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ABSTRACT

Breast cancer remains one of the most prevalent malignancies worldwide, necessitating continuous advancements in
treatment strategies to improve patient outcomes. This review explores the current landscape of breast cancer therapies,
ranging from conventional approaches such as surgery, radiation therapy, and chemotherapy to emerging targeted and
immunotherapeutic modalities. The primary objective of this review is to provide a comprehensive analysis of modern breast
cancer treatments, highlighting their mechanisms of action, clinical efficacy, resistance mechanisms, and future directions.
Recent advances in targeted therapy, particularly HER2 inhibitors, tyrosine kinase inhibitors (TKIs), CDK4/6 inhibitors,
PI3BK/AKT/mTOR pathway inhibitors, and PARP inhibitors, have revolutionized breast cancer management, significantly
enhancing survival rates. Immunotherapy, including immune checkpoint inhibitors, has shown promise, particularly for
triple-negative breast cancer. Despite these advancements, treatment resistance and adverse effects remain significant
challenges, necessitating ongoing research into combination strategies, biomarker-driven therapies, and novel therapeutic
targets. To ensure a robust and up-to-date synthesis, a structured search strategy was employed across PubMed, Scopus, and
Web of Science databases. The search focused on peer-reviewed articles, clinical trials, and meta-analyses published in the
last 10 years using keywords such as breast cancer, targeted therapy, immunotherapy, drug resistance, HER2 inhibitors, and
precision medicine. Studies were selected based on relevance, clinical significance, and methodological rigor. Future
research will focus on overcoming therapeutic resistance, refining combination regimens, and integrating biomarker-driven
precision medicine to optimize patient-specific treatment approaches. A multidisciplinary approach, incorporating genomic
profiling, immunotherapy, and next-generation targeted therapies, holds the potential to transform breast cancer care and
improve long-term survival and quality of life.

Keywords: Breast cancer, targeted therapy, immunotherapy, drug resistance, precision medicine, HER2 inhibitors, CDK4/6
inhibitors

1. INTRODUCTION

Breast cancer represents a prevalent invasive cancer at 450,000 deaths globally each year. It is the second greatest cause of
cancer-related fatality in women, first being lung cancer. Breast cancers can be classified as invasive or in situ, with in situ
cases being more easily treatable. Concern should be expressed for invasive breast cancers, especially invasive ductal
carcinoma, which accounts for 80% of all invasive breast cancers [1]. The WHO Global Breast Cancer Initiative (GBCI)
aims to prevent 2.5 million breast cancer deaths worldwide between 2020 and 2040 by reducing the global breast cancer
mortality rate by 2.5% annually. A 2.5% annual reduction in breast cancer mortality worldwide will prevent 25% of breast
cancer deaths by 2030 and 40% of breast cancer deaths among women under the age of 70 by 2040. The three pillars for
attaining these objectives are: promoting health for early identification; timely testing; and thorough breast cancer
management [2]. Education about public health can help women and their loved ones become more aware of the symptoms
and warning signs of breast cancer as well as the need of early identification and treatment. As screening by mammaography
is currently impracticable in many countries, this may still be accomplished without it [3].
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Male breast cancer is an uncommon illness affecting just 0.5-1% of people worldwide. Male morbidity is mostly caused by
a low concentration of breast tissue and a different hormonal milieu in milk. Adipose tissue, stromal tissues, milk ducts, and
milk storage glands constitute a few of the parts that make up the milk glands [4]. Breast cancer is a complex illness with a
range of subgroups that are associated with different clinical results. Breast cancer's aggressive nature, high likelihood of
spreading to other parts of the body, occurrence due to multiple factors, and limited diagnostic and predictive options have
hindered the advancement of potential treatments. Thus, it is reasonable to view breast cancer as a complicated, multifaceted
illness that is caused by both inherited and random causes. Just twenty percent of patients have an increased likelihood of
transferring breast cancer due to family history, even though genes influence this tendency [5].

