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ABSTRACT: 

Breast cancer remains one of the leading causes of cancer related morbidity and mortality in women worldwide. Recent 

advances in molecular biology have led to the development of targeted therapies the have improved outcomes in patients 

with breast cancer. This review provides a comprehensive overview of the molecular subtypes of breast cancer and the 

current status of targeted therapies, including HER2 – targeted treatments, hormone receptor antagonists, CDK4/6 

inhibitors, and PI3K/AKT/m TOR pathway inhibitors. The article also discusses emerging therapeutic approaches such 

as antibody – drug conjugates, immunotherapy, and medicine. Furthermore, it outlines challenges such as drug 

resistance, accessibility issues, and the need for predictive biomarkers.  Finally, this review examines future directions 

in targeted therapies for breast cancer, including the role of personalized medicine, combination therapies, and 

innovative drug delivery systems. 
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INTRODUCTION 

Breast cancer is one of the most common and heterogeneous cancers, affecting millions of women across the globe [1] 

The prognosis and therapeutic approach for patients with breast cancer vary significantly depending on the molecular 

and histopathological characteristics of the tumor.  [2]Traditional treatments, including surgery, chemotherapy, and 

radiotherapy, have improved survival rates; however, these therapies are often associated with severe side effects and 

lack specificity, leading to incomplete responses and relapse in some patients. [3] 

The advent of targeted therapies has significantly transformed breast cancer management by offering a more 

personalized approach that focuses on specific molecular targets involved in tumor growth and progression  [4]. 

Targeted therapies have not only improved the outcomes for certain sub-types of breast cancer but also provided patients 

with more effective and less toxic treatment options.  [5] 

This review discusses the molecular basis of breast cancer, current targeted therapies, emerging treatment modalities, 

and the future directions in the management of this disease. This review aims to provide a comprehensive overview for 

both researchers and clinicians interested in the evolving landscape of targeted breast cancer therapies. [6] [7]. 

 

2. Molecular Classification of Breast Cancer 

Breast cancer is a genetically diverse disease with varying responses to treatment based on molecular subtype. The 

introduction of molecular profiling has enabled the classification of breast cancer into different subtypes, each 

characterized by distinct molecular markers that influence prognosis and treatment response. These sub-types Include  

[8]. 
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Fig: 1 This image  explains the five main intrinsic or molecular subtypes of breast cancer ,along with their 

characteristics, prevalence, prognosis, and targeted therapies. [9] 

 

2.1 Luminal A Breast Cancer 

Luminal A tumors are estrogen receptor-positive (ER+), progesterone receptor-positive (PR+), and human epidermal 

growth factor receptor 2-negative (HER2-). [10] [11]These tumors are generally associated with a good prognosis and 

exhibit low levels of Ki-67 (a marker of proliferation) [12]. [13].It is the most common subtype of breast cancer ( 

approximately 40-50% of cases) .It is often detected at earlier stages and has a better prognosis than other subtypes.  

Luminal A tumors are typically treated with endocrine therapy, such as tamoxifen(for premenopausal women)  [14] r 

aromatase inhibitors (AI).(for postmenopausal women). [14]. [15] 

 

2.12 Luminal A Breast cancer may manifest through a variety of signs . These potential symptoms include:   

Breast abnormalities present with some physical changes. One of the most common sign is a Palpable mass or lump 

detected in the breast tissue. Some of the individuals experience, Discomfort or tenderness in breast region. Fluid or 

abnormal drainage emanating from nipple should also be considered as warning sign. In addition, changes to the skins 

texture such as thickening, hardening, or dimpled appearance also observed. 

 

2.13 Causes of Luminal A Breast Cancer 

Regular intake of alcohol increases the risk of breast cancer by raising the levels of estrogen and other hormones 

promote the growth of the breast tissues, harmful compounds like free radicals are produced during alcohol metabolism, 

which can damage DNA and increase the risk of cancer development. Being older than 50 is the strongest risk factor due 

to breast cells undergo repeated cycles of division, increases the chance the genetic mutations. Most of the breast cancer 

cases are diagnosed in women over the age of 50. Late onset of menopause, women who experience menopause after the 

age of 55 have higher risk due to the longer exposure of estrogen and progesterone. Prolonged exposure of these 

hormones stimulates breast cell growth, increases the chances of DNA damage and development of cancerous 

cells.Long term use of hormone therapy medications stimulates estrogen receptor-positive breast cells leads to cell 

proliferation and increases the chances of development of breast cancer,Previous radiation therapy directed at the chest 

area. Ionizing radiation can damage the DNA of healthy breast cells, leading to permanent genetic mutations, they may 

develop into hormone receptor-postive breast cancers. 

