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ABSTRACT
The epidermal growth factor receptor (EGFR) was the first member of a broad family of growth factor receptors with intrinsic tyrosine kinase activity. While lung cancer commonly exhibits point mutations and minor insertions within the kinase domain, brain tumours typically exhibit high abundance of EGFR and massive internal deletions. These factors led to the widespread use of EGFR and HER2/ERBB2 as targets for anti-cancer treatments. The association between EGFR expression and cancer prognosis is investigated in this review paper. EGFR, when activated by a ligand, starts a sequence of time-dependent molecular switches that govern genes that determine phenotype. These switches include up-regulation of freshly synthesised mRNAs, down-regulation of a large cohort of microRNAs, and covalent protein changes. Long non-coding RNAs and circular RNAs, in addition to microRNAs, are essential for EGFR signalling. EGFR is a multifaceted driver of metastasis, in addition to driver mutations. Targeted therapies against EGFR, including tyrosine kinase inhibitors and monoclonal antibodies, have significantly improved treatment outcomes in cancers such as non-small cell lung cancer and colorectal cancer. In this review, we discussed about how EGFR overexpression and mutations affect different types of human malignancies. Finally, we evaluated all anti-cancer medications that have received clinical approval that target EGFR and discuss recent advancements in therapy as well as in future possibilities.
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INTRODUCTION
Cancer and its causes
Cancer is a disease where uncontrollable cells grow and spread to other parts of the body. Cell division is the normal process of cell growth and multiplying to form new cells as needed. When abnormal or damaged cells proliferate, they may develop into tumors, which can either be malignant or benign. Malignant tumors invade surrounding tissues and have the potential to metastasize, spreading to distant sites and creating new tumors. While many cancers result in solid tumors, blood cancers such as leukemia typically do not. Cancer is also associated with aging, reflecting patterns seen in non-malignant diseases. Elderly patients diagnosed with cancer frequently have additional chronic and complex health issues that necessitate continuous care. The use of multiple medications can complicate cancer treatment and may require collaboration with various medical specialties. (1).
Cancer could arise from mutations in DNA within cells, affecting the cell's functions and growth. Errors in these instructions can lead to cell death, affecting the tissue’s overall health. “The International Agency for Research on Cancer (IARC) has identified several human viruses as carcinogenic, including human T-cell lymphotropic virus, human immunodeficiency virus, hepatitis B, C, papillomavirus, Epstein-Barr virus, and human herpes virus. Various factors contributing to cancer encompass sunlight exposure, tobacco use, pharmaceuticals, hormonal influences, alcohol consumption, parasites, fungi, bacteria, salted fish, wood dust, and certain herbs. Moreover, the World Cancer Research Fund and the American Institute for Cancer Research have recognized additional contributors, such as beta carotene, red meat, processed meats, diets low in fiber, obesity, and a lack of physical activity” (2).
Cancer Statistics
Cancer incidence increases with age, from 500 in 100,000 to 2000-4000 in 100,000, with patients living longer and potentially having chronic illnesses. The 5-year survival rate for many cancer sites exceeds 50%, indicating a growing prevalence of cancer in the aging population (3). In 2020, breast and lung cancers were the most common cancers worldwide, accounting for 12.5% and 12.2% of new cases, respectively. Colorectal cancer was the third most common cancer, with 1.9 million new cases, accounting for 10.7% of new cases. Lung cancer was the most common cancer in men, accounting for 15.4% of new cases, while breast cancer was the most common cancer in women, accounting for 25.8%. The top three cancers, breast, colorectal, and lung cancers, contributed 44.5% of all cancers, excluding non-melanoma skin cancer. 
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Cervical cancer was the fourth most common cancer in women, accounting for 6.9% of the total number of new cases diagnosed. Other common cancers contributing more than 5% were stomach and liver. Non-Hodgkin lymphoma, pancreas, leukaemia, oesophagus, kidney, melanoma of skin, brain, central nervous system, bladder, lip, oral cavity, multiple myeloma, gallbladder, vulva, nasopharynx, Hodgkin lymphoma, lynx, salivary glands, oropharynx, vagina, pharynx, Kaposi sarcoma, and mesothelioma was also prevalent. The top three cancers, lung, prostate, and colorectal cancers, contributed 41.9% of all cancers, excluding non-melanoma skin cancer. In the figure 1, global cancer incidence has been illustrated, continent-wise.

