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Abstract. Metastatic breast cancer continues to have high mortality rates despite the 

numerous advances in drug therapy. Breast cancer patients have acquired resistance to 

current treatments, and severe adverse effects, such as cardiotoxicity caused by 

Trastuzumab, further contribute to the high mortality rate. Therefore, novel drugs with 

greater specificity and less severe adverse effects must be developed to combat the rise 

in treatment resistance. Lapatinib, a tyrosine kinase inhibitor, is an attractive drug of 

choice since lapatinib is not associated with cardiotoxicity, given its greater specificity 

to HER2 receptors compared to trastuzumab. This review provides a brief overview of 

tyrosine kinase inhibitors and their overall mechanism of action in treating HER2+ 

cancers. The study further summarizes the mechanism of action of Lapatinib, its 

pharmacokinetic properties, its clinical applications, the tools of the act of lapatinib 

resistance, and recent advances in developing derivatives of Lapatinib to combat 

lapatinib-acquired resistance.   
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1.  Introduction   

1.1.  Breast cancer  

Breast cancer (BC) is projected to be the most common cancer diagnosed in women (31%) and the 

second leading cause of cancer-related deaths (15%) in 2023 [1]. BC is further subdivided into four 

subtypes based on the presence or absence of the following biomarkers: hormone receptors (HR), human 

epidermal receptor 2 (HER2), and Ki-67.  

Patients with BC will be further classified as having luminal A, luminal B, non-luminal HER2+, or 

triple negative.  

Luminal A breast cancer is positive for hormone receptors, negative for HER2+, and has low Ki-67 

expression.  

(HR+/ HER2-/ low Ki-67). Luminal B breast cancer patients are positive for HR and negative for 

HER2 but have a high Ki-67 expression (HR+/ HER2-/ high Ki-67). Non-luminal HER2+ test positive 

for HER2 but negative for HR (HR/HER2+), and triple-negative breast cancer patients do not have any 

of the three biomarkers [2]. 

Before BC metastasizes, the cancer is still potentially curable. Nonmetastatic BC [make sure not 
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HER2 stats] have a 90% 5-year survival rate and an 84% 10-year survival rate.  However, when BC has 

metastasized to the lymph nodes, the 5-year survival rate decreases to 86%, and the 10-year survival 

falls to 29%. Also, metastasized HER2+ breast cancer has a poorer prognosis and higher overall 

reoccurrence rate [1].   

This review summarizes the current knowledge on Lapatinib (Tykerb®), an anti-HER2 drug in the 

present study, in clinical use along with its mechanism of action and clinical significance.   

1.2.  HER/EGFR proteins   

There are four prominent members of the HER/EGFR family: HER-1 (ErbB1), HER-2 (ErbB2), HER-

3 (ErbB3), and HER-4 (ErbB4) [3]. HER receptors consist of five regions: the extracellular ligand-

binding region, a transmembrane segment, an intracellular extracellular juxtamembrane region, a 

cytoplasmic kinase domain, and finally, a C-terminal tail that is later phosphorylated when the protein 

is activated [4]. The extracellular region is further divided into four parts. The first domain is called L1, 

and the third (L2) is responsible for ligand binding [5].   

When ligands bind to the cysteine-rich extracellular ligand binding site of an HER protein, the 

inactive, symmetric conformation of the protein dissociates, resulting in an active, asymmetric kinase 

domain. The activated tyrosine kinase domain facilitates either the homodimerization of one HER 

receptor or heterodimerization between two HER receptors [5]. The HER-2 protein has no activating 

ligand, but it is hypothesized that the heterodimerization causes the activated state of HER2 with the 

other members of the HER/EGFR family, including HER1 and HER3 (Fig 1). The dimerization of the 

protein results in the phosphorylation of tyrosine residues, ultimately activating a series of signaling 

pathways, including the MAPK (Ras-Raf-ERK), PI3K/Akt, PKC, and STAT pathways (Fig. 1). These 

pathways are associated with cell proliferation, invasion, angiogenesis, differentiation, and apoptosis. 

