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Abstract

Introduction

The regulatory role of miR-182 in breast cancer malignancy and macrophage reprogramming is well-
established. However, the mechanisms through which miR-182 overexpression in tumor cells
influences macrophage polarization remain elusive.

Material and methods

After transfection with miR-182-5p mimics, inhibitors, and controls for 24 hours, exosomes were
extracted by differential centrifugation from transfected MDA-MB-231. Macrophages co-cultured with
these exosomes to illustrate the regulative effects of exo-miR-182-5p reprogram macrophage.
Furthermore, breast cancer cells co-cultured with exo-miR-182-5p reprogrammed M2 macrophages to
demonstrate the effects of reprogrammed M2 macrophages to influence breast cancer progression.
After all, these findings were validated in cell derived xenograft (CDX) BALB/C nude-mice model.

Results

In this study, we demonstrate that exosome-derived miR-182-5p from TNBC cells reprograms M2
macrophage polarization through direct combined with Notch1, thereby enhancing breast cancer
progression in vitro and in vivo. When co-cultured with exosomes from TNBC cells transfected with
miR-182-5p mimics or inhibitors, macrophages showed altered Notch1/Hes1 pathway expression,
leading to M2 polarization and subsequent changes in reactive oxygen species (ROS), inflammation,
and other biochemical markers. Furthermore, breast cancer cells co-cultured with exosomes
reprogrammed macrophages exhibited increased colony formation, migration, and invasion, as well as
reduced apoptosis. These findings were validated in a BALB/C nude-mice model.

Conclusions

This study pioneers the elucidation of the feedback loop mechanism between breast cancer cells and
macrophages mediated by the exosome-derived miR-182-5p/Notch1 pathway, highlighting its role in
macrophage reprogramming. Although the therapeutic application of miR-182-5p inhibitors as
anticancer agents remains in the early stages, targeting macrophage polarization represents a
promising avenue for breast cancer therapy.
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ABSTRACT

Introduction

The regulatory role of miR-182 in breast cancer malignancy and macrophage
reprogramming is well-established. However, the mechanisms through which miR-182
overexpression in tumor cells influences macrophage polarization remain elusive.

Material and methods

After transfection with miR-182-5p mimics, inhibitors, and controls for 24 hours,
exosomes were extracted by differential centrifugation from transfected MDA-MB-231.
Macrophages co-cultured with these exosomes to illustrate the regulative effects of exo-miR-
182-5p reprogram macrophage. Furthermore, breast cancer cells co-cultured with exo-miR-
182-5p reprogrammed M2 macrophages to demonstrate the effects of reprogrammed M2
macrophages to influence breast cancer progression. After all, these findings were validated in
cell derived xenograft (CDX) BALB/C nude-mice model.

Results

In this study, we demonstrate that exosome-derived miR-182-5p from TNBC cells
reprograms M2 macrophage polarization through direct combined with Notchl, thereby
enhancing breast cancer progression in vitro and in vivo. When co-cultured with exosomes from
TNBC cells transfected with miR-182-5p mimics or inhibitors, macrophages showed altered
Notchl/Hesl pathway expression, leading to M2 polarization and subsequent changes in
reactive oxygen species (ROS), inflammation, and other biochemical markers. Furthermore,
breast cancer cells co-cultured with exosomes reprogrammed macrophages exhibited increased

colony formation, migration, and invasion, as well as reduced apoptosis. These findings were



validated in a BALB/C nude-mice model.

Conclusions

This study pioneers the elucidation of the feedback loop mechanism between breast cancer
cells and macrophages mediated by the exosome-derived miR-182-5p/Notchl pathway,
highlighting its role in macrophage reprogramming. Although the therapeutic application of
miR-182-5p inhibitors as anticancer agents remains in the early stages, targeting macrophage

polarization represents a promising avenue for breast cancer therapy.
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INTRODUCTION

The tumor microenvironment (TME) consists of non-cancerous cells and components
within a tumor, including stromal cells and immune cells. The critical roles of the TME in tumor
progression and responses to therapy, particularly immunotherapy, are well-established [1, 2].
Notably, the infiltration of CD4+ T cells is recognized as a key factor in the efficacy of
immunotherapy [3]. Recently, tumor-associated macrophages (TAMs), a significant component
of the TME, have gained attention for their role in tumor progression and their potential as
targets for clinical intervention [4]. Macrophages are categorized into M1 (classical) and M2
(alternative) phenotypes. M1 macrophages are associated with tumor- cytotoxic effects and
antitumor immune responses, whereas M2 macrophages contribute to tissue repair and
immunosuppression [5]. Dynamic shifts from M1 to M2 phenotypes in macrophages are
observed in various inflammatory conditions and are linked to tumor-related tissue damage [6].
Numerous studies have demonstrated a correlation between the M2 polarization of tumor-
associated macrophages (TAMs) and poorer prognosis in various human cancers [7].
Additionally, aberrant Notch pathway expression, identified in these malignancies, influences
key cellular processes including proliferation, differentiation, apoptosis, survival [8], as well as
functions critical for immune regulation such as macrophage activation [9-10].

MicroRNAs are small, 17-25-nucleotide, single-stranded, non-coding RNAs that
primarily mediate post-transcriptional gene silencing by binding to the 3’-untranslated region
(UTR) or the open reading frame (ORF) region of target mRNAs [11-12]. The involvement of
miRNAs in various biological activities, including cell proliferation, differentiation, migration,

as well as disease initiation and progression, particularly in tumor pathology, has been



extensively documented [13]. For example, miR-325 targets lipocalin 15 to inhibit proliferation,

migration and invasion of breast cancer cells [14]. Similarly, miR-610 functions as a tumor

suppressor by reducing cisplatin resistance in hepatocellular carcinoma through the targeted

silencing of hepatoma-derived growth factor [15]. Moreover, the down-regulation of miR-182

expression is associated with progression and metastasis of osteosarcoma [16]. Overexpression

of microRNA-182 has been documented to be associated with metastasis and poor patient

prognosis in breast cancer patients [13]. Functional studies have demonstrated that up-

regulation of miR-182 in cancer cells significantly contributes to accelerated tumor

proliferation, migration, invasion, epithelial-mesenchymal transition, metastasis, stemness, and

therapy resistance, through the suppression of multiple genes [17-21]. In breast cancer, miR-

182 has been shown to regulate trastuzumab resistance and tamoxifen sensitivity [19-20].