CANCER AND ITS GENETICS
Cells are the building blocks of the body, with each cell carrying a copy of its genes, which act as an instruction manual for protein production. Cancer can be caused by genetic changes in genes, which carry instructions for proteins or specialized RNA. These changes can raise or lower protein levels, or stop proteins that tell cells to self-destruct when damaged. Scientists believe that for a healthy cell to become cancerous, multiple DNA changes must occur. People with inherited cancer-related genetic changes may need fewer additional changes to develop cancer, but they may never develop these changes. Cancer cells acquire more DNA changes over time, and each person with cancer has a unique combination of these changes. In essence, cancer is a genetic condition that can be inherited or developed. While most genetic changes aren't harmful, an accumulation over time can turn healthy cells into cancerous ones. While cancer itself and genetic changes in tumor cells can't be passed down, a genetic change that increases the risk of cancer can be inherited if present in a parent's egg or sperm cells. For example, if a parent passes a mutated BRCA1 or BRCA2 gene to their child, the child will have a higher risk of developing breast and other cancers.
Cancer is a genetic disease affecting somatic cells, with tumor karyotypes often showing multiple abnormalities. The concept of cancer was first established through studies of tumor-specific translocations in leukemias and lymphomas, highlighting the role of oncogenes and gene transcription regulation. Hereditary cancer, where the autosomal dominant type is dominant, has led to the cloning of over 30 mutant genes. Penetrance to cancer depends on additional mutations, with most tumor suppressor genes regulating transcription or signal transduction pathways involved in cell birth, differentiation, and death. (4).
CANCER AND EGFR
Epidermal Growth Factor Receptor
By examining tumour tissue under a microscope, doctors can determine the forms of cancer and pinpoint DNA alterations that may contribute to tumour growth. These alterations, also known as molecular markers or biomarkers, are compared to a cell's instruction manual. A DNA mistake can cause cells to develop into cancer. Identification of possible candidates for targeted therapy is aided by biomarker testing. For example, a biomarker for non-small cell lung cancer is a mutation in the EGFR gene. Growth factors are hormone-like substances that can encourage the division and migration of healthy cells; however, cancer has discovered the underlying processes that allow tumour growth and metastasis to occur. We now go into the regulation of epithelial cells, which are the progenitors of all carcinomas, by the epidermal growth factor (EGF) and its corresponding cell surface receptor, known as EGFR. Together with the overproduction of EGF and its family members, tumours also overproduce EGFR, and certain malignancies of the brain, lung, and other organs are specific to mutant hyper-active versions of EGFR. (5).
EGF, originally 'tooth-lid factor', was discovered in 1962 by Stanley Cohen as a protein from the mouse submaxillary gland that accelerated incisor eruption and eyelid opening. It was later renamed EGF due to its ability to stimulate epithelial cell proliferation. “The amino acid sequence of EGF was determined in 1972, and its specific binding site, the EGF receptor (EGFR), was confirmed in 1975. EGFR is expressed in a wide range of human tumours, including those of the lung, head and neck, colon, pancreas, breast, ovary, bladder, and kidney, as well as gliomas” (6). EGFR (epidermal growth factor receptor) is a protein found on cells that aids in their proliferation. An overgrowth of the EGFR gene due to a mutation might result in cancer. Different kinds of EGFR mutations exist. The epidermal growth factor receptor (EGFR) is a member of the ErbB family of receptor tyrosine kinases (RTK) that activates trans-membrane proteins after binding with EGF-family proteins. “Amplification of the EGFR gene and mutations in the EGFR tyrosine kinase domain have been found in carcinoma patients, indicating a high likelihood of response to anti-EGFR agents. The interactions between ErbB proteins and ligands influence the type and duration of intracellular signals” (7).
Structure of EGFR
[image: ]“The EGFR family of RTKs is made up of four members (together known as the ErbB or HER family): EGFR, ErbB2 (HER2/Neu), ErbB3 (HER3), and ErbB4 (HER4). Each ErbB receptor, like all RTKs, is composed of a sizable extracellular region, an intracellular juxtamembrane (JM) region, a single spanning transmembrane (TM) domain, a tyrosine kinase domain, and a C-terminal regulatory region” (8). 