However, the cellular effects of these signaling pathways vary depending on the characteristics of the 

ligand binding as well as which HER proteins were involved [6].  

The involvement of the HER2 protein promotes more excellent ligand binding and stimulation of 

signaling pathways, specifically the PI3K/Akt pathway, which regulates cell growth and resistance. 

Furthermore, the dimerization of HER2 mislocalizes p27Kip1, a cell cycle inhibitor, further promoting 

cell cycle progression [7].   

 

Figure 1. Signaling crosstalk within HER family receptors. Since HER2 has no active ligand binding. 

site, EGFR (HER1) and HER3 activate the receptor via heterodimerization. HER2 activation through 

EGFR heterodimerization activates the PLC/PKC, JAK/STAT, and ERK/MAPK pathways, and HER2 

activation through HER3 heterodimerization activates the PIK3/AKT pathway. This oncogenic 

signaling pathway leads to increased proliferation potential, angiogenesis, increased invasion 

potential, and increased differentiation. 
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2.  HER2 in breast cancer   

Approximately 15-20% of breast cancer cases are HER2 positive, as evidenced by HER2 protein 

overexpression. Patients with breast cancer are tested for HER2 protein positivity by taking a biopsy 

and conducting either an immunohistochemistry (IHC) test or a fluorescence in situ hybridization 

(FISH) test [8]. The IHC test measures the percentage of cells out of 100 that stain for hormone receptors 

and reports a score between 0 and 3. When a patient receives a score of 3 or higher, the patient is HER2+. 

The IHC test is sometimes followed by the FISH test, which is argued to be more precise but less 

accessible [9]. The FISH test measures the ratio of HER2 to CEP17. HER2+ is described as a FISH ratio 

greater than 2.2, equivocal HER2 amplification has a FISH ratio between 1.8 and 2.2, and HER2- is 

defined as a FISH ratio less than 1.8. Patients with a score of 1 on the IHC test or two on the IHC test 

with a negative FISH test are considered to have low HER2 breast cancer [10].   

Patients with HER2+ breast cancer are more likely to develop brain metastases and have a higher 

disease recurrence rate.  Before BC metastasizes, the tumor is still potentially curable. Nonmetastatic 

BC has a 90% 5-year survival rate and an 84% 10-year survival rate. However, when BC has 

metastasized to the lymph nodes, the 5-year survival rate decreases to 86%, and the 10-year survival 

falls to 29% [1]. HER2+ BC most commonly metastasizes to the bones (65-67% probability), lungs (35-

45% probability), and the brain (30-55% probability) [11]. However, the progression-free survival rates 

(PFS) decreased over the past two decades because of continued biomedical efforts to develop anti-

HER2 drug therapies. Trastuzumab is a monoclonal antibody applied as monotherapy or as an adjuvant 

to chemotherapy. While trastuzumab demonstrates great anticancer and antimetastatic potential, 

cardiotoxicity is a primary concern, mainly when trastuzumab is used as an adjuvant to anthracycline-

based chemotherapy. Patients have also developed a resistance to trastuzumab treatment [12]. Therefore, 

novel HER2 inhibitors were introduced as alternative forms of treatment.  

3.  Kinase inhibitors  

Tyrosine kinase inhibitors compete with ATP for the binding site of tyrosine kinase to inhibit tyrosine 

kinase phosphorylation. TKIs are administered orally and generally have low-level adverse effects, 

including diarrhea. TKIs are highly selective and can either be a mono or dual inhibitor or irreversible 

or unreversible. To target metastatic HER2+ breast cancer, TKI EGFR inhibitors are administered to 

prevent or reduce angiogenesis and induce cell-cycle arrest, among other anticancer functions [13]. TKIs 

are either reversible (Lapatinib, erlotinib, and gefitinib) or irreversible (canertinib, afatinib, and 

neratinib) [14]. Commonly administered EGFR-TKI inhibitors include Gefitinib and Erlotinib. A brief 

overview of the mechanism of action, adverse effects, and clinical results are presented below.   