Additionally, previous studies have demonstrated that breast cancer cells can induce miR-182

expression in macrophages, which in turn influences M2 polarization [15].

Exosomes, originating from the membranes of multivesicular bodies (MVB), have

diameters ranging from 50 nm to 150 nm [22]. These vesicles are abundantly present in various

body fluids and serve as vehicles for intracellular communication, transporting proteins, lipids,

nucleic acids, and other substances [23]. Due to their ease of extraction and stability in

biological environments, miRNA contents have emerged as preferred molecules in exosome for

research [22]. Recent studies have demonstrated the diagnostic potential of exosomal miRNA

across a range of cancers, including bladder, ovarian, hepatoblastoma, colorectal, and

glioblastoma [24-25]. Specifically, the detection of certain mRNAs in exosomes not only aids

in cancer diagnosis but also in evaluating the progression of the tumor microenvironment.



Exosomes facilitate critical communication between tumor and non-tumor cells within the

microenvironment, playing vital roles at different stages of tumor development, such as

immune regulation, microenvironment remodeling, angiogenesis, invasion, and distant

metastasis [26-27]. For example, miR-126, delivered to the lungs by exosomes from MDA -

MB-231 breast cancer cells, effectively inhibits the proliferation and migration of lung cancer

cells, thereby suppressing tumor development [28].

While the contribution of miR-182-5p to the regulation of breast cancer cell malignancy

and breast cancer cells induced miR-182-5p expression in macrophages influences M2

polarization is well-established, the precise mechanisms underlying how exosomal miR-182-

5p from tumor cells influences macrophage polarization remain to be elucidated. This study

aims to elucidate the mechanisms underlying the communication between cancer cells and

macrophages during reprogramming, by employing exosomes from breast cancer cells with

either overexpressed or inhibited miR-182-5p.

MATERIALS AND METHODS

Clinical mRNA expression analysis

The miR-182-5p binding site on Notch1 was analyzed with the following parameters “‘has-

miR-182-5p” and “Notchl” at the “miRNA-Target” section on the Starbase Database

(starbase.sysu.edu.cn).

Clinical miR-182-5p and Notchl mRNA expression in normal and breast cancer patients

were also analyzed on the Starbase Database. Under the “Pan-Cancer” section, searching “has-

miR-182-5p” in “miRNA Differential Expression”, or “Notchl” expression in “Gene

Differential Expression”, with the following parameter “Breast Invasive Carcinoma” in cancer



type.
Clinical Samples.

This study used two treatments naive TNBC continuous cohorts: all treatments naive
pathogenic conformed female TNBC patients in Xinjiang Tumor Hospital from January 1, 2013
to October 1, 2015 and from January 1, 2022 to June 1, 2022 included in the screening. Exclude
patients without complete pathological or clinical information, paraffin-embedded primary
tumor specimens of 157 patients from January 1, 2013 to October 1, 2015 were used for
immunohistochemical detection of Notchl, and frozen primary tumor and adjacent tissues of
30 patients from January 1, 2022 to June 1, 2022 were used for the analysis of biochemical
markers and the expression of miR-182-5p. Samples were obtained with informed patient
consent and approval by the Medical Ethics Committee of the Affiliated Tumor Hospital of
Xinjiang Medical University (G-2019050).

Mouse Experiments.

The BALB/c nude mice were obtained from Hangzhou Medical College. For the fat-pad
injection assays, 5 x 10° MDA-MB-231 cells were mixed with 100 pl of Matrigel and injected
into the mammary fat pads on each side of 8-week-old female mice. After 7 days, miR-182-5p
agomir, miR-182-5p antagomir, and the negative control oligonucleotides were injected into
the tumors every 3 days for a total of 7 times. All animal studies were conducted according to
the guidelines for the care and use of laboratory animals and were approved by the Medical
Ethics Committee for Animal Experiments of the Affiliated Tumor Hospital of Xinjiang
Medical University (IACUC-20190226-49).

Other procedures



All of the other procedures are established standard techniques and are described in the

Supplementary Files.

Statistical Analyses

All statistical analyses were performed using SPSS 19.0 software. Values are expressed as

means = SEM. Pair-wise comparisons were made using one-way ANOVA. A probability value

(p) <0.05 was considered significant, with those < 0.01 or < 0.001 being even more so.

RESULTS

miR-182-5p and Notch1 Expression in TNBC: Analysis of Database and Clinical Samples

Previous studies have already established the oncogenic roles of miR-182, which promotes

cancer invasion by targeting the Notch1/Hes1 pathway and reprogramming M2 polarization of

macrophages in cancer cells and mice. Utilizing the Starbase Database (starbase.sysu.edu.cn),

the 3’UTR of Notch1 was found to have a binding site for miR-182-5p (Fig.1A), indicating that

has-miR-182-5p is predicted to interact directly with Notchl. To evaluate the relationship

between miR-182-5p and Notchl in breast cancer, the expression levels of miR-182-5p and

Notchl were analyzed using public databases and clinical breast cancer samples. A negative

correlation in expression between miR-182-5p and Notchl was demonstrated (Fig.1B-C).

To further explore the impact of Notchl expression, Notchl was detected by IHC in 157

FFPE TNBC samples from Xinjiang Tumor Hospital. Notchl expression was not associated

with age, menstrual period, tumor size, or Ki67 expression but was significantly related to BMI,

lymphatic metastasis, histological grade, and tumor stage (Table 1). These results suggest that

Notchl expression is associated with metastasis but not with proliferation. Furthermore,

overexpression of miR-182-5p was observed in 30 frozen TNBC samples compared to adjacent



non-tumorous tissue (Fig. 1D). The biochemical indicators of glycolysis, including glucose
(GLU), lactate (LD), lactate dehydrogenase (LDH), hexokinase (HK), pyruvate kinase (PK),
and adenosine triphosphate (ATP), were notably elevated in TNBC (Supplementary Fig.S1).
Construction of Exosomes from miR-182-5p Overexpression/Inhibition in MDA-MB-231
Cells