Figure 2: Structure of EGFR 

“The extracellular region of EGFR consists of four domains: I-IV, also known as L1, CR1, L2 and CR2, or L1, S1, L2 and S2. Domains I and III share 37% sequence identity, while domains II and IV are cystine-rich. The N-lobe is light blue, while the C-lobe is darker blue. Amino acid numbers are noted for each domain boundary, with the conventional numbering system assuming amino acid one of EGFR as the first amino acid of the mature protein. In some recent papers, alternative numbering is used, including the signal peptide of EGFR. The cartoons depict the domains of EGFR, which are arranged in a β-helix fold, with domain I from pdb id 1YY9, and domains II and IV adopting extended structures with disulfide-bonded modules. There are two types of disulfide-bonded modules: one with a single disulfide bond and a bow-like arrangement, and the other with two disulfide bonds with consecutive cysteines linked in the Cys1–Cys3 and Cys2–Cys4 patterns. The inactive kinase is shown with the ATP analogue (AMP-PNP) in stick representation” (8). The overall structure of the EGFR has been described in figure 2.
Chromosome Location
“EGFR is found on the short arm of chromosome 7 (7p11.2), spans about 200 kb, has 28 exons, and encodes a 1210 amino acid protein. The control of EGFR expression is still not fully known, and a number of variables have been suggested to be involved. Specifically, "TATA" and "CAAT" sequences, which are regulatory elements for binding transcription factors, are present in the majority of eukaryotes and are situated 30–80 bp upstream of the start transcription site. The 5′ region of EGFRs is different from the 5′ area of most eukaryotes because it has more GC in the promoter region and less regulatory elements, which provide various start sites for the initiation of RNA transcription” (9).
SIGNALLING PATHWAYS
One of the most significant signalling routes in mammalian cells is the EGFR pathway, which controls a number of critical processes such as intercellular communication during development and proliferation, migration, differentiation, and death. The most well-studied EGFR functions occur in the context of ligand- and kinase-dependent activation, i.e. the 'canonical' EGFR signalling pathway (10). A mutation in one of this pathway's components will result in cancer in humans. Therefore, it has been regarded as the perfect therapeutic target. “Tyrosine residues in the intrinsic kinase domain of one receptor cross-phosphorylate particular residues in the C-terminal tail of the partnering receptor, which creates a scaffold for the recruitment of effector proteins and initiates EGFR signalling. This process is initiated by ligand-induced receptor dimerization” (11). Multiple signalling pathways have been described in the figure 3.
Figure 3: A heterodimer of EGFR and HER2 is schematically depicted, along with a few general signalling pathways that include adaptors. 
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Fig 3. Multiple signalling pathways 