Gefitinib, a reversible, antineoplastic EGFR-TKI inhibitor, works to prevent metastasis and 

angiogenesis and increases the apoptosis of tumor cells. Gefitinib reduces the phosphorylation of basal 

EGFR, HER2, and HER3. It thus disrupts the formation of the HER3/HER2 heterodimer to activate the 

HER2 protein [15] (Fig. 2A). Previous studies have also observed that gefitinib increased p27 gene 

expression and reduced cyclin D and Cdk4 [16] (Fig. 2A). In another study, gefitinib was observed to 

reduce GSK-3  phosphorylation, which ultimately blocked the AKT signaling pathway. The mTOR 

signaling pathway is also disrupted by gefitinib [17] (Fig. 2A). Side effects of gefitinib include diarrhea, 

dry skin, nausea, and vomiting. Results from clinical trials involving gefitinib vary [15]. In one clinical 

trial that studied HER2+ breast cancer patients (stage IIIb/ IV) with chemotherapy resistance, gefitinib 

treatment was strongly correlated to reduced EGFR phosphorylation [18]. Polychronis et. al further 

reports that gefitinib monotherapy reduced tumor size of HER2+ breast cancer patients [19]. Moreover, 

Kalykaki et. al reported that the number of HER2+ tumor cells was reduced following gefitinib treatment 

[20]. However, gefitinib demonstrates low anticancer potential in other forms of HER2+ breast cancer. 

In treating ER+ patients, multiple studies demonstrated the low efficacy of gefitinib in improving 

clinical benefit [21]. Additionally, for patients previously treated with taxane and anthracycline, 

gefitinib was shown to be ineffective [15].   

Erlotinib, a reversible EGFR-TKI inhibitor, induces cell cycle arrest and apoptosis of cancerous 

tumor cells. Erlotinib blocks the phosphorylation of the HER2 protein, which ultimately inhibits the 
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MAPK and Akt signaling pathways (Fig 2B). One study reported that erlotinib inhibits HER2 kinase 

activity by blocking ligand-induced receptor phosphorylation and dimerizing EGFR proteins [22] (Fig 

2B). However, erlotinib is not a favored treatment due to its low specificity. In a multicenter phase II 

trial, erlotinib demonstrated little benefits when given to patients with advanced or metastatic breast 

cancer [23]. In another clinical trial, Erlotinib effectively treated estrogen receptor-positive breast cancer 

tumors but not HER2+ breast cancer [24]. Due to erlotinib's lack of specificity, the drug is associated 

with a higher toxicity level than gefitinib and TKIs with greater specificity. Adverse effects of the drug 

include grade 3 or 4 nausea (Gefitinib is reported to have a grade level of 1/2 for sickness), diarrhea, 

vomiting, rash, and acne [22].  Lapatinib, a dual, reversible kinase inhibitor (TKI), competes with ATP 

for the catalytic kinase domain of HER2/EGFR receptors. By inhibiting the phosphorylation of the 

receptors, downstream signals are blocked, and cancer behavior-promoting pathways such as the 

MAPK, AKT, and PI3K pathways are interrupted. Lapatinib demonstrates the most excellent specificity 

compared to other TKIs, such as afatinib, canertinib, and neratinib [25].   

 

Figure 2. (A) Gefitinib mechanism of action. Gefitinib inhibits the PIK3/Akt pathway, increasing 

p27 expression and decreasing cyclin D and Cdk4. Ultimately, the proliferation of the cancer cell 

decreases. (B) Erlotinib, a dual TKI inhibitor, mechanism of action. Erlotinib inhibits the heterodimer 

phosphorylation of HER2 either by EGFR or HER3. Erlotinib acts on the PIK3/Akt pathway and the 

MAPK (Ras-Raf-Erk) pathway and ultimately induces cell cycle arrest and apoptosis of the cancer 

cell.  

4.  Pharmacology of lapatinib  

4.1.  Overall structure  

Lapatinib is a member of the 4-anilinoquinazoline class of TKIs. The discovery of lapatinib 

(GW572016, GW2016) resulted from the innovation of bicyclic heteroaromatic compounds as tyrosine 

kinase inhibitors and knowledge of structure-activity relationships. Lapatinib, developed by Novartis 

AG, has increased hydrophobic amino groups on the core structure to increase its potency against HER2 

and optimize dual ligand binding size to limit pharmacokinetic concerns [26].   