 

2.14 Treatment   

Chemotherapy is often required unless the tumor is large, lymph nodes are involved, or the cancer shows higher-risk 

features. [14] [11].  

Treatment for Luminal A breast cancer typically involves a combination of local and sytemic therapies. Local treatment 

approaches include radiation and surgery. Systemic treatment may consist of hormone therapy or chemotherapy. Due to 

the nature of Luminal A breast cancer being hormone receptor-positive, its growth is dependent on estrogen. 

Consequently, this type of cancer responds effectively to hormone therapy, which is a targeted therapeutic strategy. IT is 

important to distinguish this from hormone replacement therapy, which is sometimes utilized to alleviate menopausal 

symptoms. 

In women who have not yet reached menopause, the primary source of estrogen is the ovaries Therefore, a critical 

approach to lowering estrogen production involves ovarian suppression. Targeted therapy; her2 drug (like trastuzumab) 

are not used, because luminal A is HER2-negative [16] 

 

2.2 Luminal B Breast Cancer 

They can be classified based on gene expression profiles, hormone receptor status, and tumor characteristics  [17] 

[10].Luminal B tumors are also ER+/PR+ but differ from Luminal A in that they may be HER2-positive or have higher 
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Ki-67 expression [10] [11]. [18] Luminal B tumors tend to be more aggressive than Luminal A tumors [11] [10]and may 

require additional treatments, such as chemotherapy [11] and HER2-targeted therapies [19]  

 

2.21 Causes of   Luminal B Breast Cancer : 

Being over age of 50. The risk of developing Luminal B breast cancer increases with advancing age. As people grow 

older, genetic alterations occurs due to repeated cell division and decline in the efficiency of DNA repair mechanisms, 

this increases the likelihood of cancer development. Inheriting specific genetic mutations occurs in specific genes such 

as BRCA2, PALB2 and CHEK2 can increase the risk of developing Luminal B breast cancer. This genes normally 

regulate cell growth, when mutations occurs abnormal cells are more likely to survive, accumulate additional mutations, 

and eventually may develop into cancer. Regular alcohol intake increases circulating estrogen levels and promotes 

oxidative stress. Elevated estrogen levels stimulate the growth and proliferation of the hormone receptor-positive breast 

cells, while reactive oxygen species produced during the alcohol metabolism can damages the cellular DNA. Together, 

these effects may contribute to the development of this aggressive hormone receptor-positive subtype. Women having 

highly dense breast tissue have a greater risk of developing Luminal B breast cancer. Dense breast  contain a higher 

proportion of glandular and fibrous tissue and less fatty tissue, providing more cells that can undergo abnormal changes, 

and also associated with enhanced hormonal activity and growth factor signaling, which may promote tumor 

development. 

 

2.22 Symptoms of Luminal B Breast Cancer  

  A common symptom of Luminal B breast cancer is persistent discomfort or pain in one or both breasts. Changes in the 

appearance of one or both nipples such as inversion, retraction, flattening, or deviation from its normal portion, may also 

occur due to underlying tumor. Skin over the affected breast may undergo changes such as redness, a dimpled texture , 

swelling, or hardening. In addition, nipple discharge that is not breast milk, especially if it is bloody or occurs 

spontaneously, should be considered as warning sign of breast cancer and requires prompt medical evaluation. 

 

2.23 Treatment 

 Treatment approaches like Endocrine therapy -tamoxifen, aromatase inhibitors, or ovarian suppression. Chemotherapy 

(often recommended due to higher aggressiveness.) Targeted therapy and  CDK4/6 inhibitors  are used in 

advanced/metastatic cases. [20] [21] 

 

2.3 HER2-Enriched Breast Cancer 

It is defined by gene expression profiling [22]. HER2-positive breast cancers overexpress the HER2 receptor [22]. These 

tumors are aggressive and account for approximately 15–20% of all breast cancer cases [23] [24] [22].  There is higher 

risk of recurrence and metastasis [25] [26]. 

 

2.31 Symptoms of HER2-Enriched Breast Cancer: 

HER2-enriched breast cancer may cause noticeable changes in the size, shape, or contour of the affected breast. As the 

tumor grows rapidly, the breast may appear swollen, enlarged, or asymmetrical compared with the opposite breast. 

These changes often become more apparent as the disease progresses. Breast lump is one of the most common 

symptoms of HER2-enriched breast cancer. The lump is typically firm, irregular in shape, and may initially be as small 

as a pea. Due to the aggressive nature of this subtype, the mass may increase in size more rapidly than other forms of 

breast cancer. A thickened area or persistent lump in the breast or armpit that does not disappear over time or after the 

menstrual cycle should be evaluated promptly. These changes may result from tumor growth or the spread of cancer to 

nearby lymph nodes and are often associated with disease progression. The skin over the affected breast may become 

red, inflamed, scaly, puckered, or dimpled because of tumor involvement of the skin and lymphatic vessels. Changes in 

the nipple, such as inversion, flattening, or displacement from its normal position, may also occur as the tumor enlarges. 