Signaling proteins that possess src homology-2 (SH2) or phosphotyrosine binding (PTB) domains are capable of interacting with members of the EGFR family following their tyrosine phosphorylation. The p52 SH2 domain, which includes the α2 collagen-related protein (Shc), serves as an adaptor protein that binds to tyrosine-phosphorylated EGFR family members. Another adaptor protein, Growth Factor Receptor Binding Protein-2 (Grb2), can also associate with tyrosine-phosphorylated Shc and EGFR family members. Grb2 contains two src homology-3 (SH3) domains that interact with proline-rich PXXP motifs, establishing a connection with carboxy-terminal PXXP motifs in Sos-1, a member of the son of sevenless (Sos) family of guanine nucleotide exchange factors (GEFs). Sos-1 is recruited to the activated EGFR, positioning it near the p21 Ras family of guanine nucleotide-binding proteins. The isoforms of the p21 Ras family are activated upon binding to GTP, allowing Sos-1 to facilitate their activation by replacing GDP bound to these proteins with GTP. Once activated, the p21 Ras family members stimulate the Raf family of kinases, which subsequently activate the mitogen-activated extracellular signal-regulated kinase (ERK) activating kinase (MEK) family through the phosphorylation of regulatory residues. After dissociation, the active effector and adaptor proteins initiate their own signaling pathways, including phosphoinositide 3-kinase (PI3K), the KRAS-BRAF-MEK-ERK pathway, the anti-apoptotic AKT kinase pathway, the phospholipase C gamma pathway, and the STAT signaling system, all of which contribute to processes such as angiogenesis, migration, adhesion, and cell proliferation (12). Due to various mutations in different genes involved in these pathways, these biological functions are often disrupted in cancer cells
Discussion:
MUTATIONS IN EGFR FOR CERTAIN CANCERS
The EGFR protein, situated in the cell membrane, operates like a lock that permits the binding of other proteins. These proteins transmit signals to the cell, instructing it to grow and replicate. The EGFR gene acts as a blueprint for the protein, with mutations representing errors in this blueprint. Certain mutations, such as deletions or insertions, remove or add letters or words, whereas point mutations alter just a single letter. These alterations trigger EGFR's "grow and divide" signal, resulting in unregulated cell division, which may lead to cancer. Various types of cancers are linked to distinct mutations in the EGFR gene.
Lung Cancer
Lung cancer, primarily small-cell and non-small cell lung cancer (NSCLC), is a common form. Approximately 32% of NSCLC cases worldwide involve an EGFR mutation, with adenocarcinoma being the most common subtype. There are over 70 types of EGFR mutations, grouped into four types: classical EGFR mutations, which include common deletions and insertions, exon 20 insertions, T790M-like mutations, and P-loop αC-helix compression (PACC) mutations, accounting for nearly 90% of all EGFR mutations. Mutations in the EGFR gene are classified into three types based on their nucleotide changes. Class I mutations involve short in-frame deletions that result in the loss of four to six amino acids (E746 to S752) encoded by exon 19, while Class II mutations involve single-nucleotide substitutions that may occur throughout exons 18 to 21 and Class III mutations involve in-frame duplications and/or insertions that occur mostly in exon 20 (Figure 4). Exon 20 mutations might also be present in patients who test positive for an EGFR mutation. Exon 20 is more prevalent in Asian people and non-smokers, and it can account for up to 1 in 30 cases of lung cancer.
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Figure 4: Exon 20 in EGFR DNA



“Among all TK domain mutations, 85-90% are exon 19 class I deletions and exon 21 L858R mutations. While initial reports suggested an almost equal distribution, recent clinical trials suggest a slightly higher frequency of deletions versus point mutations. A rare exon 22 mutation (E884K) has been reported that may confer differential sensitivity to different EGFR small-molecule inhibitors. The standard method to detect mutations is through direct sequencing of PCR-amplified genomic DNA corresponding to exons 18-22 of the EGFR gene. Samples with lower tumor cellularity should be enriched by micro- or macro-dissection of tumor cell-rich areas” (13).
[image: ]Table 1: Mutation type vs Frequency

	MUTATION TYPE
	FREQUENCY

	Exon 18
	~2%

	Exon 19: deletions
	45-46%

	Exon 20: S7681 T790M
Insertions
	<1%
4%
~1%

	Exon 21: L858R
L861Q
               
	38-35%
1%









In figure 5, different types of extracellular and intracellular Figure 5: Types of mutations in EGFR



mutations have been described and in the table 1, mutation types and their frequencies have been mentioned in detail.                         

Glioblastomas and Colorectal Cancer
A study examined the DNA of 59 glioblastomas and 293 colorectal tumours for changes in the EGFR kinase domain (exons 17–24) (14). These tumours were selected for analysis because EGFR signalling has been associated with them: glioblastomas have been reported to exhibit structural alterations of the EGFR gene (amplifications and rearrangements), and EGFR-targeted antibodies (cetuximab) have been approved for use in patients with colorectal cancer. All of the glioblastomas and only one colorectal carcinoma, according to our research, lacked a mutation. The one and only mutation was a G-to-S substitution at amino acid 719, the same activating mutation that has been linked to lung tumours in the past. Findings demonstrated that glioblastomas and colorectal tumours have relatively low frequencies of EGFR mutations. 