To evaluate the regulatory effects of miR-182-5p in reprogramming macrophages,
constructs for miR-182-5p mimics, miR-182-5p inhibitors, and corresponding controls were
developed. Initially, miR-182-5p levels were quantified by qPCR in human breast cancer cell
line MDA-MB-231 and the normal human breast cell line MCF-10A. Our findings indicate that
miR-182-5p was significantly overexpressed, and Notchl expression was notably decreased in
MDA-MB-231 cells (Fig.2A). Following the transfection with miR-182-5p mimics and
inhibitors, the expression of miR-182-5p altered in MDA-MB-231 cells accordance with the
plasmid (Fig.2B) and in exosomes derived from transfected MDA-MB-231 cells (Fig.2C).
miR-182-5p Regulates Notchl by Combine Directly

To illustrate the mechanism of miR-182-5p regulating Notchl. Wild-type and mutation
Notchl luciferase plasmid were constructed. By using luciferase, miR-182-5p-mimics was
proved to combine with wildtype-Notchl1 directly, but not MT-Notch1 (Fig.2D).
Regulative Effects of Exosomal miR-182-5p on Macrophage Reprogramming

MO macrophages were co-cultured with exosomes from MDA-MB-231 cells transfected
with either miR-182-5p mimics or inhibitors. The expression changes of key genes in the
Notch1/Hes1 pathway, including Notchl, Hes1, HK2, and PKM2, were evaluated at both RNA

and protein levels. Additionally, macrophage biomarkers and biochemical indicators of



glycolysis were detected.

In summary, exosomes containing miR-182-5p mimics led to a reduction in the RNA

(Fig.3A) and protein (Fig.3B) expression levels of Notchl and Hes1. This was followed by an

upregulation of HK2 and PKM?2 expression (Fig.3A-B), which subsequently induced the

polarization of macrophages towards the M2 phenotype (Fig.3C) and an increase in glycolysis

indicators, including GLU, LD, LDH, HK, PK, and ATP (Supplementary Fig.S2). Conversely,

exosomes with miR-182-5p inhibitors prompted an upregulation in Notchl and Hesl

expression, which in turn restrained HK2 and PKM2 expression (Fig.3A-B). This induced

polarization of macrophages towards the M1 phenotype (Fig.3C), and led to a decrease in GLU,

LD, LDH, HK, PK, and ATP (Supplementary Fig.S2).

The Effects of Exosomal miR-182-5p-induced Macrophage Regulation on Cancer

Progression

Our findings demonstrate that exosomal miR-182-5p from breast cancer cells can induce

M2 polarization of macrophages through the regulation of the Notchl/Hesl pathway,

subsequently leading to variations in the biochemical indicators of glycolysis. However, the

extent to which exosomal miR-182-5p-induced M2 polarization of macrophages and changes

in the immune microenvironment affect breast cancer progression remains unclear.

To elucidate the impact of exosomal miR-182-5p-induced M2 polarization of

macrophages on breast cancer progression, breast cancer cells (MDA-MB-231) were co-

cultured with macrophages treated with exosomes. Co-culturing with macrophages treated with

exo-miR-182-5p mimics significantly enhanced the colony formation (Fig.4A),

migration/invasion (Fig.4B), and reduced apoptosis (Fig.4C) of MDA-MB-231 cells.



Conversely, co-culturing with macrophages treated with exo-miR-182-5p inhibitors
significantly reduced colony formation (Fig.4A), migration/invasion (Fig.4B), and increased
apoptosis (Fig.4C) of MDA-MB-231 cells.
The Effects of miR-182-5p Regulation on Breast Cancer Progression In Vivo

To investigate the impact of miR-182-5p on breast cancer progression in vivo, a cell-
derived xenograft (CDX) model using BALB/c nude mice was established. MDA-MB-231 cells
were transfected with miR-182-5p-agomir (to overexpress miR-182-5p), miR-182-5p-
antagomir (to inhibit miR-182-5p), and corresponding controls. 24 hours post-transfection,
5x10° cells were injected into the armpit of BALB/c nude mice. The diameter of tumors was
measured every 5 days until day 44, at which point the mice were euthanized for further analysis.

Tumor volume (Fig.5A) and weight (Fig.5B) significantly increased in the miR-182-5p-
agomir treated mice, with proliferation confirmed by H&E staining (Fig.6A). M2 macrophage
polarization was notably upregulated (Fig.5C). Conversely, tumor volume (Fig.5A), weight
(Fig.5B), and proliferation (Fig.6A) significantly significant shrunk in the miR-182-5p-
antagomir treated mice. M2 macrophage polarization was notably downregulated (Fig.5C).

Furthermore, the protein (Fig.6A-B) and RNA (Fig.6C) levels of Notch1, Hes1, HK2, and
PKM2 changed in a manner consistent with the in vitro findings, leading to changes in
biochemical indicators (Supplementary Fig.S3). There was one inconsistency: the protein levels
of Notchl did not show a clear trend, possibly due to ineffective staining by the Notch1 IHC
antibody.
DISCUSSION

Notch family proteins, serving as transmembrane receptors, play a pivotal role in



determining cell fate by regulating differentiation, apoptosis, and proliferation. Aberrant

expression of the Notch pathway, observed in various human cancers, influences proliferation,

differentiation, apoptosis, and survival [8]. Specifically, elevated Notch expression has been

correlated with poorer breast cancer outcomes [29]. The Notch family consists of four highly

conserved transmembrane receptors, Notch1, Notch2, Notch3, and Notch4, exhibiting variable

expression levels across different breast cancer genotypes [30]. Notch2 overexpression

promotes tumor progression in estrogen receptor-positive luminal tumors [31], while Notch3 is

implicated in regulating proliferation in HER2-negative breast cancer [32]. Additionally,

Notch4 activation disrupts ductal and lobular growth, thereby inducing tumorigenesis [29].