Some patients may develop a firm, hardened area beneath the skin that feels similar to a small marble. This occurs when 

the tumor invades the surrounding tissues, leading to fibrosis and hardening of the breast tissue. The affected area is 

often less movable and may become more noticeable as the disease advances. 

 

2.32 Causes of HER-2 Enriched Breast cancer : 

Possessing an inherited gene variant, such as BRCA1 OR BRCA2 have a higher risk of developing breast cancer, these 

genes normally function as tumor suppressors and also regulate cell growth. Mutations impair these protective 

mechanisms may lead to development of aggressive breast cancer. Women with a previous history of breast cancer have 

a greater risk of developing a breast cancer. Residual genetic abnormalities, underlying susceptibility, and previous 

exposure to risk factors may contribute to the development of HER2-enriched tumors. Precancerous breast lesions, such 

as atypical ductal hyperplasia (ADH), are associated with an increased risk of breast cancer. Women who begin 

menstruation at an early age, typically before 12 years, are exposed to estrogen for a longer period during their lifetime. 

Prolonged hormonal exposure increases the number of breast cell divisions, raising the chance of DNA mutations and 

increasing the risk of developing breast cancer, including the HER2-enriched subtype. Women who experience 

menopause after the age of 55 have prolonged exposure to estrogen and progesterone. This extended hormonal 

stimulation promotes repeated growth and division of breast cells, increasing the likelihood of genetic mutations. Over 

time, these accumulated genetic changes may contribute to the development of HER2-enriched breast cancer. 
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Treatment: 

 HER2-targeted therapies, such as trastuzumab (Herceptin) monoclonal antibody targeting HER2 [25] and pertuzumab 

have significantly improved survival outcomes in this subgroup [25] [27].T-DM1 antibody conjugate [27]. Trastuzumab 

deruxtecan [28] and Tyrosine kinase inhibitors [29] . Chemotherapy is administrated in combination with HER2- 

targeted therapy  [27] [25].Endocrine therapy is not useful (since HR is usually negative) [30]  [31] 

 

2.4 Triple-Negative Breast Cancer (TNBC) 

Triple-negative breast cancer (TNBC) refers to tumors that are negative for ER, PR, and HER2. These tumors are 

typically more aggressive, with a higher likelihood of metastasis and poor prognosis [32].TNBC typically exhibits faster 

growth compared to many other types of breast cancer and has a higher chance of returning after initial treatment. 

 

2.41 Symptoms of Triple-Negative Breast Cancer : 

One of the most common symptoms of the triple-negative breast cancer is the presence of a lump or dense area 

discovered in the breast or armpit. The lump is usually painless, has irregular borders, and may increase in size rapidly 

due to aggressive nature of the disease. Patient may also notice changes in the overall size or contour of the breast. The 

skin over the affected may develop dimpling or a pitted appearance because the tumor pulls on the surrounding tissues 

or blocks the lymphatic vessels. In some cases spontaneous nipple discharged or nipple retraction may occur due to 

involvement of breast ducts. Additionally, changes in the skin around the nipple, such as flakiness, redness, or 

thickening may also be observed. 

 

2.42 Causes of TNBC: 

Inherited  mutations in specific genes like BRCA1 and occasionally BRCA2, results in a higher susceptibility. These 

genes are normally function as tumor suppressors. When these genes are mutated, leading to uncontrolled cell growth 

increasing likelihood of developing TNBC.  TNBC is more frequently diagnosed in younger patients, commonly those 

under the age 50, making it more prevalent in this group compared to other forms of breast cancer. Studies have shown 

that triple-negative breast cancer occurs more commonly among Black and Hispanic women than in women of other 

racial or ethnic groups. The increased risk is believed to result from a combination of inherited genetic factors, 

biological differences, environmental influences, and socioeconomic factors that affect access to healthcare and early 

detection. Individuals with a family history of breast or ovarian cancer have a higher risk of developing triple-negative 

breast cancer. A strong family history may indicate the presence of inherited genetic mutations, particularly in the 

BRCA1 gene, which substantially increases susceptibility to this subtype. 

