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Background: Epidermal growth factor (EGF) is a stimulating protein for cell proliferation
and differentiation. An amplification of its signaling pathway has been frequently
reported in numerous malignant tumors. Specific polymorphisms of the genes
encoding proteins involved in this cellular pathway may constitute risk factors for
carcinogenesis. The aim of this study was to identify the most relevant polymorphisms
of EGF and their signaling pathways and their relation to carcinogenesis.

Methods: The study included 40 full-text articles published between January 2010
and May 2020, extracted from PubMed, Scopus, Web of Science, and Science Direct
databases in May 2020, using the following keywords: EGF OR epidermal growth
factor AND polymorphism AND cancer OR neoplasia OR tumor.

Results: We identified relevant polymorphisms of the EGF signaling pathway that were
involved in the development and progression of hepatocellular carcinoma, esophageal
cancer, gastric cancer, colorectal cancer, glioma, lung cancer, breast cancer, cervical
cancer, and head and neck cancer. Rs4444903 variants have been widely studied and
the association with numerous tumors has been confirmed by multiple studies. Other
frequently investigated polymorphisms are —191C/A and -216G>T.

Conclusion: The polymorphisms of EGF signaling pathway have been widely studied
in connection to various malignancies. Some predisposing variants are common in
different forms of cancer. These polymorphisms might be general risk factors for
carcinogenesis.
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Representing >1% of the whole allele frequency, single-nucleotide polymorphisms
(SNPs) are the most frequent DNA variation. An SNP is the result of point mutations,
it involves a single base pair and, usually, has no effect. The sequencing of the entire
human genome was the start of a new research direction: genome-wide association
studies (GWAS) [1, 2]. Their purpose is to identify a genetic susceptibility by testing
the association with a disease for hundreds of thousands of SNPs in a GWAS. One of
the many medical fields which can benefit from the identification of such genetic risk
factors is oncology [3].

In 1985, Sporn and Roberts explained that malignant cells produce elevated levels
of growth factors to maintain their proliferation rate. This observation was followed
by an enormous number of research projects which confirmed the importance of
growth factors for cancer pathogenesis and described the mechanisms and molecular
interactions involved in this process [4].

Discovered in 1962, epidermal growth factor (EGF) is encoded by prepro-EGF gene,
on chromosome 4 (4925-g27) [5]. In 1986, Cohen and Levi-Montalcini won the Nobel
Prize for Medicine for the description of the peptide structure of EGF [6]. It is the member
of a family of growth factors which can bind to the same receptor: EGF receptor (EGFR,
ErbB1). EGFR is a type | transmembrane protein with intrinsic tyrosine kinase activity.
When a ligand binds to EGFR, the receptor forms homodimers (dimerization with an
identical EGFR) or heterodimers with other members of its family. The dimerization
activates the intrinsic tyrosine kinase and the autophosphorylation of the C-terminal
tyrosine residue, facilitating the recruitment of signaling molecules. Signaling path-
ways involved in cell proliferation, differentiation, apoptosis, such as Ras/Raf/MEK/ERK,
JAK/STAT, PI3BK/AKT/mTOR, and PLC/PKC, are activated. A series of malignant tumors
were associated with an amplification of EGF/EGFR pathway, caused by increased
EGF synthesis, EGFR overexpression, and EGFR mutations. Progression of cancer and
metastasis are correlated with the level of EGF/EGFR. Considering the role it plays in

cancer pathogenesis, EGFR inhibition is used as a target in oncologic therapies [5].

Considering that the connection of EGF/EGFR signaling pathway with malignant
tumors is well established [5], it is expected to identify the presence of predisposing
SNPs in the encoding regions for various forms of cancer. In the era of GWASSs, the quan-
tity of information about susceptibility and genetic factors, such as SNPs, is abundant
[3] and reviews are mandatory, as a way to organize all this knowledge and highlight

the issues that can be addressed in the clinic. Therefore, the aim of this study was
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to analyze the data extracted from genomic studies regarding cancer and EGF/EGFR

pathways and present it.