Head and Neck Squamous Cell Carcinoma (HNSCC)
“EGFR mutations in head and neck squamous cell carcinoma (HNSCC) are rare when compared to instances of overexpression. Research focusing on resistance to cetuximab (CTX) in a patient identified a missense mutation in the extracellular domain (ECD) of EGFR at position 465th, which modified the interaction of CTX with domain III of the ECD, resulting in resistance. Additionally, other non-synonymous mutations within the ECD of EGFR, such as G33S and N56K, have been documented in an HNSCC cell line that was selected for CTX resistance. These mutations caused a reduced affinity for EGF binding, led to the constitutive activation of EGFR, decreased internalization for degradation, and maintained EGFR in an open, extended conformation, thereby obstructing CTX from reaching its binding site on domain III. Comparable mechanisms have been noted with EGFR ECD mutations in glioblastoma, where missense mutations at the interface between domains I and II resulted in the spontaneous release of the self-inhibitory tether, promoting oncogenic activity. The A289T mutation has been observed in glioblastoma multiforme, anaplastic astrocytoma, and lung adenocarcinoma, facilitating a ligand-independent transition to the active state. ECD mutations in EGFR across various tumors appear to exhibit a shared mechanism that circumvents steric inhibition, leading to unregulated signaling and the development of a resistant phenotype by hindering the binding of monoclonal antibodies to EGFR” (15).
OVEREXPRESSION OF EGFR IN DIFFERENT CANCERS
The EGFR protein is found to be overexpressed across a wide range of cancer types, and this overexpression is often associated with a negative prognosis. Numerous malignancies exhibit mutations in the EGFR gene, which typically lead to increased levels of the EGFR protein. High EGFR expression is significantly linked to unfavorable outcomes in patients with head and neck, ovarian, cervical, bladder, and esophageal cancers. In a review of 74 studies, 70% indicated that increased EGFR expression correlates with decreased rates of recurrence-free survival or overall survival. However, this association is less pronounced in gastric, breast, endometrial, and colorectal cancers, where only 52% of studies found a connection between elevated EGFR levels and poor survival rates, compared to over 70% in other cancer types. Additionally, in these cancers, EGFR levels were related to other clinically relevant factors. (16). 
Lung Cancer
Epidermal growth factor receptor (EGFR) and HER2 are receptor tyrosine kinases located on the cell surface that initiate growth signals through dimerization with other members of the HER family. The overexpression of both EGFR and HER2 is associated with aggressive tumor cell proliferation. Gefitinib and erlotinib are EGFR tyrosine kinase inhibitors that demonstrate antitumor efficacy in 8-18% of patients with advanced non-small-cell lung cancer (NSCLC). These EGFR TK inhibitors may serve as prognostic and predictive tools for identifying patients who are likely to benefit from treatment. EGFR plays a crucial role in tumor development and is notably expressed in various human tumors, including NSCLC (17). Overexpression of EGFR has been observed in 40-80% of patients with non-small cell lung cancer, as well as in both premalignant and malignant lesions (18). This overexpression is primarily attributed to epigenetic mechanisms such as transcriptional activation, although gene amplification and oncogenic viruses may also contribute. Within tumors, the EGFR signaling pathway activates several networks, including MAPK, PLCg, PI3K/AKT, STAT, proto-oncogene transcription factors, and zinc-finger-containing transcription factors (19).
Head and Neck Squamous Cell Carcinoma (HNSCC)
The expression of EGFR in normal cells typically ranges from 40,000 to 100,000 receptors per cell. In head and neck squamous cell carcinoma (HNSCC), approximately 80–90% of cases exhibit overexpression of both EGFR and its ligand, TGF-α, with increases of 1.7-fold (P = 0.005) and 1.9-fold (P = 0.006), respectively, when compared to control samples. The observed protein overexpression is believed to result from enhanced transcription, as there is no significant change in mRNA stability, and instances of gene amplification are reported less frequently (20). TGF-α is involved in an autocrine signaling pathway in transformed mucosal epithelial cells, but this pathway is absent in normal mucosal epithelial cells. Antisense oligonucleotides that target the translation initiation site of TGF-α mRNA can reduce TGF-α protein levels by as much as 93% and decrease cell proliferation in human cell lines by an average of 76% (21). Notably, EGFR overexpression is already detectable in the "healthy" mucosa of cancer patients, a phenomenon known as field cancerization, even before the onset of cancer. This overexpression tends to escalate alongside the emergence of histological changes, including hyperplasia, invasive carcinoma, dysplasia, and in situ carcinoma. Thus, EGFR overexpression is recognized as an early event in the carcinogenic process of HNSCC (22).
Glioblastoma
