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A Comprehensive Analysis of the Vascular Endothelial Growth Factor (VEGF) Family in Oral Carcinoma: From Molecular Mechanisms to Clinical Translation



ABSTRACT

Oral squamous cell carcinoma has created a major health burden in developing countries. High incidence of tobacco addiction and limited awareness in the general population leads to its usual presentation in the advanced stage. Angiogenesis, being one of the important factors associated with carcinogenesis, has emerged as a topic of interest for better understanding of the molecular micromechanisms responsible for carcinoma growth and progression. The Vascular Endothelial Growth Factor (VEGF) family acts as a primary regulator of this process. The molecular biology of the VEGF family along with its association with development and progression of oral carcinoma has been explored in this review. Further potential of VEGF as a diagnostic, therapeutic and prognostic marker has also been analysed.
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Introduction

Oral squamous cell carcinoma (OSCC) is one of the most significant global health concerns in today's era [1-5]. As per Globocan 2022, oral carcinoma is ranked as sixteenth most common cancer globally as per incidence [6,7]. It has created a major health burden particularly in Southeast Asia and South America [3-5]. Traditionally it is associated with risk factors like smoking, alcohol intake, tobacco and betel nut chewing [8-10]. Males are affected more commonly than females [6,7]. Surgery is the main pillar of treatment. Further adjuvant therapy is guided by the preoperative risk factors and final histopathology report [11-14]. Despite multiple advancements in treatment strategies, the recurrence rate remains high in locally advanced oral carcinoma cases - 40-60% [8,15-17]. The 5 year survival rate is also below 50% [18,19]. Most patients present at an advanced stage with this cancer - subsequently increasing the risk of locoregional recurrence and distant metastasis [15,16,20]. This results in high morbidity and mortality [21].  
The overall poor prognosis, complexity of the tumor microenvironment and the emergence of treatment resistance - altogether has mandated the need for a detailed understanding of the underlying molecular mechanism resulting in the progression of oral carcinoma. One such mechanism remains angiogenesis. It is one of the basic hallmarks of carcinogenesis and implies new vessel formation [22]. Angiogenesis is essential for the growth and spread of a malignant tissue [23,24]. It further facilitates invasion and distant metastasis [25,26]. Multiple molecular pathways are associated with this. One of the key regulators of angiogenesis is the Vascular Endothelial Growth Factor (VEGF) family [27-29]. This indeed has compelled researchers to explore the various aspects of the VEGF family including its role in pathogenesis and potential as a diagnostic biomarker and therapeutic target in association with OSCC.

The Biological Imperative of Angiogenesis

All tumors need Oxygen and nutrients for their proliferation [30]. This mandates a specific transformation in the tissue which will help them provide their supplies continuously. No tumor can grow beyond 1 to 2 mm in diameter without further establishing their dedicated vascular supply network [30]. This reinforces the need for angiogenesis in any malignant tissue. The specific “angiogenic switch” helps malignant cells to overcome this physiological limitation [31]. The balance between pro-angiogenic and anti-angiogenic factors are maintained by certain molecular pathways. An angiogenic switch tilts this physiological balance towards new vessel formation and thus, helps in tumor proliferation [32]. 
Angiogenesis is associated with carcinogenesis during its entire course - from initial growth as well as for further invasion and metastasis [23-26]. Angiogenesis results in new vessel formation in the tumor microenvironment. The new vessels are leaky, tortuous and irregularly structured [22,23]. The vascular malformations help tumor cells to enter into the systemic circulation. Once this step happens, there is virtually no barrier to the spread of a malignant cell. The steps of invasion and distant metastasis follow accordingly. It also creates a pathway for continuous delivery of growth factors and immuno-suppressive cells in the tumor microenvironment - further supporting tumor survival and proliferation [32,33]. There are multiple regulators of the various steps of angiogenesis (Figure 1) at the molecular level. The VEGF family is one of the most important and potent players in this pathway [28,34-36].     
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Figure 1. Steps of Angiogenesis


