregulated in the breast cancer tissues, including
TNBC, compared with those in the adjacent normal tissues
(Fig. 2A). Survival analysis revealed that high MSRI1
expression was associated with poor overall survival in
TNBC (log,,.. P=0.015; Fig. 2B). Additionally, analysis of
TIMER2.0 data (26) revealed positive correlations between
EMT-related genes [such as matrix metalloproteinase
(MMP)-9 and Twist2] and MSRI levels in TNBC (Fig. 2C).
GSEA was performed on single-cell RNA sequencing data
from TAM-enriched and TAM-depleted mouse breast tumors
(GEO: GSE202624), obtained from Seok ef al (18). Findings
revealed that EMT-associated genes in breast cancer were
downregulated in the TAM-depleted group (Fig. 2D and E).
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Figure 1. Clinical value and expression of ERf (also known as ESR2) in TNBC. (A) PFS analysis of ESR2 levels in BRCA. (B) OS analysis of ESR2 levels
in BRCA. (C) ESR2 mRNA levels in different BRCA subtypes. (D) ESR2 mRNA levels in different breast cancer subtype cell lines. (E) Migratory capacity
of 4T1 cells treated with vehicle (ethanol) or ERP agonist, ERB041 (100 nM), was assessed through Transwell assays. (F) Scatter plot showing the differen-
tially expressed ESR2 between TNBC tumor and normal tissues. (G) Immunohistochemical staining from the Human Protein Atlas database revealed ERf
protein expression in both normal breast and BRCA tissues. (H) Immunohistochemistry was used to evaluate the ERf expression levels in paracancerous and

breast cancer tissues. Scale bar, 100 ym. Magnification, x100. "P<0.05 and

P<0.001. Erf, estrogen receptor-f; TNBC, triple negative breast cancer; PFS,

progression-free survival; OS, overall survival; BRCA; breast cancer; HER-2, human epidermal growth factor receptor-2; CON, control; ns, not significant;

TCGA, The Cancer Genome Atlas.

These findings suggested that TAMs notably enhance TNBC
metastasis.

TAMs suppress ER[3 expression in TNBC. Based on the
aforementioned results, the correlation between ESR2 levels
and TAMs in TNBC was explored. Correlation analysis using
TCGA data revealed that TAM infiltration was negatively
correlated with ERf expression in BRCA (Fig. 3A and B). In
breast cancer, TAMs mainly exhibit the M2 phenotype (17).
To mimic the TNBC tumor microenvironment, M2-polarized
macrophages and 4T1 cells were added to the upper and
lower chambers of the Transwell system, respectively. ESR2
mRNA levels in 4T1 cells were markedly reduced in the M2
co-culture group (P<0.05; Fig. 3C). To further assess whether
TAMs suppress ER expression, flow cytometry was used to
analyze ERp level after treatment with varying proportions of
M?2 macrophages. Notably, co-culture with M2 macrophages
markedly reduced ER[ expression, as evidenced by the
decreasing mean fluorescence intensity of ERp in 4T1 cells
with increasing macrophage proportions (P<0.001; Fig. 3D).
Cellular immunofluorescence staining revealed that TAM-CM
notably suppressed ERp expression (Fig. 3E). Subsequently,
clodronate liposomes were used to selectively deplete the

macrophages in 4T1 mice model to validate findings in vivo.
Immunofluorescence staining was used to analyze the tumor
tissue sections. Compared with the control group, clodronate
liposome-treated group showed markedly reduced CD204*
TAM levels, associated with increased ER* tumor cell levels
(Fig. 3F). These results collectively suggested TAMs inhibit
ERp expression in TNBC.