Most studies focus on the Notchl signaling pathway, which has been shown to govern migration

and metastasis, and its inhibition reduces these processes [33]. A meta-analysis involving 4,463

patients across 17 studies found a negative correlation between increased Notchl levels and

recurrence-free survival, regardless of other prognostic factors or cancer type [34]. Notchl's

critical role extends to resistance mechanisms against paclitaxel, suggesting its potential as a

therapeutic target [35]. High Notchl expression levels have been linked to reduced overall

survival in breast cancer patients [36], particularly in HER2-positive breast cancer, where where

Notchl enhances stem cell survival, contributing to trastuzumab resistance [37]. Notchl's role

in triple-negative breast cancer (TNBC) is particularly notable, with higher mRNA expression

levels significantly associated with TNBC, but not with ER-negative samples [38]. Notchl

activation of the AKT pathway and promotion of EMT through MVP activation underscore its

role in chemo-resistance in TNBC [39].

Several studies have reported regulatory mechanisms between miRNA and Notchl in



cancer cells. For instance, hsa-miR-599 downregulation in breast cancer deactivates the

BRD4/Jagged1/Notchl axis, thus inhibiting cancer progression [40]. MiR-34a suppresses

breast cancer cell proliferation and invasion, potentially through targeting Notchl [41].

Overexpression of OIP5 inhibits hsa-miR-139-5p, leading to the de-repression of NOTCHI, a

core oncogene in breast cancer progression [42]. EVs carrying miR-887-3p target BTBD7 and

activate the Notch1/Hes!1 signaling pathway, promoting drug resistance in breast cancer cells

[43]. Previous research has established the importance of miRNAs in breast cancer through the

Notchl pathway. However, few studies have explored miRNA/Notchl regulation of

macrophage polarization. In breast cancer, one study investigated miRNA affecting

macrophage polarization via the microRNA-146a-5p/NOTCHI1 Axis [44]. Nonetheless, the

precise role and mechanism of miRNA in regulating Notchl to reprogram M2 macrophage

polarization remain unclear.

In this study, we demonstrate that exosomal miR-182-5p reprograms macrophage

polarization from M1 to M2 by reducing Notch1 expression, thereby enhancing breast cancer

progression both in vitro and in vivo. Through bioinformatics analysis, we identified a direct

interaction between miRNA-182-5p and the Notch1 3'UTR (Fig.1A), confirmed by a luciferase

assay (Fig.2D). Clinical analysis showed a correlation between miR-182-5p expression and

Notchl expression in human tumor tissues (Fig.1B-D). After transfection with miR-182-5p

mimics, inhibitors, and controls for 24 hours (Fig.2B), exosomes were extracted from

transfected breast cancer cells (MDA-MB-231) and quantified for miR-182-5p expression by

RT-gPCR (Fig.2C). Macrophages co-cultured with these exosomes exhibited altered

Notchl/Hes1 pathway expression (Fig.3A-B), resulting in changes in polarization (Fig.3C), and



modifications of biochemical indicators (Supplementary Fig.S2). Furthermore, breast cancer
cells co-cultured with reprogrammed M2 macrophages showed increased colony formation
(Fig.4A), migration, and invasion (Fig.4B), as well as reduced apoptosis (Fig.4C). These
findings were validated in a BALB/c nude-mice model irn vivo (Fig.5-6). This study is the first
to elucidate the breast cancer-macrophage feedback loop mechanism via the exosome-miR-
182-5p/Notchl pathway for macrophage reprogramming. Based on our finding, exosomal miR-
182-5p inhibitors could use as anti-tumor drugs for TNBC by regulating macrophage
polarization.

Exosomal miRNAs have been found to play a positive role in antitumor immunity.
Exosomes derived from breast cancer deliver miR-130 and miR-33, which downregulate TGF-
B and IL-10, ultimately inducing the polarization of M1 macrophages [45]. Human HPV+
HNSCC-derived exosomes have been shown to transport miR-9 to macrophages, inducing M1
macrophage polarization and increasing tumor radiosensitivity [46]. Moreover, miR-1827
delivered by exosomes from human umbilical cord mesenchymal stem cells (MSCs) has been
shown to inhibit macrophage M2 polarization and prevent colorectal liver metastasis [47].
Furthermore, exosome represent an ideal delivery system, offering many advantages including
low immunogenicity, high stability, and targeted delivery capability [26]. Numerus studies have
demonstrated that exosomes hold promise as a reliable vector for gene therapy in cancer
treatment. For instance, exosomes loaded with glucose-regulated protein 78 siRNA have been
shown to overcome tumor cell resistance to sorafenib in hepatocellular carcinoma [48].
Similarly, exosome-mediated siRNA delivery has been effective in reducing S100A4

expression, significantly inhibiting postoperative metastasis in triple-negative breast cancer



[49]. In summary, employing an exosomal miR-182 inhibitor could represent a viable
therapeutic strategy for TNBC.

Even while using exosomal miR-182-5p inhibitors as anti-tumor drugs is still far from
clinical application, drugs that regulate macrophage polarization may hold promise for breast
cancer treatment. Such as the CSF1R signaling is vital for the differentiation and survival of
the mononuclear phagocyte system, particularly macrophages [50], making CSF1R signaling
in TAMs a compelling therapeutic target. Regorafenib, an antiangiogenesis inhibitor, has been
shown to reduce tumor-associated macrophages and potently inhibit CSF1R, with proven
efficacy in advanced colorectal cancer (CRC), gastrointestinal stromal tumors (GIST), and
hepatocellular carcinoma (HCC) [51]. Several small molecules like Pimicotinib (ABSK021) ,
ARRY-382, PLX7486, BLZ945, and JNJ40346527, and monoclonal antibodies (mAbs) include
emactuzumab, AMG820, IMC-CS4, cabiralizumab, MCS110, and PD-0360324, targeting
CSF1R or CSF1 has emerged as a promising anti-tumor strategy.

CONCLUSION

Taken together, our study highlights the role of exosomal miR-182-5p from breast cancer
cells in reprogramming M2 macrophage polarization by targeting Notchl, leading to
accelerated tumor progression through regenerative feedback. Our findings suggest that
inhibiting miR-182-5p in TAMs offers a potential strategy for targeting these cells, emphasizing
the effectiveness of miR-182-5p-inhibiting RNA interference (RNAi) therapy. Although RNAi
therapy remains a long-term goal in cancer treatment, drugs targeting macrophage polarization,
such as CSFI1R inhibitors, may offer alternative and immediate therapeutic options for breast

cancer patients with miR-182-5p overexpression. Further prospective and interventional



clinical studies are necessary to validate miR-182-5p's potential as both a prognostic marker

and a therapeutic target in cancer.

