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Abstract

Breast cancer continues to be the primary cause of cancer-related deaths among women globally, with increased
rates of incidence and mortality, highlighting the critical need for effective treatment strategies. Recent
developments have introduced a variety of treatment options that address the molecular diversity of breast cancer;
nonetheless, drug resistance remains a significant barrier to achieving favorable results. This review explains the
crucial role of genetic and epigenetic changes in contributing to therapeutic resistance, in addition to other factors
such as increased drug efflux, enhanced DNA repair, evasion of senescence, tumor heterogeneity, the tumor
microenvironment (TME), and epithelial-to-mesenchymal transition (EMT). Genetic modifications, including
mutations in oncogenes and tumor suppressor genes, disrupt essential signaling pathways, facilitating resistance to
chemotherapy and targeted therapies. At the same time, epigenetic modifications - like DNA methylation,
alterations to histones, and dysregulation of non-coding RNAs - reprogram gene expression, supporting adaptive
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resistance mechanisms. These molecular abnormalities contribute to the plasticity of tumors, allowing cancer cells
to evade therapeutic approaches. This review consolidates recent discoveries regarding how these genetic and
epigenetic modifications affect treatment responses and resistance in breast cancer, highlighting their interaction
with disease advancement. By pinpointing new drug targets, including immunotherapeutic strategies, this article
seeks to shed light on the molecular underpinnings of chemoresistance, aiding in the refinement of existing
treatment protocols. A more profound understanding of these mechanisms offers the potential for developing
precision therapies to overcome resistance, reduce relapse rates, and improve clinical outcomes for breast cancer
patients.
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INTRODUCTION

Around 3,10,720 new cases of invasive breast cancer and 56,500 cases of ductal carcinoma in situ, as well as
a predicted 42,250 fatalities from breast cancer, were expected in the United States alone in 2024, making it
a major worldwide health concern. Most frequently, breast cancer develops in the milk ducts (ductal
carcinoma) or the lobules (lobular carcinoma)™. There are two types of cancer: in situ, which indicates that
the cancer has not spread to the rest of the breast, and invasive, which indicates that the cancer has spread
to the surrounding breast tissue®. Invasive ductal carcinomas make up about 72%-80% of all breast
cancers'”. Breast cancer can also be categorized into four molecular subtypes according to receptor
expression: luminal A, luminal B, HER2-enriched, and triple-negative breast cancer (TNBC). This
molecular classification is crucial for administering specific drugs and improving patient outcomes.
Endocrine therapy, for instance, is used to treat individuals with tumors that express estrogen receptors; just
a minority of these patients also undergo chemotherapy. Tumors that express HER2 receptors are treated
with immunotherapy in conjunction with specific targeted therapy. Finally, chemotherapy is the primary
form of treatment for individuals with triple-negative malignancies”. Breast cancer is a complex and
heterogeneous disease with distinct morphological and molecular features, contrary to a simplistic health
concern that involves only a few molecular targets and signaling pathways responsible for progression.
According to recent findings, individuals with the same subtype of breast cancer may react differently to a
given treatment, indicating the heterogeneous nature of this disease. The major obstacle to lowering the
substantial number of deaths from breast cancer in women nonetheless remains overcoming treatment
resistance, even after decades of therapeutic advancements”. To improve patient care and develop effective
treatment plans, it is pivotal to comprehend the intricate mechanisms causing drug resistance. Several
predominant factors are critical in drug resistance, including DNA repair, loss of cell death, genetic or
epigenetic changes, undruggable genomic drivers maintaining oncogenic signaling, therapeutic selections
expanding resistant clones, and complex interactions with the immune system and microenvironment.

Breast cancer detection and monitoring are crucial for improving treatment outcomes and patient
prognosis. Biomarkers are important for effectively diagnosing, predicting, and managing breast
cancer®. Many patients require personalized treatments, necessitating the development of novel
biomarkers for diagnostics and prognostics, as well as the use of single cells for early cancer diagnosis.
Machine learning and artificial intelligence can significantly improve cancer drug development. Cancer
biomarkers include biomolecules from cancer cells, which can help assess tumor type, progression, and
treatment response!". Due to tumor cell diversity, a combination of biomarkers is often necessary for
accurate diagnosis and monitoring. While some biomarkers are being tested in clinical trials, they still lack
adequate sensitivity and selectivity>"”. Therefore, new, effective biomarkers are essential, particularly for
advancing immunotherapies. This review highlights the complexity of drug resistance mechanisms and
additionally emphasizes the significance of cutting-edge research in overcoming breast cancer resistance by
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developing combination therapies, including immunotherapeutics and personalized treatments, and their
profound implications for clinical outcomes.

BREAST TUMOR HETEROGENEITY, STEM CELLS, AND DRUG RESISTANCE

The heterogeneity and complexity of the tumor microenvironment (TME) are shaped by various cellular
and subcellular components, contributing to its remarkable plasticity and resulting in therapeutic resistance
in breast cancer*. Tumor heterogeneity is facilitated by genetic mutations, transcriptional and translational
variations, as well as epigenetic alterations to these cellular characteristics"”. TME is majorly composed of
cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), cancer stem cells (CSCs),
tumor-derived endothelial cells (TECs), cytokines, and various growth factors"”. Among stromal cells,
CAFs are a vital component of the TME and are responsible for extracellular matrix (ECM) maintenance
and remodeling"™*¥. Yuan et al. demonstrated that CAFs confer resistance to tamoxifen in breast cancer
cells via the GPER-integrin B1-mediated pathway"?. The GPER/EGFR/ERK pathway enhances p1-integrin
expression, accelerating CAF-induced epithelial-to-mesenchymal transition (EMT) and leading to
resistance to tamoxifen in breast cancer cells"”. Furthermore, CAFs activate numerous signaling pathways,
including JAK/STATS3, PI3K/Akt, and NF-«B, to promote trastuzumab resistance in HER2-positive breast
cancer cells®. Gao et al. demonstrated that the CD63* CAF subtype contributes to tamoxifen resistance by
releasing exosomal miR-22, which leads to the downregulation of ERa and PTEN expression in breast
cancer™. In addition, CD10°GPR77* CAFs, TSPAN8* myCAFs, and PDPN" CAFs confer chemoresistance
to various drugs in breast cancer™".

TAM:s exert dynamic functional attributes by fostering oncogenic response within the TME®. These cells
promote cancer cell proliferation and angiogenesis, while also suppressing immune responses, which aids in
tumor progression””. The breast tumor core comprises specialized cells, such as breast cancer stem cells
(BCSCs), which are heterogeneous and distinguished by various surface markers. BCSCs confer resistance
in two ways: initially sensitive but gradually developing resistance to anti-cancer therapies and intrinsic
drug resistance. Due to their self-renewal and differentiation abilities, these cells can form various cell types
within the TME®”. Following chemotherapy, the population of CSCs in the tumor rapidly increases as these
cells can survive and expand even after the majority of cancer cells have been eradicated””. CSCs can
withstand therapy primarily because they exhibit multidrug resistance (MDR) transporters, have a robust
DNA repair mechanism, and induce stronger apoptotic resistance in contrast to other cells””. The key
surface markers of BCSCs, such as CD44, ALDH1, CD133, EpCAM, ABCG2, GD2, and CXCRg4, aid in
promoting chemoresistance to major drugs, including paclitaxel, anthracyclines, tamoxifen, fulvestrant,
letrozole, exemestane, palbociclib, trastuzumab, and lapatinib®”. HA-CD44 interaction enhances breast
cancer MDR by regulating MDR1 through the STAT3 pathway"'. CD133"#" BCSCs display resistance to
hormonal therapy and promote metastasis via IL-6/Notch3 signaling in ER+ breast cancer”. Another study
reveals that doxorubicin sensitivity in BCSCs can be increased by EpCAM aptamer-mediated survivin
silencing, reversing resistance in breast cancer®. ALDH mainly regulates breast tumor progression and
metastasis, while inhibition of ALDH activity contributes to the reversal of doxorubicin/paclitaxel resistance
in CD44"'ALDH"¢" BCSCs"*. Hence, exploring the diverse TME components and targeting their associated
molecular players may unravel novel therapeutic strategies for breast cancer.