TAM-mediated ERB suppression mechanisms. To eluci-
date TAM-mediated ERf} suppression mechanisms, TNBC
samples from TCGA database were stratified into high and
low TAM expression groups based on MSRI1 levels. KEGG
pathway analysis revealed significant enrichment of the
‘PI3K-AKT signaling pathway’ (Fig. 4A). Further validation
using the GSCA database corroborated the differential activity
of the PI3K/AKT pathway between the high and low MSR1
expression groups (Fig. 4B). TAMs are reported to activate
tumor-intrinsic PI3K/AKT signaling across cancer types,
promoting tumor invasion and therapy resistance in digestive
tract tumors and ER* breast cancer (27-29). The role of TAMs
in modulating the PI3K/AKT pathway was further investigated
using a 4T1 mouse model. Immunohistochemical analysis of
tumor tissues revealed that clodronate liposome-mediated
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Figure 2. Tumor-associated macrophages enhance tumor metastasis in TNBC. (A) Boxplots demonstrating the differential expression of MSR1 between BRCA
tumor tissue and normal tissue. (B) Overall survival analysis of MSRI1 levels in TNBC. (C) Correlation analysis of MSR1 levels with Vim, Mmp-9, Snail,
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depletion of TAMs significantly reduced phosphorylated
(p)-AKT expression (Fig. 4C). To assess the specific role of
PI3K/AKT signaling in TAM-mediated ERf suppression,
4T1 cells were treated with the PI3K inhibitor, LY294002,
in a TAM-CM. RT-qPCR analysis revealed that PI3K/AKT
pathway inhibition reversed the TAM-induced suppression of
ESR2 in a dose-dependent manner (P<0.01; Fig. 4D). These
findings suggested that TAM-mediated PI3K/AKT activation
inhibited ESR2 transcription. Immunofluorescence assay
results further corroborated these findings, showing that
p-AKT and ERp co-localize in 4T1 cells, appearing yellow
in merged images, with ERf levels increased in CM-treated
4T1 cells following PI3K/AKT inhibition, supporting an asso-
ciation between PI3K/AKT activation and ERf expression
(Fig. 4E).

In a previous study, whole-transcriptome profiling of 4T1
cells co-cultured with vehicle or M2 macrophages in Transwell
systems revealed marked enrichment of the FOXO signaling
pathway (17).

FOXO transcription factors govern diverse biological
programs. Activation of the PI3K/AKT pathway results in
FOXO phosphorylation, thereby influencing their localiza-
tion and transcriptional regulation (30). Moreover, FOXO3a
has been shown to directly drive ESR1 transcription in breast
cancer (31). Therefore, it was hypothesized that TAMs suppress
ERp expression through the PI3K/AKT pathway by modu-
lating the activity of the FOXO3a transcription factor. JASPAR
(https://jaspar.elixir.no) was used to analyze the FOXO3a
binding motif (Fig. 4F). The sequence ‘CCTGTTTCCA’

was predicted as a potential FOXO3a binding site within
the mouse ESR2 promoter. ChIP assays were performed
to assess FOXO3a binding to the ESR2 promoter and to
determine whether activation of the PI3K/AKT pathway
reduced this binding, thereby suppressing ESR2 transcription.
ChIP-PCR analysis demonstrated that ESR2 was enriched
by the anti-FOXO3a antibody, supporting a potential role for
FOXO3a as a transcriptional regulator of ESR2 (Fig. 4G).
Compared with the control group, CM treatment markedly
reduced FOXO3a binding to the ESR2 promoter, whereas
LY294002 treatment restored and perhaps enhanced this
binding (P<0.001, Fig. 4G and H). These findings established
the PI3K/AKT/FOXO3a axis as an important mechanism by
which TAMs suppress ERf3 expression in TNBC.

PI3K/AKT inhibition and ERB activation inhibit tumor
metastasis. Considering the invasive and migratory proper-
ties of TNBC, the effects of PI3K/AKT inhibition and ERf}
activation on these properties were evaluated. Transwell assay
and wound healing assays demonstrated that LY294002 treat-
ment suppressed 4T1 cell migration. This effect was amplified
when combined with the ERP agonist, ERB041 and involved
LY294002-induced ERP upregulation (P<0.01, Fig. SA-C).
Furthermore, 4T1 cells were orthotopically implanted into the
mammary fat pads of BALB/c mice, followed by their treatment
with DMSO, LY294002 and LY294002 + ERB041. Metastatic
lesions in the lungs were quantified and representative images
of the tumor nodules in each group taken. Notably, LY294002
potently suppressed lung metastasis compared with that in