4.2.  Mechanism of action  

Lapatinib competitively inhibits the ATP binding sites found on HER1 and HER2, consequently 

blocking the phosphorylation of HER1 and HER2. The inability of HER1 and HER2 to phosphorylate 

then interrupts the MAPK (Raf-Ras-ERK) pathway, AKT, and PI3K pathway, limiting the migration 

and invasion potential, growth, and proliferation of HER2+ cancer cells [27].  Lapatinib was shown to 

induce G1 cell cycle arrest in cell lines SNU-216, SNU-484, and NCI-N87. Lapatinib treatment is 

associated with cMyc reduction and p27kip1 induction, suggesting the ERK pathway is responsible for 

Lapatinib's inhibitory growth effect on HER2+ cancer cells [29]. The Akt pathway is responsible for 

Lapatinib's potential to induce apoptosis by inhibiting p-Akt in various cell lines (SNU-216, SNU-484, 

NCI-N87) and the induction of apoptotic indicators, including caspase three activity (NCI-N87). 

Lapatinib inhibits nuclear factor-kB activation, consequently blocking the PI3K/ AKT pathway and 
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limiting cancer cells' resistance to radiotherapy [12, 28]. The increase in p38 expression is also observed 

following Lapatinib treatment. P38, associated with apoptosis and cyclin-dependent kinase inhibitors 

p21 and p27, will then, therefore, increase the apoptotic potential and the expression of cyclin-dependent 

kinase inhibitors when the word is increased, resulting in increased apoptosis of cancer cells and limited 

growth and proliferation of HER2+ cancer cells [30].  Additionally, Lapatinib treatment is associated 

with increased expression of pro-apoptotic protein BIM and decreased expression of apoptotic inhibitor 

survivin, thus increasing the apoptotic potential of cancerous HER2+ cells. It is proposed that Lapatinib 

blocks HER2 and insulin-like growth factor I (IGF-1) cross-talk, resulting in the downregulation of 

survivin and increased fragmentation of the apoptotic indicator poly-ADP-ribose polymerase (PARP) 

[32].   

 

Figure 3. Lapatinib mechanism of action. Lapatinib acts on the PIK3/Akt and the Ras/Raf/MAPK 

signaling pathway. Additionally, Lapatinib inhibits the expression of apoptotic inhibitor survivin to 

decrease the cancer cell's survival. Lapatinib reduces cell survival by blocking the PIK3/Akt pathway 

and cell proliferation by blocking the Ras/Raf/MAPK signaling path.  

4.3.  Pharmacokinetic properties  

The molecular formula of lapatinib is C29H26ClFN4O4S. The approved dose for pharmacokinetic studies 

ranges from 1,250 mg to 1,500 mg, depending on the combination therapy. Opdam et. al reported a 

maximum plasma concentration of lapatinib within 3-4 hours following administration and 

recommended taking lapatinib with a high-fat meal. Joseph et. al corroborates this finding, reporting an 

AUC increased by 325% following a high-fat meal [32].   

Lapatinib has low central nervous system penetration but demonstrates a high affinity to albumin, 

and α1-acid glycoprotein with more than 99% of lapatinib bounded [36]. Cytochrome CYP3A4 oxidizes 

lapatinib as shown by an increase in AUC when ketoconazole, a CYP3A4 inhibitor, was administered 

and a decrease in lapatinib AUC when carbamazepine, a CYP3A4 inducer, was administered [37]. 

Lapatinib is later eliminated by the liver with a half-life of approximately 14 hours and is more 

commonly excreted through feces (92%) than urine (<2%) [36].   

