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INTRODUCTION

Cancer is a major public health problem worldwide.[1] 
Non-small cell lung cancer (NSCLC) is one of the 
deadliest malignant tumors in humans and the main 

cause of cancer deaths worldwide, accounting for 80–85% of 
lung cancers.[2]

Targeted EGFR mutation therapy has been widely used in 
the treatment of NSCLC. EGFR fulfills its function through 
the intracellular domain of its tyrosine protein kinase. 
Tyrosine kinase inhibitors (TKIs) are a class of compounds 
specifically designed to inhibit the activity of EGFR tyrosine 
protein kinase. Studies have shown that the PFB of EGFR-
TKIs is more effective than chemotherapy (patients receiving 
erlotinib had significantly longer PFS: 13.1 months vs. 

4.6 months).[3,4] After using EGFR-TKIs for a period of 
time, patients will inevitably develop resistance to TKIs. 
Therefore, the discovery of new drugs targeting molecules 
in the downstream pathway of EGFR signaling is necessary 
for the treatment of lung cancer patients who are resistant to 
EGFR-TKIs.

RAS/RAF/MEK/ERK is one of the downstream signaling 
pathways of EGFR, and its abnormal activation is one of the 
reasons for EGFR-TKIs resistance.[5].At present, there is no 
effective clinical drug for RAS/RAF/MEK/ERK. However, 
related scientific research has found that drugs that can 
inhibit tumor cell proliferation by inhibiting RAS/RAF/
MEK/ERK.[6] This article focuses on the mechanism of lung 
cancer patients’ resistance to EGFR-TKIs and reviews the 
current research progress in targeting RAS/RAF/MEK/ERK 
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signaling pathways to overcome EGFR-TKIs resistance, 
providing references for clinical treatment and research.

EGFR AND EGFR-TKIS 

EGFR and NSCLC
EGFR belongs to the epidermal growth factor receptor (ErbB) 
family and plays an important role in cell proliferation and 
apoptosis. EGFR is the receptor of EGF, and its mutation or 
over-activation of EGF plays an important role in NSCLC 
angiogenesis, invasion, and metastasis. About 23% of lung 
cancers worldwide are closely related to EGFR signaling,[7] 
up to 50% among Asians.[8,9]

EGFR consists of three domains, extracellular ligand-
binding domain, transmembrane domain, and intracellular 
tyrosine kinase domain.[10] Ligands, including epidermal 
growth factor (EGF), can bind to EGFR, as shown in 
Figure 1. When there are too many ligands or abnormal 
activity of EGFR and overexpression or mutation of EGFR, 
the downstream signal transduction pathways, including 
PI3K/AKT, JAK/STAT, and RAS/RAF/MEK/ERK and 
other signal pathways are activated, resulting in abnormal 
cell proliferation, differentiation, adhesion, migration, and 
tumorigenesis.[11,12] Many malignant tumors, including lung 
cancer, ovarian cancer, prostate cancer, colon cancer, breast 
cancer, and cervical cancer, are associated with abnormal 
expression of EGFR.[13]

Application of EGFR-TKIs in the treatment of 
NSCLC
Since EGFR mutations were found to be the main cause of 
NSCLC, tyrosine kinase inhibitors targeting EGFR mutations 
have been widely used in NSCLC treatment.[14] EGFR-TKIs 
have become effective chemotherapy drugs for patients with 
EGFR mutations and have the advantages of fewer side 
effects and high progression-free survival.[15] EGFR-TKIs 
can bind to the tyrosine kinase on the surface of EGFR to 

inhibit its activity, thereby inhibiting the growth of tumor 
cells and promoting apoptosis.[3,15]

There are two important and widely used first-generation 
EGFR-TKIs, including gefitinib and erlotinib. They were 
respectively approved by the FDA for the treatment of non-
small cell lung cancer in May 2003 and November 2004.[16-20] 
Prevent abnormal binding of mutant EGFR and its ligands, 
inhibit the activation of tyrosine kinase structural regions 
in cells, and prevent the cascade of downstream signaling 
pathways.[21] The prognostic survival rate of erlotinib is 
higher than that of gefitinib, but the clinically common 
adverse reactions are relatively more.[22]

Afatinib is the second-generation EGFR-TKIs, an irreversible 
EGFR blocker, and its inhibition principle is similar to the 
first-generation EGFR-TKIs.[23,24] Studies have shown that 
the first and second-generation EGFR-TKIs have the same 
inhibitory effect on wild-type and mutant EGFR.