BRCA1, BRCA2, TP53, SKT11, PTEN, CDH1, MSH12, chek2, and palb2 are among the important germ lines that are
altered in breast cancer inheritance. Because of their great penetrance, BRCA1 and BRCA2 germ lines are more susceptible.
BRCA1 and BRCA2 germ-line abnormalities account for over 40% of hereditary breast cancer cases. The BRCA1, BRCA2,
and BRCA1/2 genes contribute to a 36-90% risk of breast cancer, with 72% and 69% of cases attributed to them at the age
of 80 [6]. Human epidermal growth factors receptor 2 (HER2-Positive) is a protein that is encoded by extra copies of genes
found in the cells of patients with HER2-positive breast cancer [7]. This protein increases the rate at which cancer cells
divide, raising the possibility of they will spread. Thus, positive for HER2 carcinoma of the breast is the second leading
cause of death after lung cancer[8]. Studies on the etiology of breast cancer demonstrate that the pathogenicity of the disease
differs among its subtypes. The most commonly implicated genes in the development of breast cancer are BRCAL and
BRCAZ2, but other genes, ranked by degree of penetration, include Tp53, ATM, PTEN, LKB 1, HRAS1, NAT1, NAT2,
GSTMI1, GSTP1, GST1, CYP1A1, CYPIBI1, CYP2D6, CYP17, CYP19, ER, AR, AR, COMT, UGT1A1, TNF a, HSP70,
HFE, TFR, VDR, APC, APOE, CYP2E1, EDH17B2, HER2, and TBR-I [9].

2. TYPES OF BREAST CANCER

Breast cancer is a highly heterogeneous disease classified based on molecular and histopathological characteristics. The
primary classification includes hormone receptor-positive (HR+), HER2-positive, and triple-negative breast cancer (TNBC),
each requiring distinct therapeutic approaches. Understanding these subtypes is crucial for optimizing treatment
strategies[10].

2.1 Hormone receptor-positive (ER+/PR+) breast cancer

Hormone receptor-positive breast cancer accounts for approximately 70% of all breast cancer cases. These tumors express
estrogen receptors (ER) and/or progesterone receptors (PR), making them responsive to hormonal therapies. Treatment
approaches are as follows.

Endocrine therapy: Tamoxifen (selective estrogen receptor modulator) and aromatase inhibitors (letrozole, anastrozole,
exemestane) inhibit estrogen-driven tumor growth.

CDKA4/6 inhibitors: Palbociclib, ribociclib, and abemaciclib block cell cycle progression and are used in combination with
endocrine therapy for advanced cases.

PI3K inhibitors: Alpelisib targets PIK3CA-mutated HR+ breast cancer[11].
2.2 HER2-Positive breast cancer

HER2-positive breast cancer constitutes 15-20% of all breast cancer cases and is characterized by overexpression of the
human epidermal growth factor receptor 2 (HER2) protein, which promotes aggressive tumor growth. Targeted Therapy
Approaches are as follows.

Monoclonal antibodies: Trastuzumab and pertuzumab inhibit HER2 signaling, improving survival rates.
Tyrosine kinase inhibitors (TKIs): Lapatinib, neratinib, and tucatinib block HER2-driven pathways.

Antibody-Drug conjugates (ADCs): Trastuzumab emtansine (T-DM1) and trastuzumab deruxtecan deliver cytotoxic agents
to HER2-expressing cancer cells[12].

2.3 Triple-Negative breast cancer (TNBC)

TNBC is highly aggressive, accounting for 10-15% of breast cancer cases, and lacks ER, PR, and HER2 expression. It is
associated with a higher risk of recurrence and limited treatment options. Treatment approaches are as follows.

Chemotherapy: Platinum-based regimens (carboplatin, cisplatin) remain the mainstay of treatment.

Immunotherapy: Immune checkpoint inhibitors (pembrolizumab, atezolizumab) have shown efficacy in PD-L1-positive
TNBC.

PARP Inhibitors: Olaparib and talazoparib are effective in BRCAL/2-mutated TNBC[13].