 

2.43 Treatment: 

 Treatment options for TNBC are limited, making it a focus of intense research, particularly for targeted therapies and 

immunotherapies [33].Advanced/targeted options ; Immunotherapy like (pembrolizumab, atezolizumab) [34] PARP 

inhibitors ( for patients with BRCA1/2 mutations ) [35] [36],Antibody-drug conjugates(Sacituzumab, govitecan is 

approved for metastatic TNBC after prior treatment) [37] [38] 

 

 
Fig 2: This image explains the molecular subtypes of Triple-Negative Breast Cancer(TNBC) and the different 

targeted therapy approaches being developed for them. [39] 

 

3. Current Targeted Therapies for Breast Cancer 

Over the past two decades, several targeted therapies have been developed and implemented for  breast cancer treatment 

[40]. These therapies focus on specific molecular targets that drive tumor growth, offering a more effective and less 

toxic approach than traditional chemotherapy [41] [42]. These therapies exploit well-characterized molecular targets—
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such as HER2, PI3K, CDK4/6, and PARP—to selectively inhibit tumor growth, improve efficacy, and reduce toxicity 

compared to conventional cytotoxic treatments. [43] [44]. 

The advancement of breast cancer is significantly influenced by estrogen and its corresponding receptors, consequently 

,inhibiting the estrogen signaling pathway has been a long standing treatment strategy for women with estrogen- positive 

disease .To suppress tumor growth in estrogen-dependent cancers and reduce the recurrence rate by an estimated 40-

50%,agents such as Selective Estrogen Receptors Modulators (SERMs) have been employed , with tamoxifen being the 

first drug authorized by the FDA foe estrogen-positive metastatic breast cancer . 

Aromatase inhibitors, including anastrozole, letrozole, and exemestane, offer an alternative treatment for estrogen-

dependent breast cancers. These drugs work by inhibiting the aromatase enzyme, thereby blocking the conversion of 

androgens into estrogen and lowering estrogen levels within the tumor. 

For breast cancers that are not hormone-dependent, different therapies are necessary.  The HER2 protein is widely 

recognized as the most frequently overexpressed receptor signature in this cancer type and is an important biomarker 

guiding treatment. Trastuzumab, a recombinant antibody targeting HER2, was the first medication approved by the FDA 

in 1998 for treating HER2-positive breast cancers. 

In the treatment of HER2-positive breast cancer, the antibody-drug conjugate TDM1 offers a targeted approach. This 

therapy utilizes trastuzumab to deliver DM1 -a potent microtubule inhibitor-directly into malignant cells to arrest their 

growth. For TNBC which lacks hormone receptors and HER2 expression, PARP1 inhibitors and potential options. 

Notably, phase 2 data suggest that pairing cetuximab with cisplatin may be effective for certain TNBC subtypes 

sensitive to EGFR inhibition. 

While standard chemotherapy involving anthracyclines and taxanes remains the primary treatment for TNBC, 

researchers are actively seeking more specific molecular targets. For instance, patients resistant to traditional taxane or 

anthracycline regimens may benefit from combining ixabepilone with capecitabine, a strategy currently under phase 3 

investigation. Furthermore, bevacizumab has demonstrated efficacy in treating adavanced metastatic cases when 

combined with taxanes by targeting the vascular endothelial growth factor. Other therapeutic avenuses include targeting 

tyrosine kinases and downstream signaling pathwatys, such as PI3K/AKTL mTOR and RAS/MEK/ERK.  

 

3.1 HER2-Targeted Therapies  

HER2-targeted therapies have revolutionized the treatment of HER2-positive breast cancer [45]. The discovery and use 

of monoclonal antibody trastuzumab around 25 years ago is described as having “revolutionized treatment and drug 

development for HER2⁺ breast cancer” [46]. Reviews note that HER2-directed therapies have "dramatically influenced 

the outcome of patients with HER2-positive breast… cancers" [45].The HER2 receptor, when overexpressed, promotes 

tumor growth and metastasis [47]. HER2 is a tyrosine kinase transmembrane glycoprotein in the EGFR family; its 

aberrant overexpression is associated with aggressive tumor behaviour, including proliferation and metastasis [45].  

Amplification or overexpression occurs in about 20–30% of breast cancers and correlates with increased disease 

recurrence and poorer prognosis, including metastasis [48] [49]. Targeting HER2 with monoclonal antibodies and 

tyrosine kinase inhibitors has proven to be highly effective [50].  HER2-targeted therapies—including monoclonal 

antibodies and TKIs—have significantly improved survival in HER2-positive breast cancer [50] .Monoclonal antibodies 

like trastuzumab (FDA-approved 1998) and pertuzumab (FDA-approved 2012) have become standard of care and 

extended patient outcomes [51] .TKIs such as lapatinib and neratinib inhibit HER2 kinase activity and are associated 

with improved survival [48] [49].It is the human epidermal growth factor receptor 2 (HER2/ERBB2) protein or have 

HER2 gene amplification.  HER2 (ERBB2) is a member of the human epidermal growth factor receptor family, 

functioning as a receptor tyrosine kinase [45]. In breast cancer, HER2 gene amplification is the principal cause of its 

protein overexpression, occurring in approximately 15–30% of cases [47] [45]. 