The third-generation TKIs include oscitinib and avitinib. 
Ositinib was officially approved by the FDA in 2015 for 
the treatment of non-small cell lung cancer. Due to its 
good therapeutic effect, osimertinib, as a first-line drug 
for the treatment of non-small cell lung cancer, is currently 
widely used in clinical practice, but it has developed drug 
resistance in lung cancer patients with T790M mutation.[25] 
For NSCLC patients with EGFR T790M mutation, avitinib 
has shown better efficacy as the third-generation EGFR-
TKIs.[26]

EAI045 belongs to the fourth generation of TKIs. Due to 
the rapid increase in resistance to osimertinib, usually after 
9–13 months of use.[27] The fourth-generation EGFR inhibitor 
EAI045 is the first allosteric inhibitor targeting the T790M 
and C797S EGFR mutants. This inhibitor is only effective 
in combination with cetuximab and has not yet undergone 
clinical trials.[27]

Figure 1: EGFR consists of three domains, extracellular ligand-binding domain, transmembrane domain, and intracellular 
tyrosine kinase domain. There are four ways of pairing between EGFR family receptors: EGFR-EGFR, EGFR-HER2, EGFR-
HER3, HER3-HER2, and HER2 has no ligand-binding domain. The ligands of EGFR are EGF, TGFα, HB-EGF, AR, BTC, EPR, 
EPG, and the ligands of HER3 are only HRG
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In short, patients with non-small cell lung cancer usually 
develop resistance to TKIs after using EGFR-TKIs for 
about 10 months. TKIs targeting mutant EGFR and 
inhibitors targeting downstream proteins are strategies 
for a new generation of chemotherapeutics for NSCLC. 
With the continuous maturity of targeted therapy and 
the continuous improvement of lung cancer treatment 
methods, tumor-targeted therapy has become the main 
treatment method.

The mechanism of NSCLC resistance to 
EGFR-TKIs
Patients with lung cancer who use EGFR-TKIs for a period 
of time will develop drug resistance, which is usually divided 
into primary drug resistance and secondary drug resistance, 
and secondary drug resistance is divided into adaptive drug 
resistance and acquired drug resistance.[28]

The reasons why lung cancer patients develop resistance 
to EGFR-TKIs can be divided into the following three 
[Figure 2].

Activation of EGFR downstream signaling 
pathways
The downstream pathways of EGFR such as PI3K/AKT/
mTOR, RAS/RAF/MEK/ERK, and JAK/STAT pathways 
are activated, Figure 2. These signal transduction pathways, 

as the main cell signal pathways, play an important role in 
the proliferation, differentiation, and migration of body 
cells. In addition, these signaling pathways can also regulate 
gene mutations, deletions, amplifications, insertions, and 
methylation caused by physical, chemical, and biological 
factors.[29] When EGFR-TKIs act on non-small cell lung 
cancer, EGFR can be blocked, but its downstream signal 
transduction pathway can be activated by other genes. 
These genes may be dysregulated. For example, loss of 
PTEN and ALK fusion can abnormally activate the PI3K/
AKT pathway, and KRAS mutation and BRAF fusion can 
abnormally regulate the RAS/RAF pathway. Therefore, 
the effect of EGFR-TKIs in inhibiting tumors will be 
weakened or disappeared.[5,30] Other downstream pathways, 
such as epithelial-mesenchymal transition (EMT) or the 
activation of other genes that are beneficial to the growth and 
differentiation of lung cancer, are also the cause of human 
resistance to drugs.[31]

Activation of the EGFR alternative pathway
Mutation or activation of the EGFR bypass is also an 
important reason for tumor cell resistance to EGFR-TKIs, as 
shown in Figure 2. First, the activation of other members of 
the EGFR family can lead to resistance to EGFR-TKIs. The 
heterodimer formed by HER2 and HER3 binds to modulin to 
form an ErbB receptor complex, which activates downstream 
signaling pathways, leading to resistance to gefitinib.[32-34] 

Figure 2: The main reason for the resistance of EGFR-TKIs is the abnormal signal of EGFR (including the amplification of 
EGFR and EGFR ligands, the mutation of the structural region of EGFR tyrosine kinase), alternative pathway (overexpression of 
other receptors in the HER family and overexpression of genes that can replace EGFR to activate EGFR downstream signaling 
pathways), and downstream pathways (due to KRAS mutation, BRAF fusion, ALK fusion, and PTEN loss can abnormally 
activate the classic cell signaling pathway, leading to abnormal cell proliferation) activate abnormally
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Other receptors, such as mesenchymal to epithelial transition 
factor (MET), whose amplification (found in 61% of NSCLC) 
and mutations in exon 14 lead to activation of the resistance 
signaling pathway.[35,36]