2.4 Luminal A vs. Luminal B breast cancer
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These subtypes are based on gene expression profiling and influence prognosis and treatment choices.

Luminal A: ER+/PR+, HER2-negative, slow-growing, and highly responsive to endocrine therapy. Best prognosis.

Luminal B: ER+/PR+ but with higher proliferation rates, HER2-positive or negative. Requires chemotherapy + endocrine
therapy[14].

3. MECHANISMS OF ACTION
3.1 Inhibitors of HER2 Signaling

Tyrosine autophosphorylation and intrinsic protein tyrosine kinase activity are activated after receptor a dimerization.
Angiogenesis, invasion, proliferation, and survival are among the vital cellular processes that are regulated by a series of
biochemical and physiological reactions that are set off by these events. There is a vast range of signals because individual
receptor complexes can trigger distinct signaling pathways that cause certain physiological reactions[15]. The effect of each
receptor's cellular expression and the availability of ligands in each unique cell is thought to be the development of particular
dimeric complexes of ErbB receptors and the subsequent stimulation of distinct intracellular signaling pathways[16]. HER-
based dimers activate a multitude of signaling pathways, including but not limited to RasRaf-MAPK, PI3K-Akt, PLC-yl,
Src, and STATSs. The Ras-Raf-MAPK pathway is one of the best-characterized. When Ras is activated, a multistep. MAPK
activation is caused by a phosphorylation cascade[17].

Dual specificity kinases activate the MAPKs ERKI and ERK2 by phosphorylating both a tyrosine and a threonine residue.
MAPK then controls transcription in cells and has been associated with cell growth, survival, and transformation in lab
experiments and, more recently, in research on human tumors. That the PI3K1Akt pathway is another signaling transduction
pathway that is triggered by the HER2 network and is crucial for cell survival. One lipid kinase that produces phosphorylated
phosphoinositides is called phosphatidylinositol-3 kinase (PI3K)[18]. It is triggered by HER2/HER3 dimers as well as other
receptor complexes. Through the pleckstrin homology domain of the proto-oncogene Akt, these phosphorylated lipids attach
and attract it to the cell membrane. When they occur, Thr 308 and Ser 473 are phosphorylated, which activates the activity
of Akt kinase[19]. According to recent research, it plays a crucial in vivo role in the growth of tumors by promoting cell
survival.It's possible that Akt plays a part in controlling cell division. For instance, cyclin DI increases and enters the cell
when Akt phosphorylates and inhibits glycogen synthase kinase cycle. Another crucial regulator of Cyclin drugs, including
p21-28 and p27-29, is HER2. Additionally, a number of investigations have demonstrated that Akt phosphorylates p27 and
moves it into the cytoplasm, preventing p27 from functioning as a cell cycle brake[20]. A key mechanism in HER2-positive
breast cancer involves PI3K mutations leading to uncontrolled cell proliferation. Figure 1 illustrates the HER2-activated
PIBK/AKT/mTOR pathway and the inhibitory role of Alpelisib.
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Figure 1. Schematic representation of the HER2/PI3K/AKT/mTOR signaling pathway in HER2-positive breast
cancer and the inhibitory effect of Alpelisib on PI3Ka mutations.