   

 
Fig :3 This image explains how Herceptin (transtuzumab) works in treating HER2-positive breast cancer

 [52] 

Trastuzumab: Trastuzumab (Herceptin) was the first monoclonal antibody approved for the treatment of HER2-

positive breast cancer [53]. By binding to the extracellular domain IV of the HER2 receptor, trastuzumab inhibits 

downstream signaling pathways MAPK, PI3K/AKT) and enhances immune-mediated destruction of cancer cells [54] .It 

promotes antibody-dependent cellular cytotoxicity [54]. It prevents HER2 receptor shedding, which maintains immune 

recognition [55].It is administrated through intravenous infusion (loading dose , then every 1-3 weeks) and also through 

subcutaneously with fixed dose formulation . [56] 
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Toxicity ; cardiotoxicity (reversible LVEF decrease, heart failure risk, especially with anthracyclines), [57] Infusion-

related reactions (fever,chills,rash,anaphylaxsis rare), Mild hematologic toxicity when combined with chemo [56]. 

Impact; Approved in 1998 for HER2+metastatic breast cancer [58] . First HER2-targeted therapy for revolutionized 

outcomes. Turned HER2+breast cancer into a treatable subtype with much better survival [59] 

Pertuzumab : Pertuzumab is a second monoclonal antibody that binds to a different epitope of the HER2 receptor, 

preventing dimerization with other HER receptors and further inhibiting tumor growth [60] .Also mediates antibody 

dependent cellular cytotoxicity [61].It binds to extracellular domain II of HER2 receptor [62].It is administrated through 

IV infusion and continued with transtuzumab until progression or unaaceptable toxicity. [63] 

Toxicity, such as cardiotoxicity, diarrhea, rash, infusion related reactions, neutropenia (mainly due to chemotherapy 

combination, not pertuzumab itself). [64] 

Impact; First approved in 2012 (metastatic breast cancer, CLEOPATRA trial) [64] . The trial demonstrated significant 

improvements in progression-free survival (e.g., from ~12.4 to ~18.5 months, HR ≈ 0.62) and a substantial increase in 

median overall survival, with an approximate 15.7-month advantage (e.g., 56.5 vs. 40.8 months) [65].When combined 

with transtuzumab, there is a significant improvement in progression-free survival and overall survival, establishing the 

standard dual HER2 blockade approach in breast cancer . [63] 

  

T-DM1 (Ado-trastuzumab emtansine): T-DM1 is an antibody-drug conjugate (ADC) that combines trastuzumab with 

the cytotoxic drug DM1 [66] [67]. This therapy allows the targeted delivery of chemotherapy directly to HER2-positive 

cancer cells, there by  minimizing systemic toxicity [68] .A stable linker attaches trastuzumab to DM1. [69] [70]. DM1 

part; internalized into HER2+tumor cells .It act by  inhibiting microtubule polymerization, which may lead to apoptosis. 

[67] [71]. Toxicity; Hepatotoxicity, thrombocytopenia, peripheral neuropathy, cardiotoxicity ,infusion  reactions, 

fatigue, nausea, constipation. [72]. Impact; FDA approved in the  2013 for metastatic breast cancer) . [73] 

 

Tyrosine Kinase Inhibitors (TKIs): These are small molecules oral drugs that block the intracellular kinase activity of 

HER receptors, preventing phosphorylation and downstream signaling(MAPK,PI3K/AKT) [74] [75].Drugs such as 

lapatinib, pyrotinib, tucatinib and neratinib specifically inhibit HER2 signaling through the tyrosine kinase domain, 

providing another treatment option for patients who may develop resistance to monoclonal antibodies. [76] 

 

 

Hormone Receptor-Targeted Therapy: 

Hormone therapy is the cornerstone of treatment for estrogen receptor-positive (ER+) and progesterone receptor-

positive (PR+) breast cancers. Endocrine (hormone) therapy is an essential component for treating breast cancers that 

express ER and/or PR, across both early and advanced stages [77].   Specifically, ER-positive breast cancers are highly 

responsive to treatments that interfere with estrogen signaling, making hormone therapy foundational [78].These cancers 

are driven by the hormonal signaling pathways, and targeting these pathways can significantly reduce tumor growth.  