EGFR kinase structural region mutation
At present, the 18–21 exon mutation of EGFR is the main 
basis for clinical judgment of EGFR mutation, and it is also 
the main reference index for doctors to judge the efficacy 
of EGFR-TKIs.[37] The most common EGFR mutations in 
clinical patients are exon 21 L858R mutation (41% of EGFR 
mutations) and exon 19 deletion (accounting for 45% of 
EGFR mutations). Patients with this mutation are sensitive 
to EGFR TKIs.[38,39] In addition, some mutations are also 
sensitive to EGFR-TKIs, such as G719S, G719C, G719A, 
and S720F in exon 18, L861Q, and L861R in exon 21, and 
V765A, T783A, and S768I in exon 20.[38,39] However, certain 
EGFR mutations can cause the body to develop resistance 
to EGFR-TKIs.[40-44] Small insertion or duplication of EGFR 
exon 20 (accounting for 5% of EGFR mutations) is the 
cause of primary drug resistance.[38,40,41] EGFR T790M is 
the main reason for clinical patients’ acquired resistance to 
EGFR-TKIs, and the C797S mutation in exon 20 is also an 
important reason for patients’ resistance to third-generation 
EGFR-TKIs. Therefore, not all non-small cell lung cancer 
patients with EGFR mutations are sensitive to EGFR-TKIs 
and how to use the drug depends on the type of EGFR 
mutation.[42,43]

TARGETING RAF/RAS/MEK/
ERK SIGNALING PATHWAY 
TO OVERCOME EGFR-TKIS 
RESISTANCE STRATEGY

In general, anti-tumor drugs can inhibit the growth of cancer 
cells by regulating cell apoptosis or proliferation.[44-47] 
Since EGFR-TKIs are resistant to tumor cells during use, 
it is important to develop different medication strategies 
for different reasons of resistance for the prognosis of 
patients. Combination targeted therapy is currently a 
common clinical method to resist drug resistance. The 
type of combination method is to use EGFR-TKIs (such 
as gefitinib, erlotinib, afatinib, and osimertinib) in 
combination with PI3K-AKT, MET, HSP90, PTEN, or 
other signaling pathway inhibitors,[5,48,49] most of them 
have passed clinical trials, and there are many reports in the 
literature. There is no comprehensive clinical trial on the 
combined use of EGFR-TKIs and RAS-RAF-MEK-ERK 
signaling pathway inhibitors to overcome the resistance 
of EGFR-TKIs, but there are related academic studies 
that have proved the effectiveness of the combination of 
the two. In the following, this article mainly focuses on 

EGFR-TKIs combined targeting RAF/RAS/MEK/ERK, a 
cell signaling pathway inhibitor.

Targeting RAS to overcome EGFR-TKIs resistance
There are three genes related to human tumors in the 
RAS gene family: H-RAS, K-RAS, and N-RAS, which 
are located on chromosomes 11, 12, and 1. Among them, 
KRAS has the greatest impact on human cancers. KRAS 
mutations are found in 25% of lung adenocarcinomas 
and KRAS mutations are the main reason for lung cancer 
patients’ resistance to EGFR-TKIs.[5] Although RAS is 
one of the more important targets in non-small cell lung 
cancer, there is no effective RAS anti-tumor targeted drug 
in clinical practice.[50]

KYA1797K is an inhibitor developed by Park et al.[6] and 
was first confirmed in colon cancer, which can inhibit RAS 
through the Wnt/catenin signaling pathway. To verify that 
KYA1797K is caused by KRAS mutations in lung cancer 
cells that are resistant to EGFR-TKIs, Park et al. used KRAS 
wild-type and mutant cell lines. After 72 h of treatment with 
erlotinib, the proliferation of KRAS wild-type cell models 
was affected and KRAS mutant cell model has no inhibitory 
effect. The cell proliferation of both models was inhibited 
after treatment with KYA1797K. On the other hand, it was 
also confirmed in animal experiments that KYA1797K had 
a tumor-suppressive effect on EGFR-TKIs resistant mice 
caused by KRAS mutation.