We conducted a search on PubMed, Scopus, Web of Science, and Science Direct in
May 2020, using the following search keywords: EGF OR epidermal growth factor AND
polymorphism AND cancer OR neoplasia OR tumor. After a thorough investigation of
database interrogation results, we included in our study the most relevant 40 full-text

articles published in the last 10 years.

We identified relevant polymorphisms of the EGF signaling pathway that were involved
in the development and progression of hepatocellular carcinoma (HCC), esophageal
cancet, gastric cancer, colorectal cancer, glioma, lung cancer, breast cancer, cervical
cancer, and head and neck cancer. The SNPs, their connection to these malignancies,
and the studies that identified the relevant variants are presented below, starting with a
presentation of each cancer and its predisposing polymorphisms and ending with the

discussion of these findings.

34. Epidermal Growth Factor (EGF) Signaling Pathway and
Liver Cancer

EGF was identified as a factor which induces malignant transformation among hepato-
cytes, and it has an important impact on the progression of tumor too, as a hepatocytic
mitogen factor. A polymorphism of EGF gene, position 61 A>G, SNP rs4444903, results
in an increased EGF production in liver [7].

Several studies investigated the risk of developing HCC and the presence of
rs4444903 SNPs. An association between A/G and G/G genotypes and increased
risk of HCC was identified [8—10].

Two case—control studies were conducted in parallel, one of them on non-Asian
population from Los Angeles (region having one of the lowest incidences of HCC
in the world), and the other on natives from Guangxi, China (population having one
of the highest incidences of HCC in the world). Among the non-Asian Los Angeles

population, there was a 78% increased risk of developing liver cancer in patients who
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had at least one 61*G allele (rs4444903 SNP), which is associated with high activity and
EGF production, in comparison to EGF A/A genotype. The results were, however, not
statistically significant. Among the Chinese population, no association was identified
between this polymorphism and HCC risk [7].

Based on the findings resulted from the numerous case—control studies regarding
rs4444903 SNP and HCC, various meta-analyses were conducted. We identified six
meta-analyses that revealed an association between G allele and an elevated risk of

developing HCC. The A allele is considered a protective factor [11-16].

3.2. Epidermal Growth Factor (EGF) Signaling Pathway and
Esophageal Cancer

A genome-wide association study conducted on 1,942 patients with esophageal squa-
mous cell carcinoma, 1,758 patients with gastric cancer, and 2,111 controls investigated
127 genes of the EGF pathway. GNAI3, CHRNE, PAK4, WASL, ITCH genes were associ-
ated with esophageal squamous cell carcinoma, but there was no significant association

with the pathway [17].

3.3. Epidermal Growth Factor (EGF) Signaling Pathway and Gastric
Cancer

The genome-wide association study investigating 127 genes of the EGF pathway also
concluded that FYN, MAPK8, MAP2K4, GNAI3, MAP2K1, TLN1, PRLR, PLCG2, RPS6KB?2,
PIK3R genes, and the EGFR pathway were associated with gastric cancer [17].

A case—control study conducted on high-risk Chinese population from Jiangxi inves-
tigated seven EGFR exon SNPs. The study identified only one variant, rs2072454, T
allele and TT genotype, significantly associated with elevated risk of developing gastric
cancer [18]. AG/GG rs2237051 (non-synonymous exon region) and AG/GG rs3733625
(3 untranslated region) variants of EGF gene were identified as susceptibility factors in
a study conducted on Chinese population [19]. A study based on Mexican population
suggested the association of —216G>T, 191C>A polymorphisms of EGFR and the risk of
developing gastric cancer [20].