ER and PR are hormone receptors that, when activated by estrogen and progesterone, stimulate gene transcription 

leading to tumor cell proliferation [79] . About 70–80% of breast cancers express ER and/or PR, reinforcing that these 

tumors are growth-driven by hormone signaling and are thus highly sensitive to endocrine intervention [80] 

Tamoxifen : A selective estrogen receptor modulator (SERM), it exhibits tissue-dependent agonist and antagonist 

effects on estrogen receptors [81].  Tamoxifen competitively binds to estrogen receptors in breast tissue, blocking 

estrogen from binding; this inhibits estrogen-driven transcription, slows cell proliferation, blocks G₁ phase of the cell 

cycle, and can cause tumor regression [82]. Tamoxifen is used in both early-stage and metastatic ER+ breast cancers 

[81] [82] .It is mainly used as an  aduvant thrapy for premenopausal and postmenopausal women . [83]. Toxicities 

include hot flashes, thromboembolism [84] and an increased  risk of endometrial carcinoma due to agonist effect. [83] 

[85]  

Aromatase Inhibitors (AIs): Drugs like letrozole, anastrozole, and exemestane inhibit the enzyme aromatase, which is 

responsible for converting androgens into estrogens [86]. AIs are particularly effective in postmenopausal women, who 

have lower ovarian estrogen levels [87]. It is used for adjuvant , neoadjuvant therapies [88]. Toxicity; 

Arthralgia,myalgia,osteoporosis [89], hot flashes. [90]. Arthralgia myalgia :Musculoskeletal symptoms including 

arthralgia and myalgia occur frequent third-generation aromatase inhibitors have proven to be more effective than 

tamoxifen. However, AIs further reduce plasma estrogens in [postmenopausal women], exacerbating musculoskeletal 

symptoms.[91] 

 “Approximately 25% of postmenopausal women with early breast cancer report experiencing symptoms of arthralgia 

with AI therapy, … in the MA.17 trial revealed marked increases in arthralgia (25% vs. 21%) and myalgia (15% vs. 

12%) in patients on letrozole as compared with those on placebo. [92]” 

Fulvestrant: A selective estrogen receptor degrader (SERD), fulvestrant works by promoting the degradation of the 

estrogen receptor, Fulvestrant binds to the estrogen receptor (ER), induces a conformational change that inhibits 

Drug HER Targets Used for Notable Side effects 

Laqpatinib HER2+EGFR MetastaticHER2+(with capecitabine 

or letrozole) 

Diarrhea,rash,hepatotoxicity 

Pyrotinib Pan-HER Investigational  Rash, diarrhea 

Tucatinib Highlyselective HER2 Metastatic HER2+(esp.brainmets) Diarrhea,hepatotoxicity 

Neratinib HER1,HER2,HER4 Extendedadjuvant after trastuzumab Severe diarrhea 
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receptor dimerization and nuclear localization, and flags the receptor for degradation through the ubiquitin-proteasome 

system, resulting in diminished estrogen signaling [93] [94].  Fulvestrant is approved for hormone receptor–positive, 

HER2-negative advanced or metastatic breast cancer, particularly after progression on prior endocrine therapy such as 

tamoxifen or aromatase inhibitors [95]. 

Its combination with CDK4/6 inhibitors (e.g., palbociclib, ribociclib, or abemaciclib) has been shown in randomized 

trials (e.g., PALOMA-3) to significantly improve progression-free survival compared to fulvestrant alone. [96] 

Toxicity; Injection site reactions (IM only) [97] [96] 

Ovarian Function Suppresion (OFS): Ovarian suppression uses drug therapy to prevent the ovaries from producing 

estrogen, effectively inducing a temporary menopausal state in premenopausal women with hormone receptor-positive 

breast cancer [98]. Common drugs include GnRH agonists such as leuprolide and goserelin. GnRH (or LHRH) agonists 

work by downregulating pituitary receptors, decreasing luteinizing hormone (LH) and follicle-stimulating hormone 

(FSH) release, which in turn reduces ovarian estrogen production [99]. Surgical removal of the ovaries (oophorectomy) 

leads to an immediate and permanent cessation of estrogen and progesterone production, resulting in ongoing ovarian 

ablation (surgical menopause) [100]. Targeted radiation to the ovaries (ovarian irradiation) has been used as a form of 

ovarian ablation since the early 20th century and is also considered a form of OFS [101] 

 

3.3 CDK4/6 Inhibitors 

Cyclin-dependent kinases 4 and 6 (CDK4/6) are key regulators of the cell cycle regulation. Inhibition of these kinases 

can arrest the cell cycle and prevent tumor progression, particularly in HR+ breast cancer. CDK4/6 bind with cyclin D to 

phosphorylate the retinoblastoma (Rb) protein, freeing E2F transcription factors and permitting G1-to-S phase 

progression. Inhibition of CDK4/6 prevents Rb phosphorylation, halts cell cycle progression at the G1 checkpoint, and 

suppresses proliferation—especially effective in hormone receptor–positive breast cancer models. [102] [103]. 

 

3.4 PI3K/Akt/mTOR Pathway Inhibitors 

The PI3K/Akt/mTOR signaling pathway is often dysregulated in breast cancer and contributes to tumor growth, 

survival, and resistance to therapy [105]. Inhibition of this pathway is promising therapeutic strategy. 