Molecular Biology of the VEGF Family and its Receptors

Multiple glycoproteins are included in the VEGF family [32,37]. Each of them has their specific role in the vascular homeostasis. Broadly, the VEGF family consists of ligands and receptors where these ligands bind [34]. 
VEGF A is the most extensively studied ligand. It has a heparin binding domain. It helps in survival of the endothelial cells and has a major driver effect on the angiogenesis pathway [34,38]. VEGF A substantially increases the permeability of the new blood vessels [32,35,36]. Thus it facilitates tumor invasion also. It can exist in several isoforms due to alternative splicing. The commonly identified isoforms are - VEGF-A121, VEGF-A165, and VEGF-A189 [27,32,39]. VEGF B is another ligand of the VEGF family [27,34]. It has a specified role in the survival of the endothelial cells. It is primarily involved in the vascularisation process during embryogenesis. VEGF B particularly focuses on survival of existing blood vessels rather than neo angiogenesis [32,40]. It also has an important role on metabolism by controlling the fatty acid uptake [33,40].
VEGF C is one of the ligands of the VEGF family which is extensively associated with lymphangiogenesis [34,41]. This promotes new lymphatics formation. VEGF C acts as a potent mitogen and chemoattractant. This also causes proliferation and migration of endothelial cells. VEGF C enhances the permeability of the vessels, similar to VEGF A [32,41]. VEGF D has a similar function as VEGF C and promotes lymphangiogenesis [27,32,34].
VEGF E is a viral protein and not a physiological substance of the human body [32,42]. It is derived from the Orf virus and it has a unique property of high affinity to VEGFR 2 (Vascular Endothelial Growth Factor receptor). Thus it mimics the angiogenic activity of VEGF A. VEGF E lacks the heparin binding domain unlike VEGF A but facilitates better tissue healing than the other members of the VEGF family [42]. Placental Growth Factor (PIGF) is also a distinct member of the VEGF family, specifically active during pregnancy and some certain pathological conditions [32,34]. Mostly this is associated with the vascular remodelling [43]. Vascular remodelling is an essential step of maturation after neo angiogenesis.
Primarily 3 receptors have been identified for all these ligands. VEGFR 1 (Flt-1) is a cell surface receptor tyrosine kinase [32,34]. This receptor has high affinity for both VEGF A and PIGF [44]. It can also act as a decoy receptor [38]. Thus it can sequester VEGF A and in turn can reduce excessive vascular proliferation and disorganisation [45].
VEGFR 2 (KDR/Flk-1) is the major mediator of endothelial cell proliferation and survival [44]. It is also involved in cell migration by promoting vascular permeability [27,44]. VEGFR 3 (Flt-4) is commonly found in the lymphatic endothelial cells. It is involved in the lymphangiogenesis pathway. It specifically binds to VEGF C and VEGF D [44].
Binding of specific ligands to specific receptors promotes receptor dimerisation and phosphorylation. This further triggers a downstream signalling pathway. The major pathways involved in angiogenesis are namely PI3K/Akt, MAPK, and PLC-gamma pathways [46]. 

VEGF in Oral Carcinogenesis and Progression

VEGF is usually absent or faintly expressed in the basal layers of the normal oral cavity mucosa [47]. The VEGF expression has been found to be a progressive phenomenon in oral carcinoma [48-51]. Its expression signifies angiogenesis. Hence the VEGF expression progressively increases with the sequential steps of carcinogenesis - from various degrees of dysplasia to invasive carcinoma.
Multiple evidence has demonstrated that VEGF expression is found in 60-100% of the oral potentially malignant disorders (OPMDs) samples [48]. The VEGF expression level has been shown to be proportionate with the degree of dysplasia [48-51].
Higher expression of VEGF biomarker corresponds to more tumor invasiveness [52]. This implies larger tumor size, advanced clinical stages and more biologically aggressive tumors. Study showed stage II-IV tumors expressed higher serum VEGF levels than stage I tumor and non tumor group [53].
In OSCC, lymph nodal metastasis is a sign of regional progression and implies poor prognosis [54-56]. VEGF C and D are usually associated with lymph nodal spread as they aid in lymphangiogenesis [34]. Hence they increase the risk of tumor dissemination to the regional nodes. A study on 60 patients of Head and Neck Squamous Cell Carcinoma (HNSCC) concluded that high VEGF expressions were associated with the progression of lymph-node spread [57]. This in turn deteriorated the Disease Free Survival (DFS).
VEGF expression is significantly associated with oral carcinoma progression [48-51]. Multiple studies have evaluated the effect of VEGF levels on survival and prognostic outcome. A study analysed VEGF expression levels in 104 HNSCC patients and validated pre-therapeutic VEGF expression as an independent prognostic marker of outcome [58]. Another study inferred that high VEGF expression correlated with worse overall survival [52]. 