“EGFR overexpression is prevalent in 60% of primary glioblastomas, a characteristic of aggressive glioblastoma phenotypes. This overexpression can be attributed to enhanced autocrine expression of cognate ligands. Deregulated EGFR expression and signaling are crucial in the origin of human cancers. This led to the development of EGFR-targeted monoclonal antibodies (mAB), such as mAB C225 69 and mAB 528. These mAbs compete with cognate ligands for binding, down-regulating receptor expression and inhibiting cell growth. Initially, mAB C225, dubbed cetuximab, showed promising antitumor effects in cell cultures and xenograft models, leading to its implementation as a therapeutic agent” (23).
Colorectal Cancer
The role of EGFR gene amplification and its elevated copy number in colorectal cancer remains ambiguous. Some research indicates that EGFR gene amplification is rare, while other studies report modest increases in copy number in as many as 50% of cases. Nevertheless, heightened expression of the EGFR protein does not necessarily indicate an increase in EGFR gene dosage. For instance, only a small percentage of EGFR-positive colorectal carcinomas identified through immunohistochemistry were linked to EGFR gene amplification. The predictive value of EGFR gene amplification is also uncertain. One investigation revealed that gains in EGFR gene copy number did not correlate with objective response rates, disease control rates, progression-free survival, or overall survival. In contrast, another study indicated that EGFR amplification or increased EGFR copy number was associated with a response to anti-EGFR therapy in 17.7% of patients. These contradictory findings may stem from the absence of established guidelines for assessing EGFR gene amplification, resulting in the infrequent testing for this amplification in colorectal cancer cases (24).
Breast Cancer
Breast cancer is a common form of cancer among women, with an increased risk of development linked to a family history of the disease, especially if a close relative was diagnosed before reaching menopause. In 2012, Europe reported around 494,000 new breast cancer cases, while the global total reached approximately 1.67 million. Projections indicate that by 2030, the worldwide incidence may rise to 2.3 million cases, although mortality rates in Western nations are decreasing due to advancements in early detection and treatment methods. Genetic factors account for roughly 5% of all breast cancer cases, with about 25% diagnosed at an early age, specifically before 30. Disruptions in various signaling pathways, including the dysregulation of the human epidermal growth factor receptor (HER) family, have been linked to the onset of breast cancer. The overexpression of HER1 and HER2, which are key partners in dimerization, correlates with a poorer clinical outcome and a diminished response to endocrine therapy (25).
Ovarian, Bladder and Oesophageal Cancer
Amplification and activating mutations of the epithelial growth factor receptor (EGFR) have been identified in a small percentage of ovarian cancer cases, specifically 4-22% and 4%, respectively. The rates of EGFR overexpression vary significantly, ranging from 9% to 62%, depending on the assay method, cutoff criteria, and antibodies utilized (26). Higher levels of EGFR expression are associated with poorer patient outcomes. In terms of treatment, several small molecule inhibitors that block EGFR kinase activity, such as gefitinib and erlotinib, have been explored. A novel therapeutic approach is being developed that leverages the overexpression of EGFR in bladder cancer cells alongside the strong cytotoxic effects of alpha-particles emitted from alpha-emitters. As previously noted, small molecule tyrosine kinase inhibitors specifically target EGFR (ErbB1), effectively binding to both the overexpressed wild-type EGFR and various mutant forms (27). The EGFR gene, situated on chromosome 7p12, encodes a membrane glycoprotein that activates its intrinsic kinase upon binding with specific ligands, such as EGF. Enhanced EGFR signaling is associated with multiple tumors, contributing to processes like invasion and metastasis. EGFR was initially isolated from the human squamous cell carcinoma cell line A431, which exhibits a 2-100 fold overexpression. Since then, numerous epithelial cancers, including esophageal cancers, have demonstrated elevated levels of EGFR on their cell membranes (28).
THERAPEUTIC ADVANCES
Conventional chemotherapy has limitations due to high toxicity and low tumor specificity, making EGFR an important target. Monoclonal antibodies like cetuximab, panitumumab, nimotuzumab, and necitumumab are approved for cancer treatment. Two main strategies are antibody-drug conjugates (ADCs) and antibody-nanoparticle conjugates (ANCs). ADCs are antibodies covalently linked to the cytotoxic drug, causing chemical and enzymatic reactions leading to drug release and accumulation.
[image: ]“ANCs are nanotechnology-based formulations that protect the drug against inactivation, allowing controlled release and passive accumulation in tumor tissues. They also undergo active targeting through EGFR receptor-mediated endocytosis, forming lysosomes and drug release into the cytosol” (29).