GENETIC FACTORS INVOLVED IN BREAST CANCER RESISTANCE

Prior studies identified several characteristics of inherited gene mutations that are recognized to be
associated with the advancement of breast malignancies. The genes most frequently linked to familial breast
cancer, which accounts for 80% of cases, are TP53, BRCA1, BRCA2, PTEN, STK11, and CDH1. Rarely, 2%-
3% of these cases are caused by mutations in moderate-penetrance genes such as BRIP1, CHEK2, PALB2,
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and ATM". Loss of BRCA1 activity may also be linked to resistance to spindle poisons and susceptibility to
chemotherapy that damages DNA". The ectopic expression of mutant variants of PTEN, which are either
devoid of lipid phosphatase (G129E) or both lipid and protein phosphatase (C124S) activity, results in a
reduction in doxorubicin sensitivity in MCEF-7 cells with wild-type PTEN while simultaneously increasing
sensitivity to the mTOR inhibitor, rapamycin®”’. The ABCB1 3435C>T polymorphism has been linked to
anthracycline resistance in numerous investigations. For instance, patients with the CT genotype experience
poor prognosis, while those with the TT genotype are associated with a less favorable clinical response”**.
TP53 mutations, c-erbB-2 expression, Bcl-2 negativity, and high histological grade are linked to doxorubicin
resistance in breast cancer subtypes. Some patients with TP53 mutations respond to treatment, indicating
that other factors may contribute to resistance®. A previous study illustrated a robust connection between
resistance to 5-fluorouracil, mitomycin, and mutations in the p53 protein. These alterations could develop
resistance against multiple chemotherapeutic drugs in the management of breast cancer*". Drug resistance
is linked to p53 mutations, namely those that impact the L2/L3 domains. Most significantly, CHEK2
mutations that produce a non-functional protein have been associated with drug resistance in vitro'*”. The
mouse double minute 2 (MDM2) gene encodes the MDM2 protein, which is the primary negative regulator
of the p53 protein. The overexpression of MDM2 causes tumor cells to undergo EMT, which makes them
resistant to chemotherapy'*’. In HER2-positive breast cancer, resistance to trastuzumab regimens is linked
to the overexpression of MDM2'""!. To initiate ATM activity, zinc finger E-box binding homeobox 1 (ZEB1)
binds to the ATM promoter, forming a ZEB1/p300/PCAF complex. ZEB1 expression rises in breast cancer
and is positively correlated with levels of ATM protein. Under in vitro and in vivo conditions, ZEB1

[44]

downregulation makes breast cancer cells more susceptible to chemotherapy'.

EPIGENETIC MECHANISMS IMPARTING DRUG RESISTANCE IN BREAST CANCER

Recent findings have highlighted the significance of epigenetic alterations in developing and sustaining drug
resistance in breast carcinoma, offering new avenues for therapeutic intervention”. Small-molecule drugs
can effectively target dysregulated epigenetic pathways, unlike genetic mutations, which are difficult to
overcome. Moreover, modification of the epigenome makes cancer cells more prone to immunological
attacks and enhances their susceptibility to immunotherapy***”. Epigenetic alterations, including histone
modification and DNA methylation, aid in the knockdown of tumor suppressor genes and the proliferation
of oncogenes, leading to cancer progression and drug resistance***. Figure 1 depicts these epigenetic
changes, such as DNA methylation and histone acetylation/methylation, regulated by DNMT, TET, HAT,
HDAC, and histone methyltransferases/demethylases, which alter chromatin structure and gene expression
in breast cancer. Oncogene hypomethylation and tumor suppressor hypermethylation drive drug resistance
by regulating genes involved in drug uptake, metabolism, and target interaction.

DNA methylation and drug resistance

Gene silencing often results from DNA methylation, which involves the methylation of cytosine residues in
CpG islands™. Aberrant DNA methylation patterns often lead to drug resistance in cancer. These patterns
include hypomethylation of oncogenes and hypermethylation of tumor suppressor genes [Figure 1]\
Zhang et al. revealed that ZEB1 causes DNA hypermethylation and ERa downregulation in breast cancer
cells via interaction with DNMT3B and HDAC1 at the ERo promoter. Since ZEB1 expression in breast
cancer is inversely linked to ERa protein levels, downregulating ZEB1 significantly increases the
responsiveness of breast cancer cells to estrogen inhibitor therapy using tamoxifen and fulvestrant under in
vitro and in vivo conditions. Therefore, ZEB1 promotes hypermethylation of the ERa promoter, leading to
estrogen inhibitor resistance in breast cancer™. Another possible mechanism by which tumors develop
chemoresistance is through hypomethylation of promoters for particular gene types. Chekhun et al.
demonstrated that high levels of methylation are observed in the promoter region of several
chemoresistance-related genes, including glutathione-S-transferase (GSTr), multidrug-resistant 1 (MDR1),
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Figure 1. Overview of key epigenetic mechanisms conferring drug resistance in breast cancer. This illustration highlights how epigenetic
modifications significantly promote drug resistance in breast cancer. Breast cancer gene expression patterns are regulated by epigenetic
changes such as DNA methylation and histone modification that remold chromatin structure and DNA accessibility. DNMT and DNA
demethylase (TET: Ten-eleven translocation family proteins) are responsible for maintaining DNA methylation. Acetylation and
methylation are the two fundamental ways that histones can be modified. Histone acetylation is controlled by HAT and HDAC, whereas
histone methylation is regulated by histone demethylases and histone methyltransferases. The hypomethylation of oncogenes and the
hypermethylation of tumor suppressor genes are important events that significantly impact drug responsiveness and the emergence of
resistance by dynamically controlling the expression and functionality of genes essential for drug uptake, metabolism, and target
interaction. Created in BioRender. Malhotra, D. (2025) oxxrw2s. DNMT: DNA methyltransferase; HAT: histone acetyltransferase;
HDAC: histone deacetylase.
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urokinase, and O(6)-methylguanine-DNA methyltransferase (MGMT) in MCEF-7 cells, but not in the MCEF-
7/R variant™. This hypomethylation is linked to increased P-glycoprotein (P-gp) expression, which is
primarily responsible for the resistance of MCF-7 cells to doxorubicin®. Ansar et al. indicated that
hypomethylation of the TSTD1 promoter results in an elevated expression of the TSTD1 gene. Furthermore,
the overexpression of TSTD1 in MCE-7 cells contributes to enhanced resistance to hormone therapy using
tamoxifen and chemotherapy with epirubicin and docetaxel™.

Histone modifications

Histone modifications, including acetylation, methylation, phosphorylation, and ubiquitination, influence
gene expression and chromatin architecture. According to Liu et al., acetylated MORC2 binds to histone H3
phosphorylated at threonine 11 (H3T11P), which is necessary for the transcriptional suppression of its
downstream target genes, Cyclin B1 and CDK1, as well as for reducing H3T11P levels in response to DNA
damage”. This helps to activate the G2 checkpoint and offers a potential therapeutic approach to make
breast cancer cells more sensitive to chemotherapy and radiation therapy™. He et al. revealed that
suppressing miR-320a expression leads to the upregulation of TRPC5 and NFATC3, which are essential for
chemoresistance in breast cancer™. This change occurs due to the methylation of the miR-320a promoter
and hypomethylation of the ETS-1 promoter, impacting the regulation of TRPC5 and NFATC3".
LINCo0115 is a novel epigenetic modulator of drug-resistant BCSC that leads to the activation of HIF1a
signaling through the ALKBH5/YTHDF2 and SETDB1/PLK3 networks. Additionally, methylation at PLK3
K106/K200 enhances the stability of HIF1a and the characteristics of BCSCs, and it also serves as an
indicator for individuals with metastatic breast cancer'™”.

RNA modifications

RNA modifications, collectively known as the epitranscriptome, are crucial in regulating gene expression
and influencing significant cellular processes™. An essential epigenetic process involves the methylation of
mRNA, particularly through Ne-methyladenosine (m6A) modifications. These changes affect mRNA
splicing, translation, stability, and degradation, thus regulating the expression of genes associated with drug
resistance. For example, meA modifications have been associated with chemoresistance in breast cancer by
modulating mRNA processing, stability, and protein synthesis involved in enhanced drug efflux and
reduced apoptosis™. In tamoxifen-resistant MCF-7 cells, the addition of me6A to adenylate kinase 4 (AK4)
mRNA increases its expression, subsequently leading to elevated levels of reactive oxygen species (ROS) and
p38. Conversely, reducing METTL3 and AK4 expression resensitizes these cells to tamoxifen'*. Wang et al.
demonstrated that IncRNA A1BG-AS1 promotes adriamycin resistance in breast cancer cells by recruiting
the m6A reader, Insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2), to stabilize ABCB1
mRNA, enhancing drug efflux and reducing apoptosis®’. RNA editing at 26 locations within the 3'UTR
influences the expression of dihydrofolate reductase, leading to the development of highly proliferative
breast cancer cells that exhibit resistance to methotrexate!*..