Regulation of VEGF in the Tumour Microenvironment

Multiple stressors have been identified that regulate the level of VEGF expression in OSCC. These stressors within the tumor microenvironment tilts the balance of the angiogenic switch by stimulating or inhibiting VEGF expression.
A rapidly progressive tumor often outpaces its own blood supply. The cancer cells grow extensively but to go beyond 1-2 mm of diameter, they require new blood vessels which would supply them their essential growth factors [30]. The rapid cellular hyperplasia creates regions of low Oxygen tension. This further triggers the Hypoxia-Inducible Factor 1-alpha (HIF-1α) which binds to the VEGF promoter and VEGF transcription is thus upregulated [32,59,60].
Chronic inflammation often leads to development of OSCC [61]. Cyclooxygenase-2 (COX-2) has been found to be a potent regulator of VEGF C levels. The co-expression of COX-2 with VEGF has been associated with poor survival outcomes [62,63].
Cellular signalling pathways like STAT3 and NF-κB pathways also influence VEGF expression. Their simultaneous activation promotes VEGF production. This increases new vascular structures formation and supports tumor growth. These cellular signalling pathways also facilitate another hallmark of carcinogenesis - the evasion of apoptosis [64,65].
Molecular Chaperones can also influence the VEGF regulation. Some research has shown that small heat shock protein αβ-crystallin may have a role in VEGF expression and angiogenesis pathway. αβ-crystallin can assist in the proper folding and secretion of VEGF family biomarkers [66]. Thus molecular chaperones also influence the angiogenic activities.

Clinical Significance: Diagnostics and Biomarkers

The association of the VEGF protein family with the angiogenesis pathway has been established. This has created a new window of opportunity - use of VEGF as a biomarker tool to detect and prognosticate oral carcinomas. The potential of VEGF to act as a biomarker in OSCC is still under research.
As per study, patients with OSCC have significantly higher serum VEGF levels than healthy controls. Also higher levels are found in advanced stages [52,53]. This explains the possibility of use of VEGF as an early detection tool in OSCC. Salivary VEGF level is also under study at present. It can act as a non-invasive tool and emerge as an effective diagnostic method [67]. The complex nature of saliva is a major concern here. The results of salivary VEGF levels have therefore been much controversial.
Genetic Polymorphisms is a potential tool for diagnostic capability of the VEGF family. Research has demonstrated certain single nucleotide polymorphisms (SNPs) in the VEGF gene are associated with increased risk and susceptibility to OSCC. One such example is the +936 CC genotype - it is usually associated with advanced stage OSCC [68].
Microvessel Density (MVD) counts microvessels using endothelial cell markers like CD 34 or CD 31 or CD 105 or VEGF. This can further quantify angiogenesis in a tumor tissue. Immunohistochemistry (IHC) is utilized to measure this. This can passively signify the invasiveness and prognosis of the carcinoma by predicting growth rate [69]. 

Therapeutic Targeting of the VEGF Pathway

Owing to the recent developments on the understanding of the angiogenesis pathway in the background of carcinogenesis, the therapeutic role of VEGF in OSCC is currently under evaluation. Multiple researches have already validated the potential role of VEGF biomarkers in therapy of ovarian, colorectal, lung, renal and hepatocellular malignancies. VEGF targeted therapies can potentially starve a growing tumor by inhibiting angiogenesis. Multiple categories of anti-VEGF drugs (Table 1) have been under study in OSCC.