Figure 6: Cancer Therapy


Tyrosine kinase inhibitors (TKIs), antibody-based therapies, immunotherapy, and pre-clinical RNA therapy trials represent four approaches to targeting EGFR. Among these, TKIs are the most developed form of EGFR-targeting treatment. Antibody-based therapies utilize monoclonal antibodies to block signaling pathways and conjugated antibodies to specifically target certain cells. For EGFRvIII, immunotherapy employs an intradermal vaccine known as CDX-110 along with granulocyte macrophage-colony stimulating factor (GM-CSF). RNA therapies focus on designing antisense oligonucleotides or siRNA that are complementary to clinically relevant regions for silencing purposes (30, 31). Cancer treatment strategies are illustrated in Figure 6.
Tyrosine kinase inhibitors targeting EGFR
[bookmark: _GoBack]“Epidermal growth factor receptor (TKI) inhibitors gefitinib and erlotinib have been shown to significantly increase progression-free survival in non-small cell lung carcinoma (NSCLC) patients. A meta-analysis reported 42.9% of patients receiving TKI therapy reaching at least one year of progression-free survival compared to 9.7% with chemotherapy. Gefitinib has also been used as palliative therapy for patients with brain metastases from NSCLC, with 45% of patients experiencing symptom improvement. Combining gefitinib and erlotinib has shown response rates of up to 70%. Lapatanib, another tyrosine kinase inhibitor, was found to increase progression-free survival to 8.4 months when used in combination with capecitabine. However, lapatinib has not yet been shown to have activity against recurrent GBM in clinical trials. Pre-clinical results show that TKIs can inhibit tumor cell growth, angiogenesis, survival, and proliferation in various EGFR transfected GBM cell lines. However, response rates in GBM patients are disappointing for many inhibitors, possibly due to their efficacy targeting tumor cells that express mutations in exons 19 and 21 of the EGFR kinase domain” (31).
FUTURE PROSPECTS
Research suggests that factors within the tumor microenvironment, such as signals that promote fibroblast survival and inadequate blood vessel formation, can enable cancer cells to endure treatment with EGFR-TKI monotherapy. Clinical trials have demonstrated that combining angiogenesis inhibitors with EGFR-TKIs can extend progression-free survival (PFS). However, there is insufficient evidence to suggest that this approach improves the overall cure rate. The RELAY study reported no significant differences in the detection of T790M mutations during disease progression. Additionally, the use of angiogenesis inhibitors was associated with an increase in hypertension, affecting 23% of patients with CTCAE grade 3 or higher. Further research is required to elucidate the mechanisms underlying resistance and the factors contributing to resistance against angiogenesis inhibitors. A phase II trial that compared single-agent osimertinib to a combination of osimertinib and bevacizumab found no advantage in extending PFS for the combination group. Consequently, identifying a biomarker may be essential for stratifying patients who could benefit from combination therapy involving angiogenesis inhibitors (32-34).