Targeting RAF to overcome the resistance of 
EGFR-TKIs
In non-small cell lung cancer resistant to EGFR-TKI, 
BRAF fusion accounts for 2%.[51] Vojnic et al.[51] have 
recruited 374 patients with metastatic EGFR-mutant lung 
cancer, 200 of which have not been treated with EGFR-
TKIs. The study found that patients who were not treated 
with EGFR-TKIs did not have BRAF fusion. Only patients 
treated with EGFR-TKIs had BRAF fusion. Although the 
probability of BRAF fusion is very small, the cell (HCC827 
and H1975) experiments proved that BRAF fusion is a 
cell One of the mechanisms of acquired resistance. BRAF 
fusion can activate the downstream MEK-ERK signaling 
pathway and then make patients resistant to EGFR-TKIs. 
Combined inhibition of EGFR and MEK may be effective 
in resisting acquired drug resistance caused by BRAF 
fusion. As an inhibitor of RAF, LY3009120 can effectively 
inhibit EGFR-TKIs resistance caused by BRAF fusion. 
Vojnic et al. used anti-erlotinib cells to be confirmed. 
Therefore, the effect of EGFR-TKIs and combined RAF 
inhibitors against EGFR-TKIs resistance needs further 
clinical research.

Sorafenib[52] is an oral multikinase inhibitor that targets 
tumor growth, survival, and angiogenesis. It is reported to 
have effective anti-tumor effects on many types of tumors 
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(including non-small cell lung cancer). Sorafenib inhibits the 
growth of tumor cells by inhibiting RAF kinase and blocking 
the RAF/MEK/ERK signaling pathway. Gemcitabine is 
a new type of multikinase inhibitor that targets tumor 
proliferation and tumor angiogenesis and is a cell cycle-
specific anti-metabolic and anti-tumor drug. It mainly acts 
on tumor cells in the DNA synthesis stage (S stage). It can 
damage DNA and cause cell death which is suitable for non-
small cell lung cancer.[53] Li et al. established lung cancer 
cell lines against EGFR-TKIs: A549, H1666, and H1975 
and treated them with sorafenib and gemcitabine as a single 
agent for 72 h. In A549 and H1666 cells, sorafenib and 
gemcitabine have a synergistic effect, and the expression 
levels of p-AKT, p-ERK, and Bcl-2 are reduced, effectively 
inhibiting tumors.

Targeting MEK to overcome the resistance of 
EGFR-TKIs
MEK is a key gene in the downstream signaling pathway 
of EGFR. Inhibition of MEK can block the activation of its 
downstream and ERK/MAPK, which can effectively inhibit 
cell proliferation and promote cell apoptosis and decline. 
Huang et al.[54] found that MEK inhibitors, CI-1040, and 
smetinib (AZD6244), can reverse resistance to EGFR-TKIs 
in vitro and in vivo. They established gefitinib-sensitive and 
drug-resistant cell lines and found that among gefitinib-
resistant cell lines, AZD6244 or CI-1040 alone could not 
induce cell death, but gefitinib plus AZD6244 or CI-1040 
can completely eliminate the phosphorylation of ERK and 
AKT, completely inhibit the growth of tumor cells, and 
increase the cytotoxic and anti-tumor effects of gefitinib. 
Li et al.[55] studied the synergistic effect of selumetinib and 
gefitinib, and also established PC-9 lung cancer cells that 
are sensitive to EGFR-TKIs and A549 that have KRAS 
mutations that are not sensitive to EGFR-TKIs. Gefitinib can 
completely inhibit the expression of pEGFR in PC-9 lung 
cancer cells, and the inhibitory effect of gefitinib on pEGFR 
in A549 cells is lower than that on PC9 cells. They also tested 
the expression of its downstream signaling pathways and 
found that treatment of A549 cells with gefitinib alone can 
reduce the expression level of pAKT, and the combination 
of the two drugs has a stronger inhibitory effect on ERK and 

p-ERK. Therefore, it is concluded that the MEK inhibitor 
simetinib and gefitinib have a synergistic inhibitory effect 
on tumor growth.

Miller et al.[56] used 12 cell lines, including lung cancer 
cells, to test the MEK inhibitors U0126 and PD325901 (the 
inhibitory effect on ERK1 and ERK2 phosphorylation is 
about 500 times stronger than CI-1040) on AXL and MET. 
Whether in vivo or in vitro experiments, the levels of AXL 
and MET were significantly reduced.