Alpelisib: Alpelisib is a PI3K inhibitor that specifically targets the PIK3CA mutation, which is common in HR+ breast 

cancer [106]. Alpelisib is approved (in combination with fulvestrant) for HR+, HER2-negative, PIK3CA-mutated 

advanced or metastatic breast cancer following progression on endocrine therapy [107] 

Everolimus: Everolimus is an mTOR inhibitor approved for use in combination with exemestane for the treatment of 

HR+/HER2- metastatic breast cancer that has progressed after prior therapy with an AI [108] [109] . In the BOLERO-2 

trial, everolimus plus exemestane significantly improved median progression-free survival compared to exemestane 

alone (7.8 months vs. 3.2 months; hazard ratio 0.45, p < 0.0001) [108] 

 

Class Example Mechanism use toxicities 

SERM Tamoxifen ER 

antagonist in 

breast  

Premenopausal& 

postmenopausal 

prevention 

Endometrial cancer,hot 

flashes 

AI Letrozole,Anastrazole,Ex

emestane 

Blocks 

estrogen 

sysnthesis 

postmenopausal Bone loss 

,arthralgia 

SERD Fulvestrant ER 

degradation 

Advanced/metastatic 

after SERM/AI 

Hot flashes , injection 

site pain 

OFS Geserelin,Oophorectomy Suppress 

ovarian 

estrogen 

Premenopausal Menopause symptoms 

CDK4/6 

inhibitors 

Palbociclib,Ribociclib,Ab

emaciclib 

Block cell- 

cycle 

progression 

Advanced HR Neutropenia,diarrhea 

PI3K/mTOR 

inhibitors 

Alpelisib,Everolimus Block 

resistance 

pathways 

Endocrine-resistant 

cases 

Hyperglycemia,mucositis 

 

 PARP Inhibitors 

Poly(ADP-ribose) polymerase (PARP) inhibitors are effective in  patients with  breast cancer with BRCA1 or BRCA2 

mutations, as these tumors are more susceptible to DNA damage via the principle of synthetic lethality. [110]. Olaparib 

and Talazoparib: Both of these PARP inhibitors have shown efficacy in BRCA-mutated, HER2-negative metastatic 

breast cancer, with olaparib improving progression-free survival in the OlympiAD trial (7.0 vs. 4.2 months; p < 0.001) 

[111] [112] —and talazoparib demonstrating significant benefit in the EMBRACA trial (PFS 7.0 vs. 4.2 months; ORR 

62.6% vs. 27.2%) [35] [111]. 
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4. Emerging and Future Therapies 

As breast cancer therapy continues to evolve, several promising new approaches are being developed. These therapies 

aim to overcome existing challenges, such as drug resistance and limited efficacy in certain subtypes. [113] 

 

4.1 Antibody-Drug Conjugates (ADCs) 

ADCs combine the specificity of monoclonal antibodies with the potency of cytotoxic drugs, providing targeted delivery 

of chemotherapy to cancer cells [114]. ADCs deliver highly potent chemotherapy directly to cancer cells, minimizing 

systemic toxicity [115]. Approved examples include T-DM1, Trastuzumab Deruxtecan (T-Dxd), and sacituzumab 

govitecan. [116] [117] They are expanding into HER2-low, HR-positive, and triple-negative subtypes. [118]. 

Trastuzumab Deruxtecan (T-DXd): A HER2-targeted ADC that delivers a highly potent chemotherapeutic agent, [119] 

T-DXd has shown impressive results in patients with HER2-low and HER2-positive breast cancers . [120] 

 

 
FIG:4 This image explains the membrane of action of an Antibody-Drug Conjugate (ADC) used in targeted 

therapy for HER2-positive breast cancer. [121] 

 

 4.2 Immunotherapy 

Immunotherapy has revolutionized cancer treatment by leveraging the immune system to target and eliminate cancer 

cells [122]. Immune checkpoint inhibitors shrink tumors in many patients - notably by blocking inhibitory signals such 

as PD-1/PD-L1 or CTLA-4, thereby unleashing anti-tumor T-cell responses [123] .They often provide lower toxicity 

and durable responses [124]. Immunotherapy has shown promise in the breast cancer,particularly TNBC. [122] 

Checkpoint Inhibitors: Drugs like pembrolizumab and atezolizumab, which target the PD-1/PD-L1 axis [125]. have 

demonstrated efficacy in certain TNBC patients, particularly those with high PD-L1 expression . [126] 

 

Understanding the Side-effects of Checkpoints Inhibitors: 

While immunotherapy is a breakthrough in cancer care,it can cause various adverse effects.Most commonly, patients 

may experience fatigue, nausea, coughing, decreased appetite or skin irritation. However,more severe complications can 

occur: Infusion-Related issues: During administration,some patients may experience an immediate allergic response. 