EPIGENETIC MODIFICATIONS OF NON-CODING RNAs ASSOCIATED WITH BREAST
TUMOR CHEMORESISTANCE

Non-coding RNAs (ncRNAs), which encompass microRNAs (miRNAs), LncRNAs, PTWI-interacting RNAs
(piRNAs), and circular RNAs (circRNAs), are crucial in regulating tumor progression and influencing
resistance to therapy due to their lack of protein-coding functions. In breast cancer (BC), the epigenetic
alterations of ncRNAs - which encompass DNA methylation, RNA methylation (especially m6A), and
histone modifications - significantly impact oncogenic signaling pathways via essential regulatory enzymes
such as methyltransferases, acetylases, and ubiquitin-related enzymes'” . These modifications regulate
gene expression, contributing to tumor advancement and resistance to therapy.
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Regulation of DNA methylation by ncRNA

ncRNAs play an active role in the modulation of DNA methylation by attracting DNMTs to the promoters
of target genes. For example, the oncogenic IncRNA TINCR brings DNMT1 to the promoter of miR-503-
5p, resulting in hypermethylation and decreased expression, which in turn leads to increased STAT3 levels
and promotes breast cancer progression'*. Interestingly, STAT3 accumulates at the promoter of TINCR,
creating a positive feedback loop. Similarly, TINCR targets miR-199a-5p, lowering its expression through
DNMT1-mediated methylation'”. LncRNA H19 reduces S-adenosine homocysteine hydrolase (SAHH),
which in turn diminishes DNMT3B-mediated methylation of the Beclin1 promoter, thereby promoting
autophagy and resistance to tamoxifen'”. Furthermore, ncRNAs are themselves influenced by DNA
methylation. Genome-wide studies have revealed that methylation patterns undergo significant alterations
in breast cancer cells that are resistant to chemotherapy, which aligns with differences in the expression of
miRNAs and their target genes. For example, in chemoresistant cells, the promoter of miR-320a is
hypermethylated, which affects its ability to target TRPC5 and NFATC3 - crucial factors involved in drug
resistance”®*. This underscores how the epigenetic silencing of miRNA promoters through DNA
methylation can sustain oncogenic signaling. Concurrently, IncRNAs such as MEG3 and H19 have been
shown to be epigenetically silenced in chemoresistant cell types. The tumor-suppressive IncRNA, MEG3 is
silenced through hypermethylation mediated by DNMT1, but treatment with 5-AzadC reverses this
methylation and restores its expression, inhibiting Notch1 signaling””. UXT, in association with DNMT3B,
methylates MEG3, diminishing its expression; however, knockdown of UXT leads to an upregulation of
both MEG3 and p53"". In contrast, IncRNA, H19 works in conjunction with EZH2 (a histone-lysine N-
methyltransferase enzyme) and attracts DNMTs to methylate the promoters of pro-apoptotic genes, such as
BIK, thereby silencing these genes and contributing to drug resistance'””. Another IncRNA, MIR497HG, is
suppressed by ZEB1-mediated recruitment of DNMT3B and HDAC1/2 in endocrine-resistant breast
cancer; meanwhile, ERa enhances its expression in sensitive conditions, affecting the PI3K/Akt pathway via
miR-195/4977,

RNA methylation (m6A) and ncRNA crosstalk

The interaction between RNA methylation - particularly m6A - and ncRNAs is increasingly acknowledged
as a crucial epigenetic factor in the chemoresistance of breast cancer. This relationship governs RNA
stability, translation, and splicing, significantly affecting how cells adapt to chemotherapy. m6A regulators
such as METTL3 and YTHDF2 influence the stability and activity of IncRNAs and miRNAs, thereby
affecting drug sensitivity. For example, the IncRNA, AGAP2-AS1, which is overexpressed in trastuzumab-
resistant breast cancer, is stabilized via m6A methylation mediated by METTL3-YTHDEF2, boosting its
oncogenic role and leading to treatment failure”. Some IncRNAs, such as IncRNA-CDCe, act as scaffolds
that connect METTL enzymes to target RNAs, thereby regulating m6A addition across numerous
transcripts that play roles in drug efflux and apoptosis”. In TNBC, m6A-modified ncRNAs, including
specific IncRNAs and miRNAs, contribute to resistance against anthracyclines and taxanes. These modified
ncRNAs influence EMT, stemness, and DNA repair - processes closely associated with resistance
phenotypes”. A broader perspective indicates that ncRNAs methylated by méA frequently show context-
dependent effects within the TME, enhancing resistance through modified immune responses, regulation of

77,78]

autophagy, and adaptation to oxidative stress”””®.

Moreover, the m6A “reader” RNA-binding protein HNRNPA2/B1 has been found to be significantly
elevated in tamoxifen-resistant breast cancer LCC9 cells. Comprehensive genome-wide miRNA profiling
indicates that the overexpression of HNRNPA2/B1 leads to considerable alterations in various miRNAs,
influencing several signaling pathways linked to endocrine therapy resistance, including TGFp signaling'.
Collectively, these observations underscore the essential roles of msA-ncRNA interactions in the

mechanisms contributing to therapy resistance in breast cancer.
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Histone modifications and ncRNA regulation

Histone modifications orchestrate gene expression changes that promote chemoresistance. In breast cancer,
EZH2-mediated suppression of growth-regulating estrogen receptor binding 1 (GREB1), an ERa cofactor,
drives tamoxifen resistance™. Loss of ten-eleven translocation 2 (TET2) reduces ERa expression, fostering
endocrine resistance'®'. Histone acetyltransferase lysine acetyltransferase 2A (KAT2A) enhances tamoxifen
resistance by destabilizing p53 and upregulating amplified in breast cancer 1 (AIB1)". Histone
demethylase, LSD1 regulates breast CSC self-renewal, contributing to chemoresistance, and interacts with
protein kinase C 6 (PKC-0) to modulate EMT, further promoting drug resistance'™. KDM4A governs CSC
growth and self-renewal, facilitating therapeutic resistance. Additionally, KDM5A activates insulin-like
growth factor 1 receptor (IGF1R) and erythroblastic oncogene B (ERBB) signaling, triggering the PI3K/Akt/
mTOR pathway and conferring tamoxifen resistance®. Conversely, overexpression of peptidyl arginine
deiminase 4 (PAD4) induces apoptosis and elevates GSK3p and p53 levels, enhancing adriamycin

sensitivity™/.

These epigenetic alterations in ncRNAs contribute to the progression of breast cancer chemoresistance by
influencing crucial signaling pathways, presenting possible targets for therapy.

MOLECULAR CROSSTALK OF MULTIFACETED DRUG RESISTANCE MECHANISMS

Beyond the impact of ncRNAs, the emergence of treatment resistance in breast cancer shows a more
comprehensive integration of numerous signaling pathways. Examining molecular crosstalk improves
understanding of how various resistance mechanisms interact and contribute to therapy failure.
Overexpression of the PI3K/Akt signaling mechanism in breast cancer results in chemotherapeutic
resistance, as it interacts with other pathways such as MAPK and Wnt/B-catenin®*’. MDR proteins,
including P-gp and breast cancer resistance protein (BCRP), along with phosphorylated Akt, have been
observed in adriamycin- and paclitaxel-resistant MCF-7 cell lines"®*. Furthermore, enhanced p44/42
expression in the Ras/MAPK cascade has been associated with chemoresistance in breast cancer cells™.
Tamoxifen-resistant tumors show enhanced p38 phosphorylation, which correlates with MAPK signaling
activity”". Trastuzumab-resistant breast cancer cells have been observed to exhibit a consistent upregulation
of the TGF-p signaling cascade'™. Palomeras et al. demonstrated that genes such as transforming growth
factor beta-induced (TGFBI), C-X-C motif chemokine ligand 2 (CXCL2), and solute carrier family 38
member 1 (SLC38A1) are consistently hypermethylated and downregulated in trastuzumab-resistant
HER2+ breast cancer, with TGFBI showing the highest silencing at both the mRNA and protein levels*.
TGFBI hypermethylation in primary tumors is substantially associated with trastuzumab resistance in
patients with HER2+ breast cancer’®.

Activation of the Hippo pathway via YAP/TAZ contributes to the emergence of CSC characteristics in
breast cancer cells, which serve as the foundation for tumor initiation, metastasis, resistance to treatment,
and recurrence”. One upstream regulator in the Hippo pathway is Ras-association domain family 1
isoform A (RASSF1A), which interacts with MST1/2 to regulate mitosis and cell death®. The loss of
RASSF1A is associated with the development of paclitaxel resistance in patients with breast and ovarian
cancer”. RASSF1A is epigenetically silenced by the promoter DNA methylation in over 50% of all solid
tumors”. Er et al. have demonstrated the significance of Hh signaling in controlling stemness in HER2-
positive breast cancer cell lines that are resistant to trastuzumab"™. Hh signaling components Shh and Ptch1
are often methylated in breast cancer-initiating cells. Hh effector proteins such as KIF7 and SUFU are
deregulated through miRNA and histone modifications, whereas GLI1 expression increases due to the loss
of KMT-SETD7 methylase in breast cancer cells, driving abnormal Hh signaling.
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It has been shown that adipocyte-secreted IL-6 can activate STAT3 in MCEF-7 cells, leading to EMT and
CSC enrichment"™. Additionally, the IL-6/STAT3 axis can enhance resistance to tamoxifen and cyclin-
dependent kinase 4/6 (CDK4/6) inhibitors""'*”. Xiang et al. discovered that melatonin induces Sirtuin 1
expression and Sirtuin 1 deacetylates STAT3, particularly at K685 in breast cancer xenografts"*”. This
suggests that melatonin inhibits STAT3-mediated paclitaxel resistance in breast cancer. Additionally, dim
light at night-mediated disruption of circadian melatonin via DNA-methylation can promote drug
resistance in breast carcinoma®. Epigenetic alterations in particular genes have also been linked to
endocrine resistance. Resistance to endocrine therapy has been specifically linked to decreased expression of
Spalt-like transcription factor 2 (SALL2), which in turn causes ERa and phosphatase and tensin homolog
(PTEN), which are known modulators of the Akt/mTOR signaling, to be downregulated"*. RTK-RAS
signaling hyperactivation and aberrant activation of a CDK4/6 downstream effector, CCNE1-CDK?2, restore
RB phosphorylation and promote resistance, while also reducing responsiveness to palbociclib"*. EGFR/
HER?2 activation could be the driving mechanism behind the CSC enrichment in tamoxifen-resistant breast
cancer*'”), Nami et al. demonstrated that ERBB2 gene silencing via epigenetic modulation during EMT

could be a mechanism of resistance to lapatinib and trastuzumab in HER2-positive breast cancer cells"*.