El-Chaar et al.[57] tested the combination of erlotinib 
(EGFR-TKI) and trametinib (MEK1/2-TKI) in 16 NSCLC 
cell lines with different RAS activation pathways. It was 
found that the combined inhibitory effect of EGFR and 
MEK can effectively block the growth of NSCLC tumor 
cells. Vojnic et al.[51] also found in lung cancer cells resistant 
to osimertinib due to BRAF fusion, the combination of 
trametinib (MEK1/2-TKI) and osimertinib (third-generation 
EGFR-TKI) effect can effectively improve the inhibitory 
effect of both. They have a synergistic effect on inhibiting 
the growth of tumor cells.

Targeting ERK to overcome EGFR-TKIs 
resistance
ERK, as the last gene of the RAS pathway, its effective 
expression is essential for cell proliferation and apoptosis. 
Therefore, the combined targeting of ERK and EGFR is an 
effective method to treat drug resistance caused by RAS 
pathway signal transduction. Li et al.[58] used two ERK 
inhibitors GDC0994 and VRT752271 in combination with 
osimertinib to effectively reduce the survival rate of the three 
cell lines resistant to osimertinib, and these cell lines had 
limited response to each inhibitor. The combination of ERK 
inhibitor and osimertinib can enhance cell apoptosis, and the 
reduction of Mcl-1 is also a key mechanism for enhancing 
the induction of cell apoptosis. They also conducted tumor-
bearing experiments on nude mice. The study found that 
osimertinib and ERK inhibitors alone had no obvious 
inhibitory effect on the tumor size of nude mice, but the 
combination of the two had a significant inhibitory effect on 
tumor growth [Table 1].

Table 1: Combination of drugs targeting the RAS-RAF-MEK-ERK pathway to resist EGFR-TKIs resistance
Inhibitors Targeting In combination Test phase References
/ RAS KYA1797K Cells, Mouse [6]

/ RAF LY3009120 Cells [51]

Gemcitabine RAF Solafini Cells [53]

Gefitinib (EGFR) MEK Smetinib, CI-1040 Cells [54,59]

Erlotinib (EGFR) MEK  Trametinib Cells [57]

Osimertinib (EGFR) MEK Trametinib Cells [51]

Osimertinib (EGFR) ERK GDC0994 、VRT752271 Cells, Mouse [58]
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CONCLUSION

EGFR is of great significance in cancer treatment. The 
discovery of EGFR mutations and the good therapeutic effect 
of EGFR-TKIs in non-small cell lung cancer have changed the 
treatment of non-small cell lung cancer from chemotherapy 
to targeted therapy or a combination of both. EGFR-TKIs 
treatment has become the standard treatment for patients with 
EGFR mutations and has become the first-line treatment. 
Unfortunately, resistance to EGFR-TKIs has emerged. To 
overcome drug resistance, researchers have studied drug 
combination methods. Some PI3K/AKT signaling pathway 
inhibitors combined with EGFR-TKIs have entered clinical 
trials and have obtained good resistance to EGFR-TKIs. 
Although KRAS mutation is one of the important mechanisms 
of lung cancer and EGFR-TKIs resistance, the current 
inhibitors targeting the RAS-RAF-MEK-ERK signaling 
pathway have been studied in related basic scientific research, 
and most of the inhibitory effects have been verified at the 
cellular level. However, there is still a long period of time to 
verify before the clinical trial stage, which will be one of the 
research directions of future scientific researchers.

In the treatment of lung cancer, in addition to EGFR-TKIs 
targeting the kinase binding region, drugs targeting EGFR also 
have antibodies targeting the ligand-receptor binding region.[15] 
[Figure 3]. In addition, the activation of the receptor is due to 
the binding of the ligand to the receptor, which activates the 
receptor. Therefore, if the binding of the ligand to the receptor 
is prevented, the effectiveness of EGFR-TKIs can be improved 
[Figure 3]. Aiming at the EGFR target, EGFR-TKIs combined 
with EGFR monoclonal antibodies have been used clinically to 
treat tumor cell resistance to EGFR-TKIs. On the other hand, 
from the perspective of ligand and receptor binding, blocking 
the shedding of ligand can also inhibit ligand-receptor binding, 
thereby resisting EGFR-TKIs resistance. A disintegrin and 
metalloproteinase (ADAM) ADAM10 and ADAM17 are 
widely considered to be the main “shedding enzymes” 

on the cell surface, responsible for shedding hundreds of 
ectodermal domains of the transmembrane matrix. ADAM10 
and ADAM17 are overexpressed in many cancers, and their 
activity is abnormally regulated by MAPK signaling.[60,61] In 
addition, ADAM10 and ADAM17 are considered promising 
drug targets because they are involved in the shedding of 
EGFR family growth factor ligands from the surface of cancer 
cells, which is a process that mediates mitotic signals for EGFR 
family receptors in an autocrine manner.[62-64] Therefore, in 
terms of pEGFR expression conditions, blocking the binding 
of EGFR ligand and receptor can control the expression of 
pEGFR from the root.