3.2 Blocking P13K/ Akt/mTOR pathway

The regulation of cell survival, growth, proliferation, angiogenesis, transcription, translation, and metabolism is significantly
influenced by the PI3K/AKT/mTOR signaling pathway as shown in Figure 2. When compared to other significant signaling
pathways, the PI3K/AKT/mTOR pathway exhibits abnormalities in the majority of human cancers. It has been reported that
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dysregulation of key components of this signaling pathway activates other downstream signaling pathways associated with
oncogenesis. Phosphoinositide 3-kinases (PI3Ks) are lipid kinases that function as downstream effectors of G protein-
coupled receptors (GPCRs) and receptor tyrosine kinases (RTKSs). Phosphatidylinositol (PI) is a unique kind of membrane
lipid that may be phosphorylated reversibly to produce phosphoinositides (PIs), such as Pl 4-phosphate (PIP) and PI 4,5-
bisphosphate (P1P2). Active PI3Ks generate phosphatidylinositol (3,4,5)-trisphosphate [PIP3] by phosphorylating the third
carbon of the inositol head of PIP2.[21] Three categories of PI3Ks have been mentioned: class I, 11, and I1I. Class IA and
class IB PI13Ks are divisions of class | PI3Ks. Class | PI3Ks are the only sub-class that can only produce PIP3 from PIP2.
The RTKSs activate class IA PI3Ks, whereas the GPCRs activate class IB PI3Ks. These PI3K sub-classes, along with their
associated genetic alterations and mutation frequencies, are summarized in Table 1. An active subunit (p110) plus an
adaptor/regulatory subunit (p85) comprise class IA PI3Ks.There are five variations of the p85 regulatory component: p85a,
p55a, pS0a, p85P, and p55y. Three distinct genes, PIK3CA, PIK3CB, and PIK3CD, express the three classes of pl110
isoforms (p110a, p110B, and p1103) that have been identified [22-23]. PTK3CA mutations have been regularly seen in a
variety of cancer types, including OC. The p110y catalytic subunit, which employs both the p84 and p101 regulatory subunits,
makes up class IB PI3Ks. Three different catalytic isoforms (C2a, C2p, and C2y) make up class Il PI3Ks. No regulatory or
adaptor subunits have been found in monomeric class 1l PI13Ks. They produce PIP2 by using PIP as substrates. Autophagy
regulation has been found to be significantly influenced by heterodimeric class 111 PI3Ks, which are composed of two
subunits: a catalytic subunit (VVps34) and an adaptor/regulatory subunit (Vps15).

Table 1. Classification of PI3K and AKT signaling components, their genetic alterations, and frequency of
mutations observed in various cancer types.
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Figure 2.Schematic representation of the PISBK/AKT/mTOR signaling pathway, illustrating key molecular
interactions, phosphorylation events, and downstream regulatory mechanisms involved in cell survival,
proliferation, and metabolism.

3.3 Cell cycle arrest via CDK4/6 inhibition

Inhibition of CDK4/6 plays a crucial role in inducing Gl-phase arrest by preventing the phosphorylation of the
retinoblastoma protein (Rb) as shown in figure 3. In order to identify the beginnings of CDK4/6 inhibitor resistance, a number
of research are currently being carried out to look into the cell cycle machinery and upstream signaling networks, such as the
MAPK and PI3K/Akt/mTOR pathways. Rb is a significant biomarker that CDK4/6 phosphorylates. Extensive exposure to
palbociclib or ribociclib has been shown to result in acquired resistance, and research in animal models has shown that loss
of Rbl is connected to de-novo resistance to CDK4/6 inhibitor. Additionally, clinical resistance among people with breast
cancer treated with inhibitors of CDK4/6 has been connected to acquired mutations in Rb1 detected in circulating tumor
DNA (ctDNA) [24]. Analysis of the HER-2 and HER-3 studies showed that high cyclin E1 (CCNE1) mRNA expression was
associated with a less wealthy progression-free survival in patients who had previously received treatment (PALOMA-3
cohort), but not among people who had not received therapy (HER-2 )[25]. The role of p16 amplification as a biomarker is
yet unknown because the results of biomarker analysis of HER-1, HER-2, and HER-3 showed no appreciable difference in
PFS between the p16/CCND1 cohort and the unselected group. The ECLIPS research looks for predictive biomarkers for
the treatment of palbociclib with ET using prospective pharmacogenetic research. Since those who had disease progression
had much higher levels of TK1, a critical regulator of the S/G2 stage, before treatment than three months later, the data
suggest a connection between acquired resistance to CDK4/6i and TIK1 mRNA copies/mL[26].