Figure 2 illustrates the key signaling pathways involved in therapeutic resistance, including TGF-8,
Hedgehog, Hippo signaling, mTOR, IL-6/STAT3, RTK, MAPK, and PI3K/Akt. These pathways are
regulated by epigenetic modifications such as DNA methylation, ncRNA-mediated silencing, and histone
modifications, resulting in CSC enrichment, EMT, and therapeutic failure. The crosstalk between these
signaling networks promotes tumor survival, growth, and resistance to chemotherapy, endocrine, and
targeted therapy. The figure underlines the intricacy of resistance mechanisms and the significance of
combination therapies in improving treatment outcomes.

DNA REPAIR AND DAMAGE RESPONSE GUIDING THERAPEUTIC RESISTANCE

Various DNA repair mechanisms are employed by cancer cells to combat drug-induced DNA damage,
enhancing their resistance to therapy and promoting their survival. Due to the vast range of DNA lesion
types, several distinct DNA repair pathways have been studied. The base excision repair (BER), mismatch
repair (MMR), and nucleotide excision repair (NER) pathways are triggered to fix single-strand breaks
(SSBs), whereas the non-homologous end joining (NHE]) and homologous recombination (HR) pathways
fix double-strand breaks (DSBs)"*. Because cancer cells possess a significant ability to withstand anti-
cancer treatments and adapt, the DNA damage response (DDR) becomes impaired, which can result in
either heightened sensitivity to genotoxic agents or the development of resistance in cancer cells. A faulty
DDR facilitates the emergence of tumor heterogeneity by preselecting subclones that exhibit either inherent
or acquired resistance, thereby promoting cancer progression and tumor recurrence"”. LRH1 levels are
elevated in primary breast cancer tissues from patients who experience early recurrence, as well as in
adriamycin-resistant breast cancer cell lines. Increasing LRH1 levels diminishes the efficacy of
chemotherapeutic agents such as adriamycin and cisplatin by inhibiting DNA damage, whereas reducing its
expression heightens DNA damage. LRH1 facilitates DNA repair and boosts the expression of MDC1,
which is associated with chemoresistance. This indicates that targeting the LRH1-MDCI1 signaling pathway
could aid in the treatment of chemotherapy-resistant breast cancer'". In breast cancer cells resistant to
palbociclib, re-sensitization to the drug is achieved by combining inhibitors against PARP and STAT3. This
indicates that concomitant targeting of DDR mechanisms and the IL-6/STAT3 pathway may effectively
overcome acquired resistance to palbociclib"”. VX-970, a small-molecule inhibitor of ataxia telangiectasia
and Rad3-related (ATR) kinase, has demonstrated radiosensitizing effects in PDX models and TNBC cells.
In particular, this molecule decreases colony formation after radiation treatment in TNBC cells, prolongs
DNA DSBs, and inhibits the signaling of the ATR-CHK1-CDC25a axis. Compared to normal epithelial
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Figure 2. Schematic representation of chemotherapeutic drugs and the signaling pathways involved in resistance mechanisms in breast
cancer. The figure demonstrates the major signaling pathways implicated in breast cancer chemoresistance and tumor growth, including
the PI3K/Akt, mTOR, MAPK, RTK, IL-6/STAT3, TGF-B, Hedgehog, and Hippo signaling cascades. Epigenetic modifications alter these
signaling networks, resulting in EMT, CSC enhancement, and reduced treatment sensitivity. Paclitaxel resistance involves activation of
the PI3K/Akt pathway and suppression of Hippo signaling. Endocrine resistance is associated with enhanced mTOR activity. Tamoxifen
resistance features elevated IL-6/STAT3 and MAPK signaling. In palbociclib resistance, both IL-6/STAT3 and RTK pathways are
upregulated. RTK signaling is also reduced in lapatinib resistance, while PI3K/Akt is enhanced in adriamycin resistance. Created in
BioRender. Malhotra, D. (2025) rf3yjéx. EMT: Epithelial-to-mesenchymal transition; CSC: cancer stem cell.

breast cells, these effects are specific to cancer cells"*?. One of the primary enzymes in the BER pathway is
the AP endonuclease 1 (APE1). In human breast cancer cell lines, lucanthone, an inhibitor of topoisomerase
IT and APE1 endonuclease, has been demonstrated to enhance the cytotoxic action of alkylating drugs"**.

Figure 3 elaborates how chemotherapy-sensitive cells undergo DNA damage (crosslinking, DSBs, base
modifications) with impaired repair, leading to cell death, whereas resistant cells activate robust DNA repair
mechanisms (NHE], BER, NER, MMR, HR), effectively repairing damage and promoting survival.

INHIBITION OF APOPTOSIS AND ACQUISITION OF DRUG RESISTANCE IN BREAST
CANCER

Malignant cells evade apoptosis through abnormal protein expression, leading to uncontrolled growth and
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Figure 3. Chemotherapy-induced DNA damage repair in breast cancer, highlighting sensitivity and resistance mechanisms. In
chemotherapy-sensitive cells, treatment induces DNA damage mechanisms such as DNA crosslinking, DSBs, and base modifications,
leading to impaired DNA repair and subsequent cell death. In contrast, chemotherapy-resistant cells activate robust DNA repair
mechanisms, including NHEJ, BER, NER, MMR, and HR, enabling them to effectively repair DNA damage and thereby promote survival.
Created in BioRender. Malhotra, D. (2025) ménstlk. DSBs: Double-strand breaks; NHEJ: non-homologous end joining; BER: base
excision repair; NER: nucleotide excision repair; MMR: mismatch repair; HR: homologous recombination.

resistance in cancer cells""*. Inhibitors of apoptosis proteins (IAPs), p53 mutations, the Bcl-2 family, and
the proteins involved in the PI3K/Akt pathway are among the proteins that are fundamentally engaged in
preventing the onset of apoptosis to develop resistance mechanisms"'*..

Overexpression of IAPs, including X-linked inhibitors of apoptosis protein (XIAP), inhibits caspase
activation in breast cancers, thereby facilitating the escape from apoptosis and the acquisition of
resistance'’”. Mutant p53 fails to trigger apoptosis, causing resistance to chemotherapy?. Another
important facet of cell survival is the alteration of the PI3K/Akt pathway, which protects cells from
apoptosis by phosphorylating many apoptotic proteins"'”. By activating NF-«xB and phosphorylating IKK,
the PI3K/Akt pathway inhibits caspases and ceases apoptosis by upregulating XIAP and Survivin, leading to
resistance and relapse"*®. The upregulation of cellular FLICE-inhibitory protein (c-FLIP) suppresses the
extrinsic mode of apoptosis in CSCs by interfering with Caspase-8 (CASP8) activation, hindering
apoptosis"”. TRAIL, FasL, and Granzyme B-induced apoptosis is reduced when miR-519a-3p is
overexpressed. miR-519a-3p directly blocks key apoptotic proteins such as CASP8, Caspase-7 (CASP7),
TRAILR2 (TNFRSF10B)". Autophagy-related proteins, such as Beclin-1, prevent caspase activation and
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the production of apoptotic complexes, thereby allowing cancer cells to evade cell death"”". Dysregulation
of these apoptotic pathways promotes tumor formation, survival, and resistance to therapy.

Advances in therapeutic strategies have improved our knowledge of the molecular processes associated with
apoptosis resistance. Emerging therapies exhibiting the potential to overcome resistance include autophagy
inhibitors, epigenetic modulators, BH3 mimetics, and SMAC mimetics. ABT-737 and Venetoclax are
examples of BH3 mimetics that target the Bcl-2 family to combat apoptosis inhibition"****l, Additionally,
CHK1 inhibitors specifically target chemotherapy-resistant tumor cells, epigenetic modulators such as
HDAC inhibitors enhance chemotherapy response, and restoring miRNA-34a increases chemotherapy
sensitivity in resistant cells as well"*>°,

BIOMARKERS IN PREDICTING THERAPY FAILURE

Biomarkers are categorized into diagnostic, prognostic, and predictive subtypes, associated with biological
disorders to achieve favorable clinical outcomes and therapeutic success. A diagnostic biomarker detects or
confirms a disease, a predictive biomarker identifies individuals likely to respond favorably or unfavorably
to treatment, and a prognostic biomarker indicates the likelihood of disease recurrence or progression".