FUNDING

This work was supported by grants from the second batch of "Tianshan Talents Cultivation

Program"-Technology and Innovation Leading Talents Project [grant number

2023TSYCLJ0039], National Natural Science Foundation of China [grant number 81960478].

ACKNOWLEDGMENTS

We would like to thank FIGDRAW (www.figdraw.com) for making our findings present

in a visual, concise, graphic way, and MEDx (Suzhou) Translational Medicine Co. Ltd. for

providing data analysis support.

REFERENCES

1. Ostman A. The tumor microenvironment controls drug sensitivity. Nat Med.

2012;18(9):1332-4.

2. Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and metastasis.

Nat Med. 2013;19(11):1423-37.

3. Zhang J, Huang D, Saw PE, Song E. Turning cold tumors hot: from molecular mechanisms

to clinical applications. Trends Immunol. 2022;43(7):523-545.

4. Mantovani A, Allavena P, Marchesi F, Garlanda C. Macrophages as tools and targets in

cancer therapy. Nat Rev Drug Discov. 2022;21(11):799-820.

5. Murray, P. J. Macrophage polarization. Annu Rev Physiol. 2017;79:541-566.

6. Zhang B, Vogelzang A, Miyajima M, Sugiura Y, Wu Y, Chamoto K, et al. B cell-derived

GABA elicits IL-10+ macrophages to limit anti-tumor immunity. Nature. 2021;599:471-476.



7. Bingle L, Brown NJ, Lewis CE. The role of tumour-associated macrophages in tumour

progression: Implications for new anticancer therapies. J Pathol. 2002;196(3):254-65.

8. Miele L. Notch signaling. Clin Cancer Res. 2006;12(4):1074-9.

9. L Gharaibeh, N Elmadany, K Alwosaibai, W Alshaer. Notchl in Cancer Therapy: Possible

Clinical Implications and Challenges. Mol Pharmacol. 2020;98(5):559-576.

10. E. Fung, SM. T. Tang, J.P. Canner, K Morishige, J. F. Arboleda-Velasquez, A. A. Cardoso,

et al. Delta-like 4 induces notch signaling in macrophages: implications for inflammation.

Circulation. 2007;115(23):2948-56.

11. A Kabtak-Ziembicka, R Badacz, M Okarski, M Wawak, T Przewlocki, J Podolec. Cardiac

microRNAs: diagnostic and therapeutic potential. Arch Med Sci. 2023;19(5):1360-1381.

12. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.

2004;116(2):281-97.

13. Weidle UH, Dickopf S, Hintermair C, Kollmorgen G, Birzele F, Brinkmann U. The Role of

micro RNAs in Breast Cancer Metastasis: Preclinical Validation and Potential Therapeutic

Targets. Cancer Genomics Proteomics. 2018;15(1):17-39.

14. ZK Liu, H Xu, X Li, RS Zhang, JH Bai, XF Zhang. MicroRNA-325 targets lipocalin 15 to

suppress proliferation, migration and invasion of breast cancer cells. Arch Med Sci.

2020;19(4):1099-1107.

15. YQ Xu, HL Wang, WK Gao. MiRNA-610 acts as a tumour suppressor to depress the

cisplatin resistance in hepatocellular carcinoma through targeted silencing of hepatoma-derived

growth factor. Arch Med Sci. 2019;16(6):1394-1401.

16. MR Golbakhsh, B Boddouhi, N Hatami, PK Goudarzi, M Shakeri, E Yahaghi, et al. Down-



regulation of microRNA-182 and microRNA-183 predicts progression of osteosarcoma. Arch

Med Sci. 2017;13(6):1352-1356.

17. Chiang CH, Hou MF, Hung WC. Up-regulation of miR-182 by beta-catenin in breast cancer

increases tumorigenicity and invasiveness by targeting the matrix metalloproteinase inhibitor

RECK. Biochim Biophys Acta. 2013;1830(4):3067-76.

18. R Lei, J Tang, X Zhuang, R Deng, G Li, J Yu, et al. Suppression of MIM by microRNA-

182 activates RhoA and promotes breast cancer metastasis. Oncogene 2014;33:1287-1296.

19. D Yue, X Qin. miR-182 regulates trastuzumab resistance by targeting MET in breast cancer

cells. Cancer Gene Ther. 2019;26(1-2):1-10.

20. Sang Y, Chen B, Song X, Li Y, Liang Y, et al. circRNA 0025202 regulates tamoxifen

sensitivity and tumor progression via regulating the miR-182-5p/FOX03a axis in breast cancer.

Mol Ther. 2019;27(9):1638-1652.

21. C Ma, D He, P Tian, Y Wang, Y He, Q Wu, et al. miR-182 targeting reprograms tumor-

associated ~ macrophages and  limits  breast cancer  progression. = PNAS.

2022;119(6):2114006119.

22. R. Kalluri, V.S. LeBleu. The biology, function, and biomedical applications of exosomes.

Science. 2020;367(6478):caau6977.

23. Q.F. Han, WJ. Li, K.S. Hu, J. Gao, W.L. Zhai, J.H. Yang, et al. Exosome biogenesis:

machinery, regulation, and therapeutic implications in cancer. Mol Cancer. 2022;21(1):207.

24. EM Borkowska, P Kutwin, Da Rolecka, T Konecki, M Borowiec, Z Jabtonowski. Clinical

value of microRNA-19a-3p and microRNA-99a-5p in bladder cancer. Arch Med Sci.

2020;19(3):694-702.



25. Wang X, Huang J, Chen W, Li G, Li Z, Lei J. The updated role of exosomal proteins in the
diagnosis, prognosis, and treatment of cancer. Exp Mol Med. 2022;54(9):1390-1400.

26. VR. da Costa, R.P. Araldi, H Vigerelli, F D'Amelio, T.B. Mendes, V Gonzaga, et al.
Exosomes in the tumor microenvironment: from biology to clinical applications. Cells.
2021;10(10):2617..

27.7Z.Xu, Y. Chen, L. Ma, Y. Chen, J. Liu, Y. Guo, et al. Role of exosomal non-coding RNAs
from tumor cells and tumor-associated macrophages in the tumor microenvironment. Mol Ther.
2022;30(10):3133-3154.