Rs4444903 was also investigated regarding gastric cancer [21]. A study conducted
in Portugal on Caucasian subjects identified different risk profile associated with +61
A/G polymorphism, depending on the patient’s sex. Female carriers of A variant had a

low risk of developing gastric cancer. A possible explanation for this phenomenon is
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the lower secretion of gastric acid than men. Male carriers of A polymorphism had an
elevated risk of developing this neoplasia [22]. A meta-analysis conducted in 2014 on
six case—control studies strongly suggested that this polymorphism leads to elevated

gastric cancer risk, especially in Asian population [21].

3.4. Epidermal Growth Factor (EGF) Signaling Pathway and Col-
orectal Cancer

A study conducted on Iranian population investigated the association of rs2298979
polymorphism, located in a noncoding region — intron 1 of EGF gene, with colorectal
cancer. A/G genotype carriers were identified as less susceptible than the carriers of
A/A genotype [23].

The association between colorectal cancer and SNP rs4444903 was also researched.
A study based on Syrian subjects demonstrated that A/A variant of R521K is a protective
factor for colorectal cancer [24], while another study based on Chinese population
indicated an association of EGF A61G polymorphism with elevated risk for developing
colorectal cancer [25]. Two studies failed to highlight an association between +61A>G

polymorphism and elevated colorectal cancer risk [26, 27].

A meta-analysis based on nine studies concluded that EGF A61G polymorphism might
be a risk factor for colorectal cancer development (G allele in the Caucasian group and

GG genotype in both Caucasian and Asian populations) [28].

3.5. Epidermal Growth Factor (EGF) Signaling Pathway and Glioma

A higher risk of developing glioma was associated with —191 C/A SNP of EGFR. This
polymorphism was also identified as a prognostic factor in patients with glioblastoma.
Short (CA)n repeats (<17) were associated with elevated risk, especially for glioblastoma
and oligodendroglioma [29].

A study conducted in 2012 on Han Chinese population identified two polymorphisms
(rs1468727 and rs730437) in the EGFR gene which are associated with increased risk of
glioma. AATT haplotype had a protective effect, while CGTC haplotype was associated
with an increased risk of developing glioma. The findings of this study including Han
Chinese subjects were not consistent with the results of previous studies on European

populations, therefore ethnic differences are strongly suggested [30].

Numerous studies have identified an association between +61G allele of EGF and

high risk for developing glioma. A study conducted on Chinese population from eastern
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China concluded that genotypes +61 G/A and +61 A/A were associated with higher risk
of glioma, in comparison to G/G, considered wild type [31]. A meta-analysis including
nine studies concluded that EGF +61G/A polymorphism is a risk factor for glioma [32].
A meta-analysis including six case—control studies concluded that this polymorphism
is a risk factor for European population, but a protective factor regarding Chinese
population [33]. Another meta-analysis based on seven studies concluded that EGF
+61G/A polymorphism is associated with a higher risk of developing glioma in Asian

population, but not in Caucasians [34].

3.6. Epidermal Growth Factor (EGF) Signaling Pathway and Breast
Cancer

A study investigating EGFR SNPs and breast cancer risk identified associations among
SNPs in EGFR gene and the risk for development of breast cancer. After multiple
comparisons, none of the results remained statistically significant [35].

Rs11543848 (EGFR R497K) and rs1136201 (HER2 I1655V) were associated with the
risk of developing breast cancer [36]. Rs1136201 (lle 655 Val) genetic polymorphism
of human epidermal growth factor receptor-2 (HER2) was identified as a possible risk

factor for developing breast cancer in Brazilian population [37].

3.7. Epidermal Growth Factor (EGF) Signaling Pathway and Lung
Cancer

A study based on Jordan population identified rs2233947 EGFR polymorphism as a risk
factor for lung cancer development. This SNP is located in the exon 25 and does not
produce an amino acid modification. The A allele is protective for the development of
lung cancer [38].