Gene findings from 348 HR-positive HER2-negative metastatic BC samples were analyzed, and the loss of the format known
as F1, a tumor suppressor from the cadherin family that enhances CDK6 expression through the Hippo pathway and may be
a predictor of CDK4/6i resistance, was associated with a shorter PFS. Following first-line treatment with letrozole and
ribociclib, a phase Illb trial called Bioitalee is currently examining ct DNA changes and their development. For initial
biomarker analysis, samples from 271 of the 287 postmenopausal participants in the research were suitable. The primary
findings showed that PIK3CA was the most altered gene (23.15%).In contrast to de novo advanced BC, patients with
recurrent disease are more likely to have mutations in KTM2C or changes in genes associated with the "estrogen receptor
nuclear function" (ERnf) pathway, such as KTM2C, ESR1, GATAS3, and MYC, whereas individuals with more aggressive
infection are more likely to have a copy number gain of FGFRs . TP53 mutations, MY C gain, and changes in the She family
and CDK4 and CD pathway genes were more common in patients with early disease progression, indicating that these
indicators might represent innate resistance to letrozole and ribociclib first-line therapy. The changing patterns of final
biomarkers and pharmacogenomics are still being studied [27].
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Figure 3. CDK4/6 inhibition-induced cell cycle arrest.

4, SYNTHETIC LETHALITY IN BRCA-DEFICIENT CELL -

4.1 Classic models: A number chromosomal theories have been proposed to explain how PARP inhibition selectively
encourages synthetic lethality in cancer cells that do not have HR[28]. First, the SSB repair function of was examined.
According to this theory, a decline in PARP function is caused by the accumulation of unrepaired SSBs in the genome due
to replication forks and SSBs colliding, which in turn increases the levels of DSBs. cancer cells with HR deficiency repair
DSBs at collapsing replication forks using error-prone repair pathways, including as nonhomologous end joining
[NHEJ][29]. This leads to the creation of dangerous repair products and the selective cell death caused by PARP
inhibition.Thus, the combination of HR loss and SSB repair leads to synthetic lethality in the removal of cancer cells lacking,
demonstrating that PARP inhibition damages DNA by trapping on DNA. This shows that in cultures with and without PARP
inhibitors entrap PARP1/2 at SSBs, preventing replication forks and increasing DSBs. The fact that deficient cells are
particularly susceptible to death by PARP inhibitors due to their failure to accurately and efficiently repair DSBs (Figure 1B)
confirms a synthetic lethal relationship between HR loss and PARP entrapment. The resistance of deficient cells with PARP1
mutations to PARP inhibitors indicates that PARP1 is the primary target for ensnaring and killing deficient cells. PARP
inhibitors have emerged as a promising class of targeted therapeutics, particularly for cancers with homologous
recombination deficiency, such as BRCA-mutated ovarian and breast cancers[30]. Several PARP inhibitors have been
developed, differing in their PARP1-trapping potency, molecular targets, and regulatory approval status. Among them,
olaparib, rucaparib, niraparib, and talazoparib have received FDA approval for clinical use, while others remain in
investigational stages. Table 2 provides a comprehensive overview of FDA-approved and investigational PARP inhibitors,
detailing their alternative names, PARP1-trapping ability relative to olaparib, molecular targets, manufacturers, and FDA
approval status[31].

Table 2. FDA-Approved and Investigational PARP Inhibitors with Their Alternative Names, Target Specificity, and
PARP1-Trapping Ability.