28. G. Liang, Y. Zhu, D.J. Ali, T. Tian, H. Xu, K. Si, et al. Engineered exosomes for targeted
co-delivery of miR-21 inhibitor and chemotherapeutics to reverse drug resistance in colon
cancer. J. Nanobiotechnology. 2020;18(1):10.

29. Dontu G, El-Ashry D and Wicha MS. Breast cancer, stem/ progenitor cells and the estrogen
receptor. Trends Endocrinol Metab, 2004;15(5):193-7.

30. Wang J, Fu L, Gu F, Ma Y. Notchl is involved in migration and invasion of human breast
cancer cells. Oncol Rep. 2011;26(5):1295-303.

31. YP Fu, H Edvardsen, A Kaushiva, JP Arhancet, TM Howe, 1 Kohaar, et al. NOTCH2 in
breast cancer: association of SNP rs11249433 with gene expression in ER-positive breast
tumors without TP53 mutations. Mol Cancer. 2010:9:113.

32. N Yamaguchi, T Oyama, E Ito, H Satoh, S Azuma, M Hayashi,, et al. NOTCH3 signaling
pathway plays crucial roles in the proliferation of ErbB2-negative human breast cancer cells.
Cancer Res. 2008;68(6):1881-8.

33. Chen J, Imanaka N, Griffin JD. Hypoxia potentiates Notch signaling in breast cancer



leading to decreased E-cadherin expression and increased cell migration and invasion. Br J

Cancer. 2010;102:351-360.

34. Abravanel DL, Belka GK, Pan TC, Pant DK, Collins MA, Sterner CJ, et al. Notch promotes

recurrence of dormant tumor cells following HER2/neutargeted therapy. J Clin Invest.

2015;125(6):2484-96.

35. ] Mao, B Song, Y Shi, B Wang, S Fan, X Yu, et al. ShRNA targeting Notchl sensitizes

breast cancer stem cell to paclitaxel. Int J] Biochem Cell Biol. 2013;45(6):1064-73.

36. Reedijk M, Odorcic S, Chang L, Zhang H, Miller N, McCready DR, et al. High-level

coexpression of JAG1 and NOTCHI is observed in human breast cancer and is associated with

poor overall survival. Cancer Res. 2005;65:8530-8537.

37. Baker A, Wyatt D, Bocchetta M, Li J, Filipovic A, Green A, et al. Notch-1-PTEN-ERK1/2

signaling axis promotes HER2+ breast cancer cell proliferation and stem cell survival.

Oncogene. 2018;37:4489-4504.

38. Yuan X, Zhang M, Wu H, Xu H, Han N, Chu Q, et al. Expression of Notch1 correlates with

breast cancer progression and prognosis. PLoS One. 2015;10(6):¢0131689.

39. YS Xiao, D Zeng, YK Liang, Y Wu, MF Li, YZ Qi, et al. Major vault protein is a direct

target of Notch1 signaling and contributes to chemoresistance in triple-negative breast cancer

cells. Cancer Lett. 2019:440-441:156-167.

40. Y Liu, N Liu, D Xu, B Wu, X Wu, X Sun, et al. Hsa-miR-599 inhibits breast cancer

progression via BRD4/Jagged1/Notchl axis. J Cell Physiol. 2022;237(1):523-531.

41. X Rui, H Zhao, X Xiao, L Wang, L. Mo, Y Yao. MicroRNA-34a suppresses breast cancer

cell proliferation and invasion by targeting Notchl. Exp Ther Med. 2018;16(6):4387-4392.



42. HC Li, YF Chen, W Feng, H Cai, Y Mei, YM Jiang, et al. Loss of the Opa interacting protein

5 inhibits breast cancer proliferation through miR-139-5p/NOTCH1 pathway. Gene.

2017;603:1-8.

43. B Wang, Y Wang, X Wang, J Gu, W Wu, H Wu, et al. Extracellular Vesicles Carrying miR-

887-3p Promote Breast Cancer Cell Drug Resistance by Targeting BTBD7 and Activating the

Notchl/Hes1 Signaling Pathway. Dis Markers. 2022;2022:5762686.

44. X Chen, C Su, Q Wei, H Sun, J Xie, G Nong. Exosomes Derived from Human Umbilical

Cord Mesenchymal Stem Cells Alleviate Diffuse Alveolar Hemorrhage Associated with

Systemic Lupus Erythematosus in Mice by Promoting M2 Macrophage Polarization via the

microRNA-146a-5p/NOTCH1 Axis. Immunol Invest. 2022;51(7):1975-1993.

45. M. Moradi-Chaleshtori, S. Shojaei, S. Mohammadi-Yeganeh, S.M. Hashemi. Transfer of

miRNA in tumor-derived exosomes suppresses breast tumor cell invasion and migration by

inducing M1 polarization in macrophages. Life Sci. 2021;282:119800..

46. F. Tong, X. Mao, S. Zhang, H. Xie, B. Yan, B. Wang, et al. HPV + HNSCC-derived

exosomal miR-9 induces macrophage M1 polarization and increases tumor radiosensitivity,

Cancer Lett. 2020;478:34-44.

47.]. Chen, Z. Li, C. Yue, J. Ma, L. Cao, J. Lin, et al. Human umbilical cord mesenchymal stem

cell-derived exosomes carrying miR-1827 downregulate SUCNRI1 to inhibit macrophage M2

polarization and prevent colorectal liver metastasis. Apoptosis 2023;28(3-4):549-565.

48. H. Li, C. Yang, Y. Shi, L. Zhao. Exosomes derived from siRNA against GRP78 modified

bone-marrow-derived mesenchymal stem cells suppress Sorafenib resistance in hepatocellular

carcinoma. J. Nanobiotechnology. 2018;16(1):103.



49. L. Zhao, C. Gu, Y. Gan, L. Shao, H. Chen, H. Zhu. Exosome-mediated siRNA delivery to

suppress postoperative breast cancer metastasis. J. Control Release 2020;318:1-15.

50. Stanley ER, Chitu V. CSF-1 receptor signaling in myeloid cells. Cold Spring Harb Perspect

Biol. 2014;6(6):2021857.