https://www.spandidos-publications.com/10.3892/etm.2026.13072

ZHANG et al: TAMS SUPPRESS ER( THROUGH PI3K/AKT

A Correlation between expression and immune infiltrates in BRCA B
Correlation
0.4
0.0
_ Hos
3 ~Log, , (FOR)
E ESR2 0000000000000 Q0000000 o5
%) Q50
Q75
O 100
FDR
0 <0.05
>0.0
O =F O D EOYELErNOE L0020 OF O~
S BRSPS EEESEE28858E8E
SChdRBELESE T Z ] S eZ& 8o
s09af3539F £= ¢ §ES8CF ok
S OOCcsfa < © ESS3
= OO0 X% E [a) Q o532
s YE © © 58 200K+
I (] 8 TNBC TAM 0%
° Cell type o g
1)
2]

ey
10" 10
Comp-BV421-A

5

@)

S
g1s 250K
g 200K
@ TNBC ~ TAM24.9%
<10 <
£ 8% o
H 2 3 100K
205 2]
k] A
°
%0_0 s e L
a9 CON CM CO-M2 0 50K 100K 150K 200K 250K 0 103 104 105
FSC-A Comp-BV421-A
250K:
200K’
TNBC  TAM 41.5%
160K
G100k
)
50K
ol
0 10° 10" 10°
Comp-BV421-A
L 3 Bva2i
DAPI

E
CON

ERB Merged F
CM .. .

Spearman’s rank correlation between ESR2 expression and macrophages
infiltrate in BRCA

¢ ["Cor=-0.32
| FDR=4.3¢-28

mRNA expression
8 g

@
3

Macrophage infiltrate score (ImmuCellAl)

© TNBC cells
B 100 2000 i
s 3
2 TAM 09
3 2 80 o « 1500
N 2 o
53 60 W 1000
£ N c
S 5 40
2g = 500
S20 .
Z
0 - E3 c <
o 10° 10° 10° 10° s £ 2
Comp-PE-A = [0} s
< £ =
—>» PE F s B
<
[
ERp/ /DAPI

Clodronate

Control

Figure 3. TAMs suppress ERf expression in TNBC. (A) Bubble plot demonstrating the correlation between ESR2 mRNA levels and 24 immune cell type
infiltrates in BRCA. Bubble size correlates with FDR. Black outline border indicates FDR <0.05. (B) Correlation between macrophages infiltration and
ESR2 expression. (C) Relative mRNA levels of ESR2 in different groups. (D) Representative flow cytometric analysis of ERf} expression levels in 4T1 cells
co-cultured with different proportion of TAMs (low, median and high) for 24 h. Mean fluorescence intensity of ERf in the 4T1 cells of each group shown on
the right (n=3). (E) Representative cellular immunofluorescence images of ERf (red) and nuclei stained with DAPI (blue). (F) Immunofluorescence staining for
MSRI1 (green) and ERp (red) in the tumor tissues of the control (left) and clodronate liposome-treated (right) groups. Original magnification, x200. Scale bars,
50 pm. "P<0.05, “P<0.01 and ""P<0.001. Comp-BV421-A represents F4/80 staining, and Comp-PE-A represents ERf staining. ns, no significant; ERf, estrogen
receptor-f3; TNBC, triple-negative breast cancer; BRCA, breast cancer; FDR, false discovery rate; TAM, tumor-associated macrophage; Cor., correlation;
CON, control; CM, conditioned medium; SSC-A, side scatter-area; FSC-A, forward scatter-area; MFI, mean fluorescence intensity.

the control group. Moreover, LY294002 + ERBO041 further
decreased the metastatic burden (P<0.05, Fig. 5D and E). It
was also observed that LY294002 significantly suppressed
tumor growth (P<0.01, Figs. 5F and S1). Consistent with
the in vitro results, PI3K/AKT activation was diminished,
however ER[} expression was restored in the primary tumor
of the LY294002-treated group (Fig. 5G). Body weights
remained stable across all groups during treatment (Fig. S2),

demonstrating no evident systemic toxicity. The present
data indicated that PI3K/AKT pathway inhibition and ERf
activation suppressed metastasis in TNBC mice model.

Discussion

In the present study, findings revealed that TAMs suppressed
ERp expression in TNBC through the PI3K/AKT signaling
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pathway, thereby promoting tumor progression and metastasis.
This finding highlights the key role of the tumor microenviron-
ment in modulating therapeutic targets, outlining a potential
approach to enhance ER3-based treatment efficacy for TNBC.