Yang et al. have shown that S100 calcium-binding protein P (S100P) and hyaluronoglucosaminidase 2
(HYAL2) may serve as biomarkers for diagnosing early-stage breast cancer, using the HumanMethylation27
BeadChip"*”. In a previous study, elevated levels of plasma-derived exosomal miR-21 and miR-1246 have
been reported as indicators of breast cancer”*. Another report showed that IL-6 induces STAT3-mediated
miR-21 activation, and functions as an epigenetic switch in breast cancer””. miRNAs such as miR-145 and
miR-21, when deregulated, can be used to differentiate between cancerous and non-cancerous conditions.
miR-145 is downregulated, whereas miR-21 is upregulated in breast cancer™. At present, PD-L1 is one of
the approved predictive biomarkers for immune therapeutics in TNBC"*". According to Lei et al., PD-L1 is
regulated by the FGFR2-BRD4 axis, which controls the transcriptional network of histone 3 modification in
TNBC"*. Another study revealed that a higher expression of WEE1 is associated with resistance to
Olaparib, a PARP inhibitor, in breast cancer patient-derived xenograft models"*. It was reported that
TNBC patients receiving neoadjuvant paclitaxel exhibit overexpression of miR-18a, which is associated with
inhibition of Dicer expression and increased resistance to paclitaxel*”. In ER+ breast cancer cell lines,
elevated levels of miR-18a modulate cell polarity, leading to activation of the Wnt pathway and actin
remodeling, which may underlie the poor prognosis observed in ER+ breast tumors in clinical settings"**.

CircCDYL2 is identified to be upregulated in a significant way in trastuzumab-resistant HER2-positive
breast cancer cells and is currently being investigated as a potential diagnostic biomarker*?. In a previous
study, it was shown that CDYL2 recruits Goa and EZH2 to epigenetically repress miR124, which promotes
NF-kB and STATS3 activation and negatively impacts the prognosis of breast cancer””. The upregulation of
ATP citrate lyase (ACLY) increases the expression of the resistant proteins such as ABCB1/ABCG2, making
breast cancer cells resistant to docetaxel, thereby suggesting ACLY as a potential predictive biomarker of
tumor recurrence in breast cancer™*. Unc-51-like autophagy activating kinase 1 (ULK1), recognized as a
target of NSD2-mediated histone H3K36me2 methylation, promotes activation of ULK1 transcription in
TNBC cells. Moreover, ULK1 upregulation predicts an unfavorable clinical outcome for the TNBC
patients*). Therefore, identifying robust biomarkers, such as molecular signatures and ncRNA profiles, is
pivotal for predicting therapy failure or drug response in breast cancer, guiding personalized treatment
strategies; future research should focus on integrating multi-omics data and validating these biomarkers in
prospective clinical trials to enhance therapeutic efficacy and overcome resistance. The clinical utility of
several pertinent breast cancer biomarkers is elaborated in Table 1.
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Table 1. The clinical significance of major breast cancer biomarkers
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Type of Name of

: . Source Validation status Clinical relevance Therapeutic application Ref.
biomarkers biomarker
Molecular SF3B3 Tumor tissue, fulvestrant-resistant and  Primarily preclinical Higher expression of SF3B3 correlates with poor SF3B3 inhibitors effective in preclinical breast [140]
biomarkers tamoxifen cross-resistant LCC9 and research level, early prognosis in ER+ patients, resistance to endocrine cancer models
tamoxifen-resistant LCC2 cells clinical stage therapy (tamoxifen/fulvestrant)

ACLY Tissue Primarily preclinical Recurrence prediction, prognosis and resistance to ACLY inhibitors effective in preclinical breast [138,
research level, early docetaxel cancer models; combination with endocrine  141]
clinical stage therapies, chemotherapy

p27kip1 Tumor tissue Preclinical validation. Prognosis, resistance to taxane, endocrine therapy Enhanced OS of tamoxifen and taxane- [142,
Partial clinical evidence treated patients 143]

TOP2A Tumor tissue Clinical, Phase Il trial Prognostic, resistance to adjuvant anthracycline- TOP2A-targeted therapies to enhance [144-

based chemotherapy anthracycline efficacy 146]

HER2 Tissue Clinical, Phase Il trial Diagnosis, prognosis, resistance to chemotherapy Anti-HER2 therapies (e.g., pertuzumab) to [146,

overcome resistance 147]
cGAS-STING Tumor tissues Preclinical Prognosis, resistance to Herceptin STING agonists to enhance immunotherapy  [148,
response 149]

SH3BGRL Tumor tissue Preclinical Diagnostic, resistance to HER2-targeted therapy Potential target for novel HER2 therapy [150]

adjuvants

CTMP Tissue, SK-BR-3 and BT-483 cell line Preclinical Prognosis, resistance to trastuzumab CTMP inhibitors to enhance trastuzumab [151]

efficacy

Kie7 Tumor tissue Clinical, Phase Il trial Prognosis, resistance to adjuvant tamoxifen CDK4/6 inhibitors to overcome tamoxifen [152,

resistance 153]

AR-V7 Tumor tissue, MDA-MB-453, MDA- Preclinical Prognosis, resistance to endocrine therapy AR inhibitors (e.g., enzalutamide) to target [154]

MB-231, MCF-7 AR-V7
FASN Mammary tumor tissue Clinical, Phase Il trial Prognosis, resistance to cisplatin FASN inhibitors to overcome cisplatin [155-
resistance in TNBC 157]

BRCAT1and Tumor tissue Clinical, Phase Il trial Prognosis, resistance to taxane PARP inhibitors (e.g., olaparib) for BRCA- [158]

BRCA2 mutated tumors

SMAD4 Tumor tissue Preclinical Prognosis, resistance to endocrine therapy SMADA4 regulating 4-hydroxytamoxifen [159]

sensitivity in breast cancer

Cyclin D1 Tumor tissue Preclinical Prognosis, resistance to hormonal therapy CDK4/6 inhibitors (e.g., palbociclib) to target [160]

Cyclin D1
TP53 Tumor tissue Clinical, Phase Ill trial Prognosis, resistance to preoperative endocrine TP53-targeted therapies or combination [161,
therapy (tamoxifen, aromatase inhibitors) strategies 162]

VEGF-A Tumor tissue Clinical, Phase Ill trial Diagnosis, prognosis, resistance to anthracycline with  Anti-VEGF therapies (e.g., bevacizumab) [1631]

taxane

AURKA Tumor tissue Clinical, Phase | trial Prognostic, resistance to tamoxifen, aromatase AURKA inhibitors (e.g., alisertib) to [164]

inhibitors, and endocrine resistance overcome endocrine resistance

RB1, ESR1, PTEN Tumor biopsy and blood samples Preclinical trial Prognosis, resistance to CDK4/6 inhibitor, palbociclib ESR1-targeted therapies or novel CDK [165]
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and KMT2C with endocrine therapy inhibitors
ncRNA-based miR-195 Plasma, trastuzumab-resistant BT-474  Preclinical Diagnosis, trastuzumab resistance miRNA-based therapeutics to restore [166,
biomarkers cells trastuzumab sensitivity 1671
miR-1246 Plasma, trastuzumab-resistant BT-474  Clinical trial Diagnosis, trastuzumab resistance miRNA-based diagnostics or therapeutics [166]
cells
miR-155 Blood Preclinical trial Prognosis, resistance to trastuzumab miR-155 inhibitors to enhance trastuzumab [168]
response
miR-18a Tumor tissue, MCF-7, MDA-MB-231 Preclinical Prognosis, resistance to endocrine therapy miR-18a inhibitors to restore endocrine [169]
sensitivity
miR-20a-5p Tumor tissue Preclinical Prognosis, diagnosis, resistance to chemotherapy miR-20a-5p inhibitors to enhance [1701]
chemotherapy response
miR-139-5p Solid tumor tissue, MCF-7 Preclinical Prognosis, resistance to radiotherapy, PARP inhibitor, miR-139-5p mimics to sensitize to [171]
rucaparib, mitomycin C, cisplatin, doxorubicin radiotherapy and chemotherapy
miR-92a-3p Serum, tumor tissue, MCF-7, MCF-7 Preclinical Prognosis, diagnosis, resistance to tamoxifen miR-92a-3p inhibitors to overcome [172,
derived tamoxifen-resistant cells tamoxifen resistance 173]
miR-34a and Plasma Clinical trial, phase IlI Prognosis, diagnosis, resistance to neoadjuvant miRNA-based diagnostics for chemotherapy [174,
miR-125b chemotherapy (anthracycline and taxane) response 1751
miR-126 and Tumor tissue Case control, Prognosis, resistance to adjuvant tamoxifen miRNA-targeted therapies to enhance [176,
miR-10a observational tamoxifen efficacy 1771
LINK-A Solid and metastatic tumor Preclinical Prognosis, diagnosis, resistance to Akt inhibitors and ~ LINK-A inhibitors to enhance Akt inhibitor [178,
immunotherapy response 1791
GAS5 Tumor tissue, SK-BR-3-, SK-BR-3- Preclinical Prognostic, targeting trastuzumab resistance GAS5 mimics to restore trastuzumab [1801]
derived trastuzumab-resistant cells sensitivity
H19 Tumor tissue, SK-BR-3, HCC1954, Preclinical Prognosis, mediate trastuzumab resistance H19 inhibitors to overcome trastuzumab [181]

MDA-MB-231

resistance

ACLY: ATP citrate lyase; OS: overall survival; CDK4/6: cyclin-dependent kinase 4/6; AR-V7: androgen receptor splice variant 7; FASN: fatty-acid synthase; ncRNA: non-coding RNA; miRNA: microRNA.