4.4.  Dosage and administration  

Lapatinib is commonly administered orally using 250 mg tablets. The recommended daily dose of 

lapatinib is 1,250 mg for 21 days. However, diarrhea and rash remain the most observed adverse events 

of lapatinib with amounts up to 1800 mg [35].   
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It should be noted that for pretreated patients with HER2+ metastatic breast cancer, daily dosage 

levels from 500 to 1600 were well tolerated. Combined with capecitabine, a lapatinib dose of 1250 mg 

is recommended for the first 21 days of treatment. An additional 2000 mg of capecitabine is administered 

daily in twelve-hour intervals for the first 14 days of treatment. Patients should take lapatinib with food 

that does not include gastric pH-increasing agents and is high in fat or within 30 minutes after food to 

not intervene with the absorption of the drug [35].   

Additionally, given that CYP3A4 metabolizes Lapatinib, it is recommended not to administer 

lapatinib in addition to CYP3A4 inhibitors or inducers such as Ketoconazole or Carbamazepine, 

respectively [34].   

4.5.  Tolerability and toxicity   

Diarrhea is the most common form of toxicity observed in HER2+ metastatic breast cancer patients 

when 500 mg of lapatinib is administered twice daily. Severe diarrhea is observed in approximately 

9.7% of patients treated with lapatinib in combination with capecitabine. Other adverse effects of 

lapatinib and capecitabine combination therapy include hand-foot syndrome, nausea, rash, and fatigue, 

with most adverse events under the Grade 1 and 2 categories [37]. Cardiotoxicity as an adverse event of 

lapatinib treatment is not expected as opposed to trastuzumab [38].    

4.6.  Resistance mechanisms  

PI3K/Akt pathway plays a significant role in lapatinib resistance. Expression of FOXO3a, a member of 

the FOXO subfamily of forehead transcription factors, is regulated by the PI3K/Akt pathway. FoxO 

proteins are notably involved with apoptosis [40]. Garrett et. al demonstrated that lapatinib-induced 

HER2 inhibition causes an upregulation of HER3 due to activation of the PI3K/Akt pathway and 

increasing FOXO3a expression. HER3 upregulation ultimately limits the inhibitory effects of TKIs, and 

lapatinib resistance is acquired [40]. 

Additionally, Liu et. al demonstrated that AXL overexpression is associated with acquired resistance 

to lapatinib, possibly by AXL activating the PI3K pathway [41]. Src tyrosine kinase activity is also 

related to the PI3K/Akt signaling pathway. Upregulation of Src leads to increased phosphorylation of 

EGFR, which is suspected of recovering PI3K/Akt signaling inhibited by previous treatment [42]. It is 

further proposed that mutations in the PI3K/ Akt pathway may lead to lapatinib resistance. Gaining 

function mutation in PIK3CA genes, notably the upregulation of the P110 protein, triggers lapatinib 

resistance. However, PIK3CA mutation as a trigger for lapatinib resistance is entirely accepted. In a 

Japanese clinical study to determine the relationship between PI3K pathway and lapatinib resistance, 

PIK3CA mutation was only found in 3 of 29 tissue samples [43].   

Overexpression of protein tyrosine kinase 6 (PTK6) has been shown to suppress the antigrowth 

potential of lapatinib. Ito et. al reported the effectiveness of PTK6 inhibitors in overcoming lapatinib 

resistance in HER2+ breast cancer in vitro [44]. A clinical trial of PTK6 inhibitors in addition to lapatinib 

treatment was not found.   A mutation in the HER2 gene is another proposed mechanism of acquiring 

lapatinib mutation. Mutants L755S, T7331, T7981, L726F, and T798M induce lapatinib resistance, and 

a mutation notably at the NH2-terminal kinase lob results in the most excellent lapatinib resistance. 

EXEL-7647 has been demonstrated to be an effective inhibitor of mutated tumors with lapatinib 

resistance [46].    