Rs712829 EGFR polymorphism (GG+GT), rs2072454, —191C/A (rs712830), rs6965469,
rs763317, and TCCG haplotype of rs712829, rs712830, rs2072454, rs11543848 were
associated with lung cancer [39-41].

A study conducted on Indian population identified +61 AG and GG genotypes as risk
factors for developing non-small cell lung adenocarcinoma [42], while a recently pub-
lished meta-analysis based on six case—control studies failed to identify an association

between 61A/G EGF polymorphism and the development of lung cancer [43].
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3.8. Epidermal Growth Factor Receptor (EGFR) Family and
Osteosarcoma

Rs1136201 and rs1058808 polymorphisms of HER2 (ErbB2) and CTGG haplotype were
associated with an elevated risk of developing osteosarcoma in Han Chinese population
[44].

3.9. Epidermal Growth Factor (EGF) Signaling Pathway and Cervi-
cal Cancer

A study investigating SNPs in members of ERBB family (EGFR, ERBB2, ERBB3, ERBB4)
identified 14 polymorphisms that were significantly over transmitted (from parents to
their offspring) in women who developed cervical cancer. Four SNPs were inside intron
1 of EGFR and two other were located in intron 24 of ERBB4. The SNPs identified in
EGFR were in the proximity of enhancers, silencers, and important functional regions
[45].

3.10. Epidermal Growth Factor (EGF) Signaling Pathway and Head
and Neck Squamous Cell Carcinoma

Rs12535536, rs2075110, rs1253871, rs845561, rs6970262 SNPs located inside EGFR
introns and synonymous rs2072454 EGFR SNP were significantly associated with ele-
vated risk of developing head and neck squamous cell carcinoma, while rs12538371,
rs845561, rs6970262 were associated with elevated risk among patients who never

used tobacco [46].

We identified numerous studies investigating the presence of single nucleotide poly-
morphisms of genes encoding proteins involved in EGF signaling pathway and the risk
of developing different forms of malignant tumors. Some of these polymorphisms, such
as rs4444903, were widely studied and meta-analyses were conducted to increase the
strength of the results. The findings can be explained by the functional importance of
these SNPs, many of them leading to an increase in the pathway activity, and, in the end,
promoting the progression of the malignancy [21, 39, 40]. Genetic variants of the EGF
signaling pathway and EGFR family were identified as risk factors for various tumors,

such as: HCC [8-16], esophageal cancer [17], gastric cancer [17-22], colorectal cancer
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[23-28], glioma [29-34], lung cancer [38—42], breast cancer [36, 37], cervical cancer
[45], and head and neck cancer [46]. EGF is important for tumor survival, progression,
metastasis, and angiogenesis [19]. EGF signaling pathway might be relevant not only
for the risk of developing different forms of cancer, but also for prognosis. For example,
a study conducted on Indian population also identified an association between +61AG

and GG genotypes and overall reduced survival in lung cancer patients [42].

The finding of the studies investigating the same SNPs and the development of a
particular form of cancer were different. Some studies suggest an association between a
malignant tumor and these variants, while others fail to identify a statistically significant
result [26, 27, 43]. We identified numerous sources that might lead to inconsistent
results: the sample size — from tens of subjects to thousand, study population and its
different genetic and specific environmental risk factors that can modify susceptibility,
data analysis tools and thresholds for significance, and inclusion and exclusion criteria
for study population. However, most studies had similar conclusions regarding the most
relevant polymorphisms.

One of the most relevant polymorphisms, according to the studies we identified, is
rs4444903 SNP. This polymorphism is located in 5° — untranslated region of EGF gene
and +61 GG and +61 AG variants lead to an increased protein expression compared to
+61 AA genotype [21]. This polymorphism has been widely studied regarding various
forms of cancer and an association of the risk of developing tumors has been identified
by most studies: liver cancer [8—16], gastric cancer [21, 22], colorectal cancer [25], glioma
[31-34], and lung cancer [42]. Few studies failed to identify this association [26, 27, 43].
The results from case—control studies were different, depending on study population. It

was suggested that rs4444903 SNP is a low-penetrance susceptibility biomarker [33].