THE COMPLEX INTERPLAY OF TUMOR IMMUNE MICROENVIRONMENT AND TREATMENT RESISTANCE IN BREAST

CANCER

The tumor immune microenvironment (TIME) is composed of diverse immune cells contributing to acquired therapeutic resistance in breast cancer. The
acquired resistance is facilitated by the co-existence of cellular crosstalk between the tumor core and stromal components within the TME. An array of
immune components contributes to multiple therapy resistance through various redundant mechanisms triggered by cancer cells, as depicted in Table 2.

Macrophage-mediated therapy resistance
One of the innate immune cells, macrophages, exerts dynamic phenotypic and functional changes in elevating treatment resistance, particularly due to the
mutational landscape of cancer cells greatly influencing the response to therapy. For example, drug-resistant breast cancer cells secrete TNF-a, which triggers
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Table 2. The molecular mechanism of immune cell-mediated drug resistance in breast cancer
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Therapeutic

approach Drug Signaling involved Source (cells/tissue) Response Ref.
TAMs
Endocrine therapy Tamoxifen PI3K/Akt/mTOR MCEF-7 Secrete CCL2 [182]
HIF-1a/STAT3 MCEF-7, T47D M2 phenotype polarization [183]
NF-kB/STAT3/ERK MCEF-7 Secrete IL-6 and TNFo. [184]
Aromatase Jagged1/Notch THP-1, MCF-7 M2 phenotype polarization [185]
inhibitors High expression of CXCR4  MCF-7, RAW264.7 Enhance the motility [186]
Chemotherapy Doxorubicin NF-kB RAW?264.7 Secrete IL-6 [187]
Ap-1(c-jun) MCF-7
PTEN/Akt THP-1, MCF-7 M2 phenotype polarization [188]
IL-10R/STAT3/Bcl-2 MDA-MB-453, BT-20 Secrete IL-10 [189]
Paclitaxel IL-10/STAT3/Bcl-2 T47D, BT549 Secrete IL-10 [190]
Insulin/IGF1R 4T1 Secrete IGF [191]
Carboplatin GJIC MDA-MB-231, T47D Direct cell-cell interactions [192]
Targeted therapy  Lapatinib Src/STAT3/ERK1/2- SK-BR-3 Secrete IL-8 [193]
mediated EGFR signaling
Trastuzumab Upregulated expression of ~ Bone marrow-derived Phenotype indicating [194]
B7-H4 macrophages, Peripheral blood immunosuppression
mononuclear cells
PI3K inhibitor- NF-xB 4T1 Secrete chemokines and [195,
GDC-0941 cytokines 196]
Immunotherapy Anti-PD-1 High TYRO3 expression 4T1 Lower the M1/M2 TAM ratio [197]1
antibody
CTLA-4 inhibitor MSP-RON F4/80+ peritoneal PD-L1 expression is high [198]
macrophages
NK cells
Targeted therapy  Trastuzumab JAK2/STAT1 SK-BR-3, peripheral blood Elevate the expression of PD-1on  [199]
mononuclear cells NK cells and PD-L1 on tumor cells
Chemotherapy Taxanes- Unclear Patient-derived tumor tissue Decreased NK cell infiltration into  [200]
anthracyclines tumor tissue
T cells
Chemotherapy Paclitaxel JAK-STAT3/MAPKs/Akt MDA-MB-468, MDA-MB-231  Produce IL-22 [201]
Targeted therapy  Gefitinib EGFR/IL-17E MDA-MB-468 Produce IL-17E [202,
203]

TAMs: Tumor-associated macrophages; CCL2: CC-chemokine ligand 2; IGF: insulin-like growth factor; GJIC: gap junctional intercellular
communication; NK: natural killer.

mTORC1-FOXK1 activation in TAMs and facilitates the M2 polarization of TAMs, enhancing the secretion
of more CCL2 to create a positive feedback system. Furthermore, the PI3K/Akt/mTOR signaling pathway is
activated by TAM-derived CCL2 in breast cancer cells, leading to increased TAM recruitment and
enhanced breast cancer cell resistance*”. Similarly, TAM-secreted TNF-a and IL-6 stimulate the
NF-«xB/STAT3/ERK signaling cascade in breast cancer cells. This leads to ERa hyperphosphorylation and
the overexpression of IL-6, Cyclin D1, c-Myc, and CCL2 (MCP-1), resulting in enhanced tamoxifen
resistance!*. Moreover, TNF-a from inflammatory macrophages reduces the expression of ERa and
activates the Akt pathway, leading to the phosphorylation of FOXO3a in breast cancer cells®. M2-like
TAMs trigger the EGFR/PI3K/AKkt signaling axis, leading to increased expression of sodium/glucose
cotransporter 1 (SGLT1), which in turn induces resistance to tamoxifen in ER+ breast cancer cells"*.
Tamoxifen resistance is linked to elevated EGFR expression with an increased TAM infiltration in breast
cancer tissues. This suggests that the crosstalk between TAMs and breast cancer cells exhibiting higher
EGFR expression may play a role in the development of tamoxifen resistance™. The overexpression of
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IGF-1 and -2 in TAMs promotes the insulin/IGF1R signaling in TNBC cells. Research indicates that
paclitaxel resistance may be caused by IGF expression or activation of the insulin/IGF-1 receptor*". Prior
studies on LncRNAs revealed that LINC00337 enhances the oncogenic properties of breast cancer cells,
thereby increasing resistance to paclitaxel via M2-like macrophages®. Olaparib, a PARP inhibitor, targets
TNBC and regulates TAM function and metabolism. TAM recruitment increases, but CSF1R and PD-L1
are overexpressed. TAMs treated with olaparib reduce T cell proliferation and antitumor activity®”. A study
found that TAMs release IL-8, which activates EGFR signaling mediated by Src/STAT3/ERK1/2 in breast
cancer cells and contributes to lapatinib resistance in HER2-positive breast cancer cells"”. For recurring or
metastatic breast cancer, bevacizumab is always administered alongside chemotherapy. TAMs polarize into
the M2b type via the Fc-y receptor and the TLR4 signaling pathways. By producing TNFa and triggering the
immunosuppressive factor IDO1, M2b-type TAMs increase resistance to the treatment of bevacizumab™".
Other reports suggested that the hypoxia-induced breast cancer cells release oncostatin M and eotaxin,
which facilitate macrophage recruitment and polarization, promote angiogenesis in breast tumors, and lead
to bevacizumab resistance”””’. Sorafenib therapy leads to enhanced accumulation and infiltration of M2-type
TAMs in 4T1 tumors, resulting in breast tumor progression, while targeting TAMs reduces tumor
proliferation”. In addition, TAMs also contribute to immunotherapy resistance in breast cancer”". For
instance, breast tumors with elevated TYRO3 expression decrease tumor ferroptosis and sustain an
immunosuppressive environment by lowering the M1/M2 TAM:s ratio, leading to anti-PD-1 treatment
resistance!””. In addition, a recent study related to the BET inhibitor found that TAMs triggered by TNBC
increase resistance to BET inhibitors via IL-6 or IL-10/STAT3/IKBKE/NF-«B signaling”'”. Research
indicates that the interactions between TAMs and T cells, as well as the expression of PD-1/PD-L1, are
associated with resistance to immunotherapy''>*'*.

Natural killer cell-mediated immune resistance

It has been demonstrated that the innate immune system, which includes neutrophils, macrophages,
antigen-presenting cells (APCs), and natural killer (NK) cells, has antitumor effects independent of adaptive
immunity”™. A favorable prognosis for TNBC is associated with an increased infiltration of NK cells that
exhibit cytotoxic properties. NK cells are only seen in about 5% of breast cancer tumor-infiltrating
lymphocytes (TILs), with the TNBC subtype showing higher levels of infiltration™. Since NK cells do not
possess T cell receptors (TCRs), they are unable to identify tumor cells via the MHC-I molecule.
Alternatively, they can target cancerous cells that are MHC-deficient”. This primary cytotoxic strategy
supports adaptive immunity and provides additional treatment options for ICB therapy-resistant cancer
patients due to adaptive mutations™®. NK cells can also modulate the secretion of cytokines and
chemokines alongside cytotoxicity. The release of IFN-y boosts dendritic cell maturation, helper T cell
activity, and MHC-I expression on tumor cells, making them more susceptible to T cells. NK cells can
inhibit T cell activation by enhancing PD-L1 and LAG-3 expression and promoting angiogenesis, thereby
facilitating immunological escape. Tumors with significant NK infiltration typically have limited T cell
infiltration™”.