Agents Alternative PARP1- trapping | Targets Producer First FDA
name ability (37,40,68,136- approval
( relative to | 138)
olaparib (135))
olaparib AZD- 1 PARP1/2/3/4 LYNPARZA, 2014
2281,MK- AstraZeneca
7339
veliparib ABT-888 0.2 PARP1/2/3 Abbvie Not approved
by FDA as a
monotherapy
Rucaparib AGO014699 1 PARP1/2/3/4 Rubraca, Clovis 2018
Niraparib MK-4827 PARP1/2 Zejula, Tesaro Inc. 2017
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Talazoparib | BMN-673 100 PARP1/2 Talzenna, Pfizer 2018
pamiparib BGB-290-102 | NA PARP1/2/3 Beigene NA(approved
in China in
2021
venadaparib | 1DX-1197 NA PARP1/2 idience NA
AZD5305 NA NA PARP1 AstraZeneca NA

4.2 Emerging models: Although BRCA1/2's role in homologous recombination (HR) has been thoroughly investigated,
their roles at replication forks are becoming more clear. When replication forks stall, (BRCAL and BRCA2)are essential in
halting the nucleolytic destruction of developing DNA [32]. MRE11 and EXO1 nucleases break down developing DNA in
BRCA-deficient cells, and SMARCAL1, ZRANB3, and HLTF are necessary for this process to turn stalled replication forks
into reversed forks. Interestingly, BRCAL-deficient cells regain fork protection when they become resistant to PARP
medications. The MLL3/4 complex protein PTIP is deleted in BRCA2-deficient cells, restoring fork protection and tolerance
to PARP inhibitors.These findings suggest that the greater nascent DNA degradation at reversed forks in BRCA-deficient
cells exacerbates fork collapse, disrupts proper fork recovery, and causes genomic instability and cell death when PARP
inhibition is used.Although BRCAL/2 mutations protects BRCA-deficient cells under stress, their vulnerability to PARP
inhibitors may not be directly related to their inability to protect reversed replication forks. In cells with BRCA insufficiency,
single-stranded DNA (the ssDNA) or ssDNA gaps are more common, according to new research. PrimPol-mediated
repriming may be the cause of ssSDNA gaps in BRCA-deficient cells, according to some research, whereas other studies
explain these gaps to abnormalities in PCNA cycling and inadequate lagging strand synthesis. Specifically, incorrect
processing of Okazaki fragments activates PARP1, whereas inhibition of PARP stops the lagging strand from developing
during DNA replication, leading to a higher number of postreplicative single-strand nicks or gaps [33]. Double-strand breaks
(DSBs) happen when imprisoned PARP1-containing ssDNA gaps persist until mitosis and the subsequent S phase. BRCA-
deficient cells accumulate more DSBs all over multiple cell cycles than BRCA-proficient cells because they are unable to
effectively repair gap-derived DSBs and do not initiate the replication checkpoint to slow down the cell cycle. That is
important to keep in mind that the various models mentioned above might coexist. Some of these models may be connected
by one underlying mechanism, even though multiple routes may contribute to the PARP inhibitor's ability to induce cell
death in BRCA-deficient cells [34].

Classic models
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5. CLINICAL EFFICACY
5.1 Landmark clinical trials demonstrating improved outcome

Targeted therapeutics and the use of biomarker assessment in formal treatment pose a challenge to the traditional drug
development paradigm of phase | to determine the safety profile, phase 1l to establish the efficacy signal, and phase 111 for
establishing definitive clinical benefit. Because they can be used to identify patients who are more likely to benefit from a
specific treatment, biomarkers are an essential feature in targeted therapies[35]. In the context of personalized medicine,
phase | studies to examine how to measure marker alteration in normal and tumor tissue samples, providing guidance for
determining cut points and evaluating efficacy within molecularly defined subsets; phase Il studies involve meticulous
evaluation of the marker in the past to determine clinical value; and phase 111 trials are confirmatory, validating the marker
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(and companion diagnostic) through extensive prospective randomized controlled trials (RCT) in a multicenter setting[36].
Therefore, the primary obstacle to the development of novel cancer treatments is the ability to recognize and evaluate activity
in molecularly defined patient subsets beginning with early phase trials in order to forecast which individuals would react to
a novel agent or regimen. To expedite the new medication development process and provide the appropriate therapies to the
appropriate patients, design methodologies have changed over the past several years [37]. Adaptive enrichment, basket, and
umbrella techniques are a class of innovative concepts for oncology-targeted therapy testing. The following topics will be
covered in this review, which will illustrate the ideas with examples of ongoing or finished trials: When to use enrichment
or targeted trial design strategies; (2) how to improve clinical trial efficacy by using umbrella trials to evaluate the impact of
various drugs on distinct mutations (molecular subtypes) within a single tumor type; and (3) the function of basket trials in
effectively screening agents to identify the “exceptional” responders, e.g., the impact of a single drug across multiple tumor
types and/or histologic subtypes harboring the same mutation (molecular profile). These design techniques go against the
conventional wisdom on drug development. To put these concepts into effect, cutting edge data collecting technologies,
substantial multidisciplinary collaboration, and new statistical approaches are required[38]. When applicable, illustrative
examples will be used to explain logistical hurdles to implementation resulting from centralized assay testing, the need for
multiple specimens, multidisciplinary collaboration, and infrastructure requirements.