TNBC is challenging to treat owing to its lack of effec-
tive therapeutic targets and aggressive and metastatic
nature (32). Although ERp exerts anti-tumor effects against
TNBC (9,11,33-35),its clinical efficacy is limited due to reduced
expression in tumor tissues (36). ER expression is gradually
reduced during mammary tumorigenesis (4). Consistent with
a previous report (37), the present study observed significantly
downregulated ER levels in TNBC tumors. Therefore, the
findings suggested that ERp downregulation compromises

the efficacy of ER[ agonists, marking a key event in TNBC
progression. Elucidation of the mechanisms underlying such
key events will facilitate the development of novel TNBC
treatment strategies.

The present study focused on TAMs, the most abundant
infiltrating immune cells promoting metastasis through
multiple mechanisms in breast cancer (38,39). Findings
revealed that the proportion of TAMs, marked by MSR1
expression, were significantly higher in TNBC tumors
compared with in adjacent tissues and associated with poor
overall survival. GSEA analysis revealed strong associations
between TAM proportions and metastasis-related pheno-
types in TNBC. Importantly, a negative correlation between
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TAM infiltration and ER[} expression in breast cancer tissues
was identified and subsequently validated using co-culture
experiments and TAM-CM. Furthermore, in a murine model,
depletion of macrophages by clodronate liposomes restored
the ERf expression in tumor tissues, further demonstrating the
role of TAMs as key mediators of ERf suppression in TNBC.

To elucidate the underlying signaling mechanisms, analysis
of the pathways influenced by TAMs in TNBC samples was
conducted and the significant enrichment of the PI3K/AKT
pathway was observed. The PI3K/AKT pathway is a well-estab-
lished oncogenic driver of TNBC (40). Consistent with a
previous report of a negative correlation between PI3K/AKT
activation and ERf expression in TNBC (8), RT-gPCR analyses
revealed that pharmacological blockade of the PI3K/AKT
pathway reversed TAM-induced ERf} downregulation in the
present study. These results suggest that TAMs suppress ERp
transcription through the PI3K/AKT pathway.

Previous work revealed marked enrichment of the
FOXO signaling pathway in 4T1 cells co-cultured with M2
macrophages (17). The PI3K/AKT pathway is known to phos-
phorylate FOXO transcription factors, thereby altering their
subcellular localization and transcriptional activity (30,31).
Based on these findings, it was hypothesized that TAMs
suppress ERp expression through PI3K/AKT-mediated modu-
lation of FOXO3a transcriptional activity. ChIP-PCR analysis
identified ESR2 as a direct transcriptional target of FOXO3a.
Notably, CM treatment markedly reduced FOXO3a occu-
pancy at the ESR2 promoter, whereas PI3K/AKT blockade
restored and even enhanced this binding, supporting a model
in which TAM-driven PI3K/AKT activation suppresses ER[
transcription through FOXO3a.

Considering its strong anti-breast cancer activity, a number
of ERp agonists have been evaluated in clinical trials for TNBC
treatment (41). However, they have demonstrated limited effi-
cacy and ERp expression serves as a key determinant of their
efficacy in clinical trials (36).

Previous clinical trials suggest that PI3K/AKT inhibi-
tors improve the progression-free survival of patients with
metastatic TNBC (42,43). The findings of the present study
revealed that blocking the PI3K/AKT pathway induced ERp
expression, warranting further investigation of the roles of
ERp-specific agonist and PI3K/AKT inhibitor combinations.
In the present study, LY294002 suppressed TNBC cell migra-
tion and this effect was further magnified by the ERB-selective
agonist, ERB041. In vitro findings were further validated using
a metastatic model, in which the combination of LY294002
and ligand-induced ERp activation suppressed TNBC lung
metastasis more potently compared with either agent alone.

In conclusion, the present study demonstrated that TAMs
promoted tumor metastasis by suppressing ER[} expression
through the PI3K/AKT pathway. Overall, these findings
provide a mechanistic basis for the evaluation of PI3K/AKT
inhibitor and ER[-selective agonist combinations as novel
therapeutic agents for TNBC.
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