T cell-mediated immune tolerance

Within the TIME, the most prevalent cytotoxic lymphocytes are T cells, and tumor cells primarily activate
them to increase immunogenicity. APCs present tumor-specific antigens (TSA), activating and recruiting T
lymphocytes that destroy cancer cells””. T lymphocytes are prevented from over-activating and targeting
healthy cells by PD1/PD-L1 inhibitory co-stimulatory signals under normal physiological parameters®. In
addition, depletion of T cells can result from tumor cells overexpressing PD1/PD-L1, allowing them to
evade immunological response. Likewise, T cell exhaustion in breast cancer, especially in TNBC and HER2-
positive types, is identified by a gradual decline in T cell functionality as a result of prolonged antigen
exposure. This condition is characterized by an increase in the expression of inhibitory receptors such as
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PD-1, CTLA-4, and TIM-3. T cells that have become exhausted show a diminished capacity to proliferate
and generate effector cytokines, ultimately leading to weakened antitumor responses'. Breast cancer
immunotherapy relies heavily on PD1/PD-L1 pathway blockers, such as PD-1 and PD-L1 monoclonal
antibodies. Aberrant PD-L1 expression can result from abnormalities in genome transcription and
translation, affecting immune function through aberrant signaling pathways. Excessive pro-inflammatory
cytokines such as IFN-y and TNF-q in the TME can facilitate immune escape by inducing PD-L1 expression
in tumor cells via various signaling pathways”*. Similarly, Myeloid-derived suppressor cells (MDSCs)
gather in the TME and implement immunosuppressive actions by generating arginase, ROS, and various
cytokines that inhibit T cell activation and function. In TNBC, MDSCs have been associated with resistance
to chemotherapy, as they can create an environment conducive to tumor growth and reduce the cytotoxic
impact of treatment”. Checkpoint adaptation is another crucial mechanism that allows breast cancer to
evade the immune system. In HER2-positive breast cancer, tumors can adaptively increase PD-L1
expression on their surface, which can help the tumor evade T cell-mediated cytotoxicity, ultimately
contributing to chemoresistance””. Additionally, METTL3 enhances PD-L1 expression in breast cancer
cells through a post-transcriptional mechanism that is dependent on meA-IGF2BP3. This process promotes
21 Recent studies indicate that
combining immune checkpoint inhibitors (ICIs) with traditional therapies may improve therapeutic
outcomes in both TNBC and HER2-positive subtypes. This combination approach aims to rejuvenate
exhausted T cells and counteract the immunosuppressive effects of MDSCs, thereby addressing the

[225]

[223

mRNA stability and impacts the effectiveness of tumor immunotherapy

challenges of chemoresistance and enhancing patient outcomes

CANCER IMMUNOTHERAPEUTICS TO OVERCOME BREAST TUMOR RESISTANCE

Breast tumors exhibit a complex array of pathways that trigger their resistance to immunotherapeutic
approaches, and perplexing treatment outcomes. Tumor cell heterogeneity, which leads to diverse antigen
expression and immune evasion, is a major contributing factor to this resistance. FOXP3+ Tregs inhibit
antitumor responses, while ablation of FOXP3+ Tregs dramatically reduces tumor growth”*.
Additionally, certain malignancies undergo genetic alterations that affect the APCs, thereby preventing
them from immune surveillance”. Another crucial component of tumor resistance is the overexpression of
checkpoint molecules, including PD-L1, which can suppress T cell responses even when activated immune
cells are present”,

The involvement of glycosylation in immune cell interactions is one of the many biological elements that
greatly influence the intricacy of breast tumor resistance. Specifically, abnormal glycosylation of T
lymphocytes directly impacts their ability to detect and kill tumor cells since these alterations can alter cell
communication and immune activation dynamics™”. Recent studies have emphasized the potential of
combination therapies that pair ICIs with engineered immune cells to strengthen the immune response
against breast cancer cells. For instance, the combination of endogenous PD-1 checkpoint inhibitors with
chimeric antigen receptor T cells (CAR-T cells) holds the potential to enhance therapeutic efficacy by
targeting tumor-associated antigens unique to breast cancer™ . Cheng et al. have reported that T cell
depletion is typically triggered by the PD-1/PD-L1 interaction, cytotoxicity suppression, and
downregulation of the antitumor immune response?. Thus, combining CAR-T treatment with PD-1/PD-
L1 inhibitors can improve T cell-mediated antitumor outcomes more than targeting LAG-3 or TIM-3"?. In
the past few years, the prognostic significance of TILs in metastatic breast malignancies has been
investigated. In patients with advanced HER2-positive breast cancer treated with trastuzumab, docetaxel,
and pertuzumab, elevated levels of TILs are notably linked to enhanced overall survival (OS)®*.
Furthermore, the use of dendritic cell vaccines promotes a strong T cell response, leading to long-term
immune suppression against tumors. As research advances, the use of these approaches not only offers a
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tool to combat tumor resistance but also expands the range of treatments available to patients with breast
cancer, paving the way for better prognostic results”**.

CLINICAL IMPLICATIONS OF MOLECULAR FINDINGS TOWARD ONGOING
TRANSLATIONAL THERAPEUTIC ADVANCES

Recent clinical studies have offered valuable insights into overcoming treatment resistance by focusing on
molecular and epigenetic modifications, paving the way for combination therapies and biomarker-guided
approaches'®. Preclinical studies have provided critical mechanistic insights into breast cancer resistance,
identifying genetic and epigenetic drivers such as 3D epigenome remodeling and clonal heterogeneity*.
Tools such as CRISPR/Cas9 and single-cell epigenomics have identified precise targets (e.g., ESR1, PTEN,

PD-L1), revealing mechanisms such as PTEN loss, CDK4/6 upregulation, and PD-L1 regulation*****),

In trastuzumab-resistant HER2-positive breast cancer, the EMILIA Trial (NCT00829166) demonstrated that
trastuzumab emtansine increases progression-free survival (PFS)**. The E2112 Trial (NCT02115282)
evaluated the combination of entinostat and exemestane in ER+ metastatic breast cancer, showing a slight
improvement in PFS but limited OS benefits”*”. The Phase II Trial (NCT01349959) of azacitidine combined
with entinostat in TNBC showed limited clinical efficacy, despite considering epigenetic changes (e.g.,
reduced methylation), indicating that better results could be achieved with higher dosages or combinatorial
immunotherapy”*. The combination of neratinib and capecitabine in the TBCRC 022 Trial
(NCTo01494662) showed intracranial action in brain metastases of HER2-positive breast cancer, suggesting
the possibility of bilateral HER2 pathway inhibition in resistant scenarios””. The DEBBRAH trial
(NCTo04420598) showed trastuzumab deruxtecan’s effectiveness for brain metastases in HER2-low advanced
breast cancer, with a 41.7% response rate and acceptable toxicity, requiring further research®”. A Phase II
trial (NCT01022138) demonstrated that anti-CD3 x anti-HER2 bispecific antibody armed activated T cells
(HER2 BATS) exposure after chemotherapy in case of metastatic breast cancer improves the quality of life
and OS"*. The MONARCH 2 Trial (NCT02107703) showed that ctDNA-based biomarkers can identify
patients with PIK3CA and ESR1 mutations who may not respond well to certain treatments, confirming the
value of liquid biopsy for monitoring resistance*. A Phase I Trial (NCT02167854) investigating alpelisib in
combination with HER3 inhibitors for metastatic breast cancer demonstrated disease control but was
limited by gastrointestinal toxicity”*. Phase II Trial (NCT02910050) combined bicalutamide with
aromatase inhibitors in resistant ER+/AR+ breast cancer, showing no synergy or objective responses”’.
Ongoing trials are incorporating epigenetic biomarkers to bridge preclinical and clinical insights®*.
Although clinical trials validate therapeutic efficacy, they often lack epigenetic biomarkers, limiting
mechanistic insights. Combining epigenetic therapies with immunotherapy or targeted therapies holds
synergistic potential, as suggested by preclinical studies***. However, limitations in preclinical models, such
as inadequate TME modeling and in vitro artifacts, hinder direct clinical translation of these findings. These
findings underscore the need to integrate multi-omics profiling (genomics, epigenomics, and
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transcriptomics) to inform clinical trial design'