51. J Huang, Y Guo, W Huang, X Hong, Y Quan, L Lin, et al. Regorafenib Combined with PD-

1 Blockade Immunotherapy versus Regorafenib as Second-Line Treatment for Advanced

Hepatocellular Carcinoma: A Multicenter Retrospective Study. J Hepatocell Carcinoma.

2022;9:157-170.



Figure Legends

Graphical abstract: The positive feedback loop mechanism between breast cancer cells
and macrophages mediated by the exosome-derived miR-182-5p/Notch1 pathway. The M2
macrophage polarization induced by exosomal miR-182-5p from TNBC cancer cells, then the

exosomes induced M2 macrophage polarization accelerated tumor progression.

Figure 1. MiR-182-5p and Notch1 expression in clinical samples. (A) 3°UTR of Notch1 had
binding site of miR-182-5p in Starbase Database(starbase.sysu.edu.cn). (B) miR-182-5p was
overexpression and (C) Notchl was low-expression in breast cancer compare to normal tissue
in Starbase Database. (D) miR-182-5p was overexpression in 30 TNBC samples. Numeric data

were expressed as the mean = SEM. ***p < 0.001.

Figure 2. Constructed exosomes from miR-182-5p overexpression/inhibition TNBC cell-
line. (A) miR-182-5p was overexpression and Notchl was low-expression in MDA-MB-231
cell. The cell (B) and exosome (C) miR-182-5p expression changed significantly according to
miR-182-5p-mimics/inhibitor transfected to MDA-MB-231 cell. (D) miR-182-5p was proved
to combine with Notch1 directly by Luciferase Reporter Assays. *miR-182-5p-mimics compare
to Mimics-NC. “miR-182-5p-inhibitor compare to Inhibitor-NC. Numeric data were expressed

as the mean = SEM. */p < 0.05; **p < 0.01; ***p < 0.001.

Figure 3. The effect of exosomes from miR-182-5p overexpression/inhibition TNBC cells

on macrophages polarization. The RNA (A) and proteins (B) of Notchl/Hesl pathway



expression in macrophages were significant modified with TNBC exosomes contain miR-182-
Sp mimics/inhibitors. (C) The macrophage M2 polarization transferred by TNBC exosomes
induction contain miR-182-5p mimics/inhibitors. *exo-miR-182-5p-mimics compare to exo-
mimics-NC. *exo-miR-182-5p-inhibitor compare to exo-inhibitor-NC. Numeric data were

expressed as the mean = SEM. */*p < 0.05; **/#p < 0.01; ***/%%p < (0.001.

Figure 4. The influence of exosomal miR-182-5p induced macrophages M2 polarization
to breast cancer progression. The survival (A), migration/invasion (B), and apoptosis (C) of
MDA-MB-231 were altered notably when co-cultured with exosomal miR-182-5p induced
macrophages. *M0-exo-miR-182-5p-mimics compare to M0-exo-mimics-NC. “M0-exo-miR-
182-5p-inhibitor compare to M0-exo-inhibitor-NC. Numeric data were expressed as the mean

+ SEM. ***/##p < (.001.

Figure 5. The phonotype shifted by miR-182-5p overexpression/inhibition In vivo. The
tumor volume (A), tumor weight (B), macrophages polarization (C) were shifted vitally in miR-
182-5p agomir/antagomir nude-mice model. *miR-182-5p-agomir compare to agomir-NC.
*miR-182-5p-antagomir compare to antagomir-NC. Numeric data were expressed as the mean

+ SEM. */*p < 0.05; **p < 0.01; ***/%#p < 0.001.

Figure 6. The mechanism switched by miR-182-5p overexpression/inhibition In vivo. The
proliferation by H&E (A), as well as protein (B) and RNA (C) of Notch/Hes1 pathway were

re-programmed outstandingly by miR-182-5p agomir/antagomir in nude-mice model. *miR-



182-5p-agomir compare to agomir-NC. “miR-182-5p-antagomir compare to antagomir-NC.

Numeric data were expressed as the mean + SEM. */p < 0.05; #p < 0.01; ***p < 0.001.

Supplementary Figure 1. The biochemical indicators transformation of glycolysis in
clinical samples. The biochemical indicators of glycolysis, including glucose (GLU), lactate
(LD), lactate dehydrogenase (LDH), hexokinase (HK), pyruvate kinase (PK), and adenosine
triphosphate (ATP), were notably elevated in 30 TNBC patients compared to adjacent normal

tissue. Numeric data were expressed as the mean = SEM. *p < 0.05; **p < 0.01; ***p <(0.001.

Supplementary Figure 2. The biochemical indicators transformation in macrophages. The
biochemical indicators of glycolysis in macrophages were significant increased according to
exosomal miR-182-5p-mimics, and decreased according to exosomal miR-182-5p-inhibitor.
*ex0-miR-182-5p-mimics compare to exo-mimics-NC. “exo-miR-182-5p-inhibitor compare to
exo-inhibitor-NC. Numeric data were expressed as the mean + SEM. *p < 0.05; **/*p < 0.01;

*#kp < 0.001.

Supplementary Figure 3. The biochemical indicators transformation in nude-mice graft
model. The biochemical indicators of glycolysis in nude-mice graft model were notably
increased according to miR-182-5p-agmir, and decreased according to miR-182-5p-antagomir.
*miR-182-5p-agomir compare to agomir-NC. “miR-182-5p-antagomir compare to antagomir-
NC. Numeric data were expressed as the mean = SEM. “p < 0.05; **/%p < 0.01; ***/*p <

0.001.



SUPPLEMENTARY MATERIALS

Cell Culture and Macrophage Differentiation.

Human breast cancer cell line MDA-MB-231, human breast epithelial cell line MCF-10A,

human monocytic leukemia cell line THP-1, and human kidney epithelial cell line 293T were

obtained from the Cell Bank of the Chinese Academy of Sciences. Lipofectamine 3000 (13778-

030, Thermo Fisher) was used to transfect the miR-182-5p-mimics, miR-182-5p-inhibitor, or

oligonucleotide inhibitor into MDA-MB-231. Follow-up experiments were generally carried

out around 24h after the transfection.

For macrophage differentiation, THP1 cells were stimulated with 100 ng/mL PMA for 48

hours to obtain MO macrophages. Then M0 macrophages were co-cultured with breast cancer

cell-derived EVs.