Considering the functional relevance and the known association with an increased
activity of EGFR signaling pathway of this variant, the positive results of the studies
are supported by evidence provided by fundamental studies [21]. AA genotype was
identified as a protective factor[12, 15], which is consistent with its functional importance:
the protein production is not very high, while AG and GG genotypes were suggested
to be risk factors, which is explained by the higher production of the protein and an
increased activity of the pathway, leading in the end to an increased proliferation and
survival of the malignant cell [8-16, 21, 22, 25, 31-34, 42].

The promoter region is essential to produce protein and polymorphisms of this
sequence might lead to important functional alterations. —216G/T and —191C/A SNPs,
both located inside the promoter region of EGFR gene, and polymorphic (CA)n
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microsatellite sequence in the first intron have regulatory functions regarding tran-
scription [29]. —191C/A SNP results in an increased production of EGFR and it occurs
at the binding site of the promoter region with a transcription factor [39, 40]. While
—216 G/T genotype was not significantly associated with glioma, —191 C/A SNP was
associated with higher risk of developing glioma. Also, short (CA)n repeats (<17) were
associated with elevated risk, especially for glioblastoma and oligodendroglioma [29].
Both —216G>T and 191 C>A were associated with the risk of developing gastric cancer
[20]. —191C/A (rs712830) was also associated with lung cancer [39, 40]. Considering the
location inside EGFR gene, functional importance and the results of previous studies,
these polymorphisms and association with cancer should be further investigated.

EGF Receptor or erB family members are HER1 (EGFR, erbB1), HER2 (erbB2, neu),
HER3 (erbB3), and HER4 (erbB4) [36]. Polymorphisms of HER2 were also identified as
risk factors in both breast cancer and osteosarcoma [37, 44]. Overall, ErB family might
be relevant for malignancy pathogenesis and further studies should be conducted to

determine its importance for cancer development.

To the best of our knowledge, this narrative review is the first article that synthesizes
and analyses the information regarding different types of tumors and polymorphisms
as risk factors. All studies we identified were based on a specific tumor and associated
polymorphisms. We consider it is important to summarize all this information together,
because, as mentioned earlier, some SNPs are relevant for various forms of malignancy
and polymorphisms of EGF signaling pathway might be relevant for cancer pathogenesis
in general, not only for a specific malignant cell and it can be important to identify such
variants for most tumors.

The results of our study were affected by several factors: limited access to research
conducted in this area and the studies we included had wide differences regarding
sample size, study population, environmental risk factors.

Genetic and molecular screening can have a major role in improving the diagnostic
efficiency and treatment response in patients with cancer [47]. Identifying genetic
variants of EGF signaling pathway as risk factors is important to determine if a subject
is at risk of developing a malignancy and to use this information to take preventive
steps and to start periodic screening. Furthermore, the proteins involved in this cellular
pathway can be used as future targets in patients who have an increased activity of
EGF signaling.

Future research is required to investigate the association between EGF signaling

pathway and malignancies. These studies need larger sample size, and they should
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take into consideration sex differences together with the genetic and environmental

factors of the study population.

Our narrative review confirms the presence of predisposing polymorphisms of the
genes related to EGF signaling pathway, which are relevant for the development of
various forms of cancer, such as HCC, esophageal cancer, gastric cancer, colorectal
cancer, glioma, lung cancer, breast cancer, cervical cancer, and head and neck cancer.
Rs4444903 EGF gene variants have been widely studied and the association with dif-
ferent tumors has been confirmed by numerous meta-analyses. Functionally important
SNPs of EGFR gene are —191C/A and —216G>T. Other relevant SNPs might be identified
by studies on larger samples and further investigation should be conducted to use

these variants as risk evaluation and prognosis tools or as therapeutic targets.
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