The advancement of single-cell sequencing, spatial transcriptomics, and Al technologies has improved the
understanding of breast cancer research, revealing different molecular types and ways to overcome
treatment resistance”™. Spatial transcriptomics can help pinpoint changes in the immune system,
surrounding cells, and blood vessels, aiding personalized treatment strategies. Single-cell epigenetic
sequencing examines inheritable information related to cell structures and gene expression™". Single-cell
sequencing is transforming breast cancer resistance profiling by revealing tumor heterogeneity with
unparalleled precision, overcoming limitations of bulk sequencing®™. It facilitates the detection of resistant
subclones before clinical resistance manifestation, enabling early intervention®. In HER2-positive breast
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cancer, this technology has investigated combinatorial immunotherapy strategies for CDK4/6 inhibitor
resistance by elucidating rapidly evolving resistance mechanisms®*. Additionally, it provides
comprehensive transcriptomic insights into lymph node metastasis and neoadjuvant chemotherapy-
resistant TNBC?*****l, By enabling dynamic, patient-specific resistance profiling, it paves the way for tailored
therapeutic strategies in precision oncology”*. Thus, innovative technologies are recognized as essential
instruments for interpreting TME heterogeneity and customizing treatment approaches, including single-
cell sequencing, spatial transcriptomics, and nanomedicine. TME dynamics are influenced by predictive
spatial modeling to predict treatment outcomes. GeoMx DSP measures stromal and immunological markers
in TME and finds spatial correlations between immune markers with resistance and survival mechanisms
(such as VISTA). Al enhances diagnosis and prognosis by integrating various data types, such as genomics,
medical images, and electronic records, to create precise models of tumor resistance. It can also develop
predictions about how tumors respond to different drugs, optimize combinations, and analyze features
related to drug resistance. Al is utilized in evaluating drug sensitivity through various models. PDOs are
used for high-throughput drug sensitivity screening and to replicate patient-specific genetic and phenotypic
tumors. An Al-powered spatial analyzer of TILs has recently shown that the spatial distribution of TILs
helps explain key immune phenotypes, such as immune-excluded and inflamed types. These phenotypes are
strongly linked to tumor mutational burden, responsiveness to ICIs, and patient survival. This highlights the
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importance of Al analytics in improving the therapeutic prediction'

AT improves cancer diagnosis and prognosis by integrating diverse data sources such as genomics and
medical images to predict tumor drug responses and optimize treatments, but faces challenges in data bias,
interpretability, and standardized data management””**. While advancements have been made, ongoing
improvements in technology are necessary for better integration of AI and multi-omics in clinical oncology,
ultimately enabling more effective personalized treatments.

CONCLUSION AND FUTURE PERSPECTIVES

Breast cancer treatment resistance poses a substantial obstacle caused by genetic mutations, epigenetic
changes in gene expression, and immune-regulatory adaptations. The interplay of these elements leads to
tumor heterogeneity, evasion of immune responses, and treatment failures, especially in aggressive forms
such as triple-negative and HER2-positive breast cancers. The most predominant drivers of breast cancer
therapeutic resistance are summarized in Figure 4, which include a complex interplay of genetic factors
(e.g., PTEN, TP53 mutations, HER2 amplification), epigenetic mechanisms (e.g., DNMT-mediated
methylation, EZH2-driven H3K27me3), ncRNAs (e.g., HOTAIR, miR-21 with m6A modifications),
apoptosis evasion (e.g., Bcl-2 upregulation), robust DNA repair (e.g., HR, NHE]), and an
immunosuppressive TIME (e.g., T cell exhaustion, MDSC infiltration, PD-L1 overexpression), particularly
in TNBC and HER2-positive subtypes, highlighting multifaceted targets for precision oncology.

Although important advancements have been achieved in understanding crucial molecular pathways, there
are still notable gaps in knowledge and ongoing controversies. One significant gap involves the insufficient
comprehension of how genetic evolution and epigenetic plasticity interact over time under therapy-induced
selection pressure. The debate over whether resistance mainly exists prior to treatment or develops de novo
complicates efforts to administer targeted therapies. Moreover, the interaction between RNA methylation
(m6A) and ncRNAs in influencing drug resistance is a promising new area of research, but its clinical
implications and potential for therapeutic application need further validation. A promising future direction
is the use of combined approaches that analyze different types of genetic data to identify specific resistance
mechanisms in patients. This may help develop customized treatments for various types of breast cancer.
For instance, Butti et al. have successfully developed patient-derived orthotopic xenografts (PDOXs) from
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Figure 4. Major drivers of breast cancer therapeutic resistance. This schematic diagram illustrates the multifaceted mechanisms
underlying therapeutic resistance in breast cancer, encompassing genetic factors, epigenetic mechanisms, ncRNAs, apoptosis evasion,
DNA repair, and the TIME. Genetic Factors, such as oncogenic mutations (e.g., PTEN, TP53) and amplifications (e.g., HER2, MDM2),
activate proliferative pathways like PI3K/AKT/mTOR, conferring resistance to chemotherapies and targeted therapies. Epigenetic
mechanisms, involving aberrant DNA methylation by DNMTs and histone modifications (e.g., EZH2-mediated H3K27me3, LSD1-driven
demethylation), silence tumor suppressors (e.g., PTEN, GREB1), promoting therapeutic resistance. IncRNAs (e.g., HOTAIR, MALAT],
CDC6) and miRNAs (e.g., miR-320a, miR-21) modulate oncogenic signaling via m6A modifications, enhancing EMT and
chemoresistance. Furthermore, upregulation of anti-apoptotic proteins (e.g., Bcl-2) and downregulation of pro-apoptotic factors (e.g.,
Bax) via epigenetic regulation impede chemotherapy-induced cell death. In addition, activation of robust repair pathways (e.g., HR,
NHEJ, BER, NER, MMR) in resistant cells counteracts chemotherapy-induced DNA damage (e.g., DSBs, crosslinks). Moreover,
immunosuppressive elements, including T cell exhaustion (PD-1/CTLA-4 upregulation), MDSC infiltration, and checkpoint adaptation
(PD-L1 overexpression), create a resistant TME, particularly in TNBC and HER2-positive subtypes. The interplay of these drivers
underscores the complexity of therapeutic resistance, highlighting potential targets for precision oncology. Created in BioRender.
Malhotra, D. (2025) s1b4tg4. ncRNAs: Non-coding RNAs; TIME: tumor immune microenvironment; MDM2: mouse double minute 2;
GREBT1: growth-regulating estrogen receptor binding 1, HR: homologous recombination; NHEJ: non-homologous end joining; BER: base
excision repair; NER: nucleotide excision repair; MMR: mismatch repair; DSBs: double-strand breaks; TME: tumor microenvironment;
TNBC: triple-negative breast cancer.

hormone-resistant breast cancer patients to study various genes involved in drug resistance. In a similar
line, epigenetic treatments including agents targeting DNA methylation (e.g., decitabine), histone
modifications (e.g., HDAC inhibitors), and RNA methylation (m6A modulators) are emerging as beneficial
complements to chemotherapy and immunotherapy®”. The synergy of these agents with ICIs, such as
anti-PD-1/PD-L1 therapies, may enhance immune responses against tumors, particularly in cases involving
epigenetic silencing of immunity-related genes”. Furthermore, in the field of ncRNA therapeutics,
abnormally expressed ncRNAs often affect changes in gene expression and facilitate immune evasion in
resistant breast cancer forms”*'. Developing advanced delivery systems, such as nanoparticle-based carriers,
to convey IncRNA/miRNA mimics or inhibitors directly into tumor cells may assist in altering resistance
mechanisms and restoring treatment sensitivity. It will be essential to tackle issues concerning the stability,
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specificity, and off-target effects of ncRNA therapies for clinical use, with current investigations into lipid-
based and exosome-mediated delivery approaches offering more promising prospects®”.

Focusing on immune evasion strategies is another critical area of interest. Resistant breast cancers often
exhibit T cell exhaustion and are infiltrated by MDSCs, which impede antitumor immune responses®”.
Next-generation ICIs targeting novel markers (e.g., LAG-3, TIGIT) and therapies aimed at depleting or
reprogramming MDSCs may rejuvenate immune responses™. Tailored immunotherapy regimens,
informed by immune profiling of the TME using methods such as single-cell sequencing and spatial
transcriptomics, could improve response rates by aligning treatment to specific immune contexts”. These
cutting-edge technologies facilitate thorough mapping of immune cell types and their interactions within
tumors, paving the way for the development of targeted immunotherapeutic approaches. Moreover,
advancements in single-cell sequencing, spatial transcriptomics, and Al-enhanced predictive models will
accelerate the journey toward precision medicine. Single-cell sequencing reveals intratumor heterogeneity
and identifies resistant subclones, while spatial transcriptomics provides insights into the location of
resistant cells within the tumor milieu®**, AT models trained on multi-omics datasets are capable of
predicting resistance trends and recommending patient-specific treatment strategies, thus supporting
clinical decision making!'
proteins by employing alternating electric fields in aggressive brain tumors, with conducting probe atomic
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I. Moreover, tumor-treating fields, combined with chemotherapy, disrupt mitotic

force microscopy (C-AFM)-derived chromosomal electron flux data revealing mechanisms to enhance
therapeutic outcomes®™®
applications in precision oncology. These technologies will also facilitate the discovery of novel biomarkers,

l. Chromosome-based bioelectronics holds promise for innovative medical device

promoting the early detection of resistance and timely modifications to treatment plans. In this context,
adaptive clinical trials that evaluate multi-target therapies, updated clinical guidelines that incorporate
insights into resistance mechanisms, and policies that ensure equitable access to advanced diagnostic
technologies such as next-generation sequencing will be vital. By fostering collaborative interdisciplinary
efforts and employing bioinformatics to synthesize complex data, this review envisions a future where
innovative therapies, enhanced diagnostic tools, and personalized approaches effectively tackle the
persistent challenge of treatment resistance in breast cancer, ultimately improving patient outcomes
worldwide.
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