Symptoms like fever, difficulty breathing, facial flushing,or rashes should be reported to medical staff instantly. 

Immune-Mediated Responses: Because these drugs activate the immune system,the biody may inadvertently attack its 

own healthy tissues.This can lead to serious inflammation in  vital organs such as the lungs, kidneys, liver,or endocrine 

glands. 

 

4.3 Nanotechnology and Drug Delivery Systems 

Nanomedicine involves the use of nanoparticles for drug delivery [127], offering the potential to improve bioavailability 

and reduce side effects [128]. Nanoparticles can target tumors more precisely, allowing for the delivery of drugs directly 

to cancer cells while minimizing damage to surrounding healthy tissue. [129] 

By utilizing specific nanocarries, clinicians can improve the precision of drug delivery to malignant cells while 

increasing the duration that medications remain effective within the body.Modern nondelivery systems are capable of 

traversing complex physiological hurdles,such as the blood-brain barrier.These platforms offer several 

advantages,including high payload capacity,exceptional bio compatibility,structural adaptability,and highly accurate 

drug release mechanisms.These innovative delivery methods also help mitigate common challenges in conventional 

oncology,such as multi-drug resistance and p- glycoprotein mediated drug expulsion.Finally the delivery process is 

optimized through the electrostatic attraction between positively charged nano-emulsions and the negatively charged 

surfaces of cancer cells.  Nanocarries can be engineered with an outer layer of antibodied to facilitate high precision 

delivery specifically to HER2-expressing cancer cells.THis targeted nanomedicine approach has become a cornerstone 

in the treatment of HER2-related cancers . 
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4.4 Epigenetic Modifiers 

Epigenetic alterations, such as DNA methylation and histone modification contribute to tumor progression and therapy 

resistance [130]. Agents targeting these epigenetic changes -such as HDAC inhibitors (e.g., entinostat, vorinostat) and 

DNMT inhibitors (e.g., decitabine, azacitidine)—are under investigation in both preclinical models and clinical trials for 

breast cancer, with particular focus on re-sensitizing endocrine-resistant and chemotherapy-resistant tumors to standard 

therapies [131] [132]. 

 

Challenges and Limitations 

Despite the remarkable progress in targeted therapy, several challenges remain. These include: 

Drug Resistance: Tumors may develop resistance to targeted therapies through mechanisms such as mutations, bypass 

signaling pathways, and clonal evolution. [133]. High Cost: Many of the newer targeted therapies are expensive, 

limiting their accessibility, particularly in low- and middle-income countries. [134]. Need for Predictive Biomarkers: 

Identifying biomarkers that predict response to specific therapies is critical for maximizing therapeutic efficacy and 

minimizing unnecessary Safety. [135]. Toxicity and Safety: Off-target effects of targeted therapies(eg.cardiotoxicity 

with HER2 inhibitors,hematological toxicity with CDK4/6 inhibitors). [136]. Limited CNS Penetration : Many targeted 

agents(HER2 therapies,CDK4/6 inhibitors )have poor blood-brain barrier penetration [137].  Brain metastases continue 

to pose a therapeutic challenge due to dismal prognosis, distinct biological resistance mechanisms, and significant 

limitations in effective drug delivery arising from the blood–brain and blood–tumor barriers as well as abnormal tumor 

perfusion and interstitial pressure [138] 

 

6. FUTURE DIRECTIONS 

The future of targeted therapy for breast cancer lies in personalized treatment approaches that integrate molecular 

profiling, advanced drug delivery systems, and combination therapies. 

Personalized Medicine: The continued development of multi-omics approaches (genomics, proteomics, and 

metabolomics) will enable clinicians to select the most effective treatments based on individual tumor characteristics. 

[139]. Therapies: Combining targeted therapies with immunotherapy, chemotherapy, and other modalities may improve 

efficacy and overcome resistance [140]. Gene Editing: Technologies such as CRISPR hold promise for directly targeting 

genetic mutations in cancer cells, offering the potential for novel therapeutic interventions. [141]. Novel Therapeutic 

Agents; Biospecific antibodies-Targeted multiple antigens simultaneously. [142]. Next generation ADCs: Improved 

tumor selectively and payload delivery. [143]. Targeting tumor microenvironment:Angiogenesis 

inhibitors,immunomodulators. [144] 

 

7. CONCLUSION 

Targeted therapy has revolutionized  breast cancer treatment, providing patients with more personalized and effective 

treatment options.Although significant progress has been made, challenges such as drug resistance, cost, and limited 

predictive biomarkers remain. Continued research into novel therapies, combination strategies, and personalized 

medicine will be key to improving outcomes for  patients with breast cancer. 
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