Table 1. Multiple categories of anti-VEGF drugs
	Category
	Agents

	Monoclonal Antibody
	Bevacizumab

	Tyrosine Kinase Inhibitors (TKIs)
	Sorafenib, Sunitinib, Vandetanib

	Natural Products
	Cepharanthine, Garcinol, Geraniol



Monoclonal antibodies like Bevacizumab is currently being used in ovarian and peritoneal carcinoma, metastatic colorectal carcinoma, non-squamous non-small cell lung carcinoma, metastatic renal carcinoma and hepatocellular carcinoma [70]. It selectively binds to VEGF A and and prevents its binding to VEGF receptors. In OSCC, Bevacizumab has been tried in combination with chemotherapy and radiation. Its role in survival is yet to be proved. Multiple studies have shown divergent evidence. The toxicity of Bevacizumab is also noteworthy. Hypertension, bleeding and bowel perforation are commonly associated with this [71].
VEGF receptors are tyrosine kinase receptors. On appropriate ligand binding they undergo morphological changes and promote phosphorylation which activates subsequent series of molecular pathway cascades. Certain drugs can target this intracellular signalling pathway. Sorafenib, Sunitinib and Vandetanib have been tried in OSCC and other HNSCC. Clinical results have not been convincing yet [72]. Other drawbacks of this therapy are their side effects and development of resistance - these further limits their widespread application.  
Preclinical studies have identified multiple plant-derived compounds like cepharanthine, garcinol, and geraniol that may inhibit VEGF expression [73]. This in turn can negatively impact angiogenesis and further help to reduce tumor growth. This needs more evidence, and indeed, offers a potential avenue for future research.

Challenges and Future Directions

Though theoretically the VEGF family of biomarkers have the potential for therapeutic applications, its actual application is limited by various factors. Development of treatment resistance and treatment related toxicities are major concerns. These are major obstacles to developing an effective anti-angiogenic therapy. Tumors can bypass the VEGF blockade through alternate angiogenic pathways. The alternative angiogenic factors like fibroblast growth factor (bFGF) get activated in this scenario [74]. Another mechanism to bypass the VEGF blockade is to recruit different types of cells to maintain vascular growth. Moreover, success in one patient does not imply generalized efficacy, as tumor heterogeneity is common. Significant therapeutic complications damaging patients quality of life (QoL) is also a limiting factor. The major financial burden of anti-VEGF therapy and its access to patients should also be addressed [75]. Future studies should focus on multiple emerging aspects.
Individualistic approaches should be explored. A panel of biomarkers like VEGF expression, genetic polymorphisms, immune profiles etc. should be analysed for each patient. This would help in selection of the appropriate patient who will benefit from the therapy. By this method, emergence of treatment resistance can be minimized and efficacy can be improved [76].
Anti-tumor response can be enhanced by synergistic effects of multiple therapeutic strategies. Likewise, anti-VEGF targeted agents can be tried along with immune checkpoint inhibitors like PD-1/PD-L1 blockers to increase the response [77].  
Tumor microenvironment plays an important role in development of treatment resistance. Therapeutic targeting of its components can act as a potential avenue to overcome resistance. Multiple angiogenic pathways can be targeted together to have synergistic effects. Simultaneous blockade of various angiogenic pathways can reduce treatment resistance [78].
Optimal dosage should be selected to reduce treatment related toxicity. Another technique can be appropriate patient selection, which can selectively avoid patients at risk of getting significant complications. 

Conclusion

The VEGF protein family includes multiple ligands and receptors. These are extensively associated with the pathways of angiogenesis and lymphangiogenesis. From the initial growth phase of carcinoma to subsequent phases of invasion and distant metastasis - all require continuous supply of nutrients and Oxygen. Thus VEGF acts as a primary regulator of the various steps of oral carcinogenesis by moderating the angiogenic switch. As per current literature, the role of VEGF as a diagnostic and prognostic marker is being established in oral carcinoma. But unlike ovarian and colorectal malignancies, the therapeutic aspect of VEGF is still debatable in this scenario. Further deeper analysis and future clinical studies will be necessary to analyse the molecular mechanism within the tumor microenvironment that will translate into the development of a more effective treatment modality.
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