NLR (Neutrophil-to-lymphocyte ratio) and CRP (C-reactive protein) serve as prognostic indicators in head and neck cancer. The use of immunosuppressive agents, specifically immune checkpoint inhibitors (ICIs), alters the tumor's micro-immune environment, thereby enhancing their role as prognostic biomarkers. Although the response rate in advanced cancer cases is relatively modest, the tumor suppression effect tends to be prolonged in patients with stable disease, attributed to the mechanisms of the host immune system. The CheckMate-141 trial demonstrates a significant advantage in treatment continuation while preserving the quality of life. Additionally, liquid biopsy tests have emerged as valuable tools for identifying microsatellite instability and tumor mutational burden, which may help predict responses to ICIs. ICI therapy presents a compelling treatment avenue for patients with head and neck squamous cell carcinoma (HNSCC). Looking ahead, there is potential for combining ICIs with molecular targeted therapies, such as VEGF inhibitors or anti-PD-L1 agents, which have received approval for other malignancies. Clinical strategies may involve the concurrent use of anti-PD-1 and anti-cytotoxic T-lymphocyte antigen-4 (anti-CTLA-4) antibody therapies. In summary, ICI therapy continues to be a promising option for patients with HNSCC (35).
Combination therapy is emerging as a significant approach in the development of treatments for patients with EGFR ex20ins mutations. Established medications such as mobocertinib, amivantamab, poziotinib, and furmonertinib are currently under investigation. At present, platinum-based chemotherapy is the predominant first-line treatment for EGFR ex20ins non-small cell lung cancer (NSCLC), yet existing therapies have proven inadequate. Ongoing clinical trials are assessing the safety and effectiveness of various combination therapies, including osimertinib with bevacizumab, afatinib in conjunction with cetuximab, and amivantamab paired with chemotherapy. Nevertheless, treating patients with EGFR ex20ins mutations poses significant challenges, primarily due to low detection rates stemming from the diverse and complex nature of insertions. Most approved indications and clinical trials have focused on second-line treatments, highlighting a considerable unmet need for effective first-line options. Further comprehensive research is required to address targeted drug resistance mechanisms, manage adverse events, and explore treatment alternatives following drug resistance (36).
CONCLUSION
The EGFR, a receptor prototype for receptor-tissue metalloproteinases (RTKs), has been the focus of extensive research on signal transduction cascades and receptor endocytosis, recycling, and degradation. However, new functions continue to emerge, some linked to unrecognized subcellular localizations. This could be exploited for cancer treatment by studying how membrane trafficking influences EGFR-targeted therapies, potentially increasing efficacy and preventing resistance to treatments. Simultaneous targeting of driver mutations and basic cellular processes has been proposed as a promising therapeutic approach (37, 38). EGFR, a key player in cancer progression, is linked to human malignancies and plays a crucial role in sustaining cell proliferation and promoting metastasis through paracrine loops. Non-coding RNAs, such as microRNAs, ln cRNAs, and circular RNAs, play complex regulatory functions in EGFR signalling. The response to EGFR activation is highly ordered and time-dependent, with wave-like epigenetic events preceding long-term commitments to specific cell fates. EGFR is seen as the axis of a layered network, acting with parallel networks and routes like NF-kB, hedgehog, and the Hippo pathway. The number of antibodies and kinase inhibitory drugs targeting EGFR is increasing, but resistance often develops in patients who initially respond to anti-EGFR drugs. Resolving drug resistance mechanisms can lead to higher granularity maps of signalling pathways and potentially prolong patient response (5).

Abbreviations: 
EGFR – Epithelial growth factor receptor
RTKs – Receptor tyrosine kinases
mABs – Monoclonal Antibodies
ADCs –  Antibody-drug conjugates 
ANCs –  Antibody-nanoparticle conjugates
HER –   Human epidermal growth factor receptor
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