5.2 Combination Strategies with chemotherapy or endocrine therapy

Integrating chemotherapy with endocrine therapy has become a key approach in breast cancer treatment, aiming to enhance
effectiveness and improve patient outcomes. Several strategies are employed depending on tumor characteristics and
treatment goals.

Neoadjuvant Therapy: Chemotherapy is administered before surgery to shrink tumors, making them easier to remove. In
hormone receptor-positive tumors, endocrine therapy can be introduced alongside or after chemotherapy to target hormone-
driven cancer growth[39].

Adjuvant Therapy: Chemotherapy is given post-surgery to eliminate residual cancer cells, followed by endocrine therapy to
prevent recurrence. In some high-risk cases, chemotherapy and endocrine therapy are administered concurrently[40].

Targeted Therapy: For HER2-positive breast cancer, chemotherapy is combined with HER2-targeted agents (e.g.,
trastuzumab) and endocrine therapy for improved efficacy. In postmenopausal women, aromatase inhibitors may be used
alongside chemotherapy to enhance treatment outcomes[41].

Personalized Approaches: Advances in genetic and molecular profiling allow for biomarker-driven therapy, tailoring
treatment to specific cancer characteristics such as PIK3CA mutations[42].

Clinical Trials: Ongoing research explores novel therapeutic combinations and optimized sequencing to improve efficacy
and minimize toxicity

6. RESISTANCE MECHANISMS IN BREAST CANCER TREATMENT

Resistance to therapy in breast cancer can be classified into primary and acquired resistance. Primary resistance refers to
cases where an immunotherapy or treatment plan is ineffective from the outset, often due to adaptive immune resistance
mechanisms[43]. Acquired resistance occurs when cancer cells or bacteria develop resistance to previously effective
treatments, either through genetic mutations or the uptake of resistance-conferring DNA from other cells. One major
mechanism of resistance is the activation of bypass pathways, particularly in hormone receptor-positive and HER2-positive
breast cancer subtypes[44]. These pathways allow cancer cells to evade the effects of therapies like endocrine therapy and
targeted treatments. The PIBK/AKT/mTOR pathway is frequently implicated, where mutations in the PIK3CA gene or loss
of PTEN lead to pathway overactivation, enabling continued cancer cell growth despite treatment[45]. Similarly, estrogen
receptor (ER) reactivation, often through ESR1 mutations, can cause resistance to therapies like tamoxifen and aromatase
inhibitors.

Alternative growth factor receptors can also contribute to resistance by triggering signaling cascades that support cancer cell
survival and proliferation. The Ras/Raf/MEK/ERK pathway, when constitutively activated due to mutations in BRAF or
Ras, provides another route for tumor progression independent of primary therapy[46]. Additionally, overexpression of
androgen receptors (AR) in certain breast cancer subtypes allows cells to proliferate without reliance on estrogen signaling.
Beyond these molecular pathways, cellular stress response and survival mechanisms enable cancer cells to withstand the
effects of chemotherapy and endocrine therapy, further complicating treatment efficacy. Understanding these resistance
mechanisms is crucial for developing more effective therapeutic strategies and overcoming treatment failure in breast cancer.