EV Purification.

Breast cancer cell-derived EVs were isolated by differential centrifugation. Briefly, 8 ml

of cell supernatant from transfected MDA-MB-231 cells was collected and filtered through a

0.22-pm filter. An equal volume of XBP was added, and the mixture was mixed five times. The

mixture was then transferred to an exoEasy tube and centrifuged twice at 500 g for 3 minutes.

Subsequently, 10 ml of buffer XWP was added, followed by centrifugation at 2,810 g for 7

minutes to remove the residual buffer. Next, 600 ul of XE was added to the membrane and

incubated for 3 minutes, then centrifuged at 500 g for 5 minutes to collect the eluate in a new

collection tube. Finally, the eluate was re-added to the rotating column membrane, incubated

for 3 minutes, and centrifuged at 2,810 g for 8 minutes to collect the exosomes in a new

centrifuge tube.



Cell Proliferation, Migration, and Invasion.

Cell proliferation was analyzed using the CCK-8 assay. Briefly, a total of 5x10° MDA-
MB-231 cells were seeded in 96-well Costar plates and co-cultured with 5x10° MO cells
containing different exo-miRNAs for 24 hours. The plates were incubated for 1 hour after
adding 10 pl of CCK-8 solution. The absorbance was measured at 450 nm using a microplate
reader.

Cell migration and invasion assays were performed using Matrigel® Basement Membrane
Matrix (354234, Corning). After starved 12 h, a total of 1x10° transfected MDA-MB-231 cells
were seeded in the upper chambers in serum-free DMEM, while the lower chambers were
loaded with DMEM containing 10% FBS. After 48 hours, non-migrating cells on the upper
chambers were removed with a cotton swab, and cells that invaded through the Matrigel layer
to the underside of the membrane were stained and counted. Cell migration assays were
performed similarly, but without Matrigel.

Constructs and Reagents.

The miR-182-5p-mimics, miR-182-5p-inhibitor, miR-182-5p-agomir, miR-182-5p-
antagomir, and the negative control oligonucleotides were purchased from GenePharma.

For western blotting and flow cytometric analyses, the following antibodies were used: -
actin (100166-MM 10, Sinobiological), Notchl (ab52627, Abcam), HES1 (BM4488, Boster),
Hexokinase 2 (HK2, A01389, Boster), PKM2 (4053s, CST), PE Anti-Human CD86 Antibody
(E-AB-F1012D, Elabscience), APC Anti-Human CD206 Antibody (E-AB-F1161E,
Elabscience), FITC Anti-Mouse F4/80 Antibody (E-AB-F0995C, Elabscience), PE Anti-Mouse

CD86 Antibody (E-AB-F0994D, Elabscience), APC Anti-Mouse CD206 Antibody (E-AB-



F1135E, Elabscience).

For IHC analyses, the following antibodies were used: Notch1 (20687-1-AP, Proteintech),
HES1 (BM4488, Boster), HK2 (22029-1-AP, Proteintech), PKM2 (15822-1-AP, Proteintech).

Enzyme-linked immunoassay (ELISA) kits were purchased from Nanjing Jiancheng and
used to analyze the levels of PK (A076-1-1), GLU (A154-1-1), LD (A019-2-1), LDH (A020-
2), ATP (A095-1-1), HK (A077-3), and ROS (E004-1-1). Human TNF-a (EK182) and Human
IL-10 (EK110/2) were purchased from Liankebio.
microRNA and mRNA Detection.

Total RNAs were extracted using TRIzol reagent (Invitrogen, 15596018), and mature
microRNAs were reverse-transcribed using the TagMan MicroRNA Reverse Transcription Kit
(4366597, Invitrogen). Subsequently, the TagMan MicroRNA Assay Kit (#000597, ABI) was

used for qPCR detection. The data were normalized to U6 expression.

Supplementary Table.S1 qPCR primers for miRNA/mRNA.

Primer

5'to 3

hsa-miR-182-5p F
hsa-miR-182-5p R
Notchl F1
Notchl R1
Hesl F1
Hesl R1
HK2 F2
HK2 R2
PKM2 F1
PKM2R1
hsa GAPDH_F
hsa GAPDH_R
mouse GAPDH F1
mouse GAPDH R1

agtttggcaatggtagaactc

gtccagtttttttitttttttagtgtg
GAGGCGTGGCAGACTATGC
CTTGTACTCCGTCAGCGTGA
TCAACACGACACCGGATAAAC
GCCGCGAGCTATCTTTCTTCA
TGCCACCAGACTAAACTAGACG
CCCGTGCCCACAATGAGAC
ATGTCGAAGCCCCATAGTGAA
TGGGTGGTGAATCAATGTCCA
GGAGCGAGATCCCTCCAAAAT
GGCTGTTGTCATACTTCTCATGG
AGGTCGGTGTGAACGGATTTG
TGTAGACCATGTAGTTGAGGTCA

Luciferase Reporter Assays.



For Notchl 3'UTR assays, 293T cells were co-transfected with either the miR-182-5p-
mimics or a negative control, along with the psiCHECK-2 vector containing the Notch1 3'UTR
or its mutation at the end of the Renilla luciferase coding sequence. Lysates were collected 72
hours after transfection. Renilla luciferase activities were normalized to firefly luciferase

activities to assess 3'UTR activities.
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Table 1. The relationship between Notchl expression and clinical information of

patients.

NOTCHI1+ NOTCHI1- Ve Pvalue

Age 0.0000  1.0000
<50 46 51
>50 28 32

Menstrual Period 0.0000  1.0000
MP 45 46
Menopause 33 33

BMI 6.2359  0.0442
18.5-23.9 22 40
24-27 28 35
>28 20 12

Tumor Size 1.9133  0.3842
<2cm 34 29
2-5em 41 46
>5cm o) 5

Lymphatic Metastasis 11.6903  0.0006
NG 35 15
Nt 42 65

Histological Grade 8.0658  0.0045
1 40 22
I 38 57

Ki-67 3.3809  0.0660
<30 16 7
>30 62 72

Tumor Stage 12.8251 0.0016
I 24 7
I 39 54

III 16 14
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The biochemical indicators transformation in macrophages.
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The biochemical indicators transformation in nude-mice graft model.
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