4.7.  Lapatinib clinical trials   

The EMA approved lapatinib use in combination with capecitabine in treating metastatic HER2+ breast 

cancer due to the results of the EGF100151 clinical trial. The phase III randomized trial assessed the 

survival, response time, safety, tumor response rate, and clinical benefit rates after the combination 

therapy. 342 women with HER2+ advanced breast cancer participated in the trial, and each woman was 

randomly assigned in a 1:1 ratio to receive combination therapy or monotherapy. The most common 

adverse effect of the combination therapy was diarrhea, with a total of 98 affected of the 342 participants 

with nausea following the second (72 affected patients).  The response rate of the combination therapy 
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group was more significant than the response rate of the monotherapy group (22% vs. 14%, 

respectively), and the clinical benefit rates were also higher for the combination therapy group (27% vs. 

18%). The use of combination therapy reduced the risk of HER2+ breast cancer progression by 51% 

and further slowed the progression from 4.4 months (monotherapy) to 8.4 months (combination 

therapy). The trial facilitated further research on lapatinib's use in early HER2+ breast cancer treatment 

[48]. Gui et. al corroborates these findings through a real-world study by investigating the medical 

records of 92 patients with HER2+ metastatic breast cancer treated with lapatinib and capecitabine. The 

study reports an overall survival of 21.5 months, a clinical benefit rate of 47.8%, and an overall 

progression-free survival of 5.8 months, varying based on the site of metastases. It was further reported 

that lapatinib with capecitabine treatment performed better than lapatinib chemotherapy treatment in 

terms of progression-free survival and response rate. Little adverse effects were also observed, making 

lapatinib capecitabine a promising form of combination therapy [47].   

Recently, the use of lapatinib and capecitabine was challenged by the Phase III NALA Trial 

concerning brain metastases. Neratinib, another TKI, in combination with capecitabine, displayed fever 

interventions for central ner7ous system diseases, and the duration of response, when treated with 

neratinib, was longer than lapatinib treatment. However, more significant adverse events were reported 

when patients were treated with neratinib, and an insignificant change in response rate was reported 

[48].   

4.8.  Current Lapatinib Developments   

Current research attempts to identify derivatives of Lapatinib with greater affinity for the ATP binding 

regions of the EGFR and HER2 receptors to promote more excellent inhibitory activity. Synthesized 

products that contained a quinoline moiety had an inhibitory range of 98.79-99.34% on the EGFR 

kinase, and N-(3-Chloro-4-(pyridin-2ylmethoxy)phenyl)-7-methoxy-6-(4-(2-nitro-1H-imidazol-1-

yl)butoxy) quinazoline-4-amine (LD1) demonstrated the most significant inhibitory effect on both the 

EGFR and HER2 kinase. LD1 displayed higher potency, improved selectivity, and more incredible 

binding energy than lapatinib and other synthesized derivatives. LD1 demonstrates excellent potential 

as a dual EGFR/HER2 inhibitor and requires further research to identify its anticancer potential in vitro 

and in vivo [49].  

The lapatinib derivative identified as 2i has a shorter methylsulfonyl-ethyl-amino-methyl-furyl group 

compared to Lapatinib, allowing the compound to attach to more external sites of inactive EGFR/HER2. 

2i demonstrated a greater affinity and higher binding energy for inactive EGFR and HER2 compared to 

Lapatinib and performed similarly to Lapatinib regarding selectivity. Lapatinib and its derivatives have 

more excellent selectivity for passive stages of EGFR and HER2, highlighting that the inactive steps of 

EGFR/HER2 should be of focus when studying the selectivity of lapatinib derivatives. The 

methylsulfonyl-ethyl-amino-methyl-furyl group of lapatinib should also be a future study in 

synthesizing lapatinib derivatives [50].   

5.  Conclusion   

HER2 amplification is associated with more significant metastatic potential, excellent treatment 

resistance, and poorer prognosis. The continued development of cancer-targeted therapies contributes 

significantly to treating HER2+ metastatic breast cancer. Lapatinib, approved by the FDA in 2007, 

continues to be of study due to its low adverse effects and high specificity despite lapatinib being a drug 

BC patients have acquired resistance to. It is suggested to study the efficacy of lapatinib with resistance 

inhibitors and lapatinib derivatives in clinical trials in addition to continued efforts to identify lapatinib 

mechanisms of resistance and lapatinib derivatives with high antimetastatic/anticancer potential.     
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