7. FUTURE PROSPECTS

The development of novel targets and combination approaches remains essential for enhancing existing therapies, improving
efficacy, and overcoming acquired resistance[47]. Targeted therapy focuses on specific biological pathways that drive cancer
progression, often involving proteins, genes, or signaling cascades. Combination therapies, which use multiple therapeutic
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agents to simultaneously target different mechanisms, have shown promise in improving treatment outcomes, especially for
aggressive and resistant breast cancer subtypes[48]. Overcoming resistance with next-generation agents is a critical area of
ongoing research. Advances in targeted therapy include next-generation HER2 inhibitors such as neratinib and tucatinib,
which are effective against trastuzumab-resistant tumors, particularly when combined with chemotherapy[49]. Similarly,
PI3K inhibitors like alpelisib, used alongside HER2-targeted treatments, address pathway activation that contributes to
resistance. In the field of hormonal therapy, CDK4/6 inhibitors such as palbociclib, ribociclib, and abemaciclib enhance
endocrine therapy by preventing cell cycle progression in ER-positive breast cancer[50]. Additionally, selective estrogen
receptor degraders (SERDs) like elacestrant offer treatment options for tumors that have become resistant to conventional
endocrine therapy.

Immunotherapy has emerged as a promising strategy, particularly for triple-negative breast cancer (TNBC). Checkpoint
inhibitors like pembrolizumab and atezolizumab, when combined with chemotherapy, have shown effectiveness in tumors
with high PD-L1 expression[50]. Research is also exploring innovative immune techniques aimed at modifying the tumor
microenvironment to enhance immune responses. The integration of immunotherapy with other modalities, such as HER2-
targeted treatments and endocrine therapy, may further reduce resistance and improve clinical outcomes[51]. Biomarker-
driven patient selection plays a pivotal role in personalized oncology by tailoring treatment to the molecular characteristics
of each tumor. Identifying biomarkers enables clinicians to optimize therapy selection, minimize unnecessary side effects,
and improve patient outcomes[52]. Advances in genomic profiling and liquid biopsy technologies provide real-time insights
into resistance mechanisms, allowing for timely modifications in treatment plans. The development of multiplex biomarker
panels and integration of clinical data with genomic findings enhance decision-making and enable precision medicine
approaches[53].

The integration of immunotherapy with targeted therapies represents a significant advancement in cancer treatment. This
approach enhances anti-tumor responses by combining immune checkpoint inhibitors with agents targeting specific
mutations, such as BRAF[54]. In TNBC, combining chemotherapy with checkpoint inhibitors has demonstrated the ability
to trigger immune responses while directly targeting malignant cells[55]. The continuous evolution of these integrative
strategies is shaping the future of breast cancer management, offering more effective and personalized therapeutic options
for patients[56].

8. CONCLUSION

The field of breast cancer treatments is always changing due to new discoveries in the field and a better comprehension of
tumor biology. Patients have had better results and higher survival rates when multimodal approaches combining surgery,
radiation, systemic treatments, and novel immunotherapies are used. Genomic profiling informs personalized medicine,
enabling customized therapies that maximize benefits and minimize side effects. Prospective avenues for future research
encompass investigating innovative drugs, combining treatments, and employing immunotherapeutic approaches to enhance
outcomes, especially in complex subtypes such as triple-negative breast cancer. Investigation and clinical trials must go on
to increase the efficacy of current therapies, find biomarkers for more accurate patient matching, and ultimately raise the
standard of living for those with breast cancer. To optimize treatment success, a multidisciplinary approach integrating
clinical, molecular, and immunotherapeutic advancements is crucial. Continued research, clinical trials, and innovation in
drug discovery, treatment sequencing, and resistance mechanisms will shape the future of breast cancer therapy. By refining
therapeutic strategies and leveraging precision medicine, the goal is to achieve better long-term survival, reduced toxicity,
and an improved quality of life for breast cancer patients.
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