Since 2015, immunotherapy has become a hot topic in cancer 
treatment and has an important role in the treatment of lung cancer. 
At present, many hospitals have developed immunotherapy 
methods and achieved good results. Many scholars have begun 
to study the relationship between EGFR and immunotherapy. 
According to related research, EGFR mutation status is related 
to PD-L1 expression, which may eliminate the immune escape 
of EGFR-driven NSCLC.[65] However, the relationship between 
EGFR and PD1 is not yet perfect. It is believed that in the future, 
immunotherapy can be effectively applied to the clinic to help 
resist EGFR-TKIs resistance, thereby solving the main treatment 
problem of lung cancer.

AUTHORS’ CONTRIBUTIONS

The manuscript writing was instructed: MQ, ZG. Literature 
reading and writing the manuscript: WW. All co-authors 
commented on the manuscript and agreed with the conclusions 
of the manuscript.

FUNDING

This study is supported by funds from National Natural Science 
Foundation of China (81871892 Meihua Qu, 82070856 

Figure 3: The following methods can be used to prevent the expression of EGFR. The binding of ligand and receptor can be 
directly inhibited. On the one hand, a ligand-cleaving enzyme inhibitor can be used, and on the other hand, EGFR monoclonal 
antibody can be used to compete with EGFR ligand to bind to EGFR. At present, the combination of mAB and EGFR-TKIs has 
been used clinically to resist patients’ resistance to EGFR-TKIs



Wang, et al.: EGFR-TKIs Targeting RAS-EKR in NSCLC Treatment

Journal of Clinical Research in Oncology • Vol 4 • Issue 1 •  2021 7

Zhiqin Gao), Natural Science Foundation of Shandong 
Province (ZR2019BH036), the Science and Technology plan 
of Shandong Health Committee (2019WS244-2019WS243), 
and Science and Technology Development Project of 
Weifang (2018YX058, 2020YQFK017, 2018YX027, 
WFWSJK-2020-004, WFWSJK-2020-077).

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of interest.

ACKNOWLEDGMENTS

The author thanks the clinical doctor of Weifang Second 
People’s Hospital.

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA 
Cancer J Clin 2020;70:7-30.

2. Bearz A, Cecco S, Francescon S, Re FL, Corona G, Baldo P. 
Safety profiles and pharmacovigilance considerations for 
recently patented anticancer drugs: Lung cancer. Recent Pat 
Anticancer Drug Discov 2019;14:242-57.

3. London M, Gallo E. Epidermal growth factor receptor 
(EGFR) involvement in epithelial-derived cancers and its 
current antibody-based immunotherapies. Cell Biol Int 
2020;44:1267-82.

4. Inal C, Yilmaz E, Piperdi B, Perez-Soler R, Cheng H. Emerging 
treatment for advanced lung cancer with EGFR mutation. 
Expert Opin Emerg Drugs 2015;20:597-612.

5. Li WQ, Cui JW. Non-small cell lung cancer patients with 
ex19del or exon 21 L858R mutation: Distinct mechanisms, 
different efficacies to treatments. J Cancer Res Clin Oncol 
2020;146:2329-38.

6. Rotow J, Bivona TG. Understanding and targeting resistance 
mechanisms in NSCLC. Nat Rev Cancer 2017;17:637-58.

7. Park J, Cho YH, Shin WJ, Lee SK, Lee JH, Kim T, et al. A Ras 
destabilizer KYA1797K overcomes the resistance of EGFR 
tyrosine kinase inhibitor in KRAS-mutated non-small cell lung 
cancer. Sci Rep 2019;9:648.

8. De Mello RA, Liu DJ, Aguiar PN, Tadokoro H. EGFR and 
EML4-ALK updated therapies in non-small cell lung cancer. 
Recent Pat Anticancer Drug Discov 2016;11:393-400.

9. Sárosi V, Balikó Z, Smuk G, László T, Szabó M, Ruzsics I, et al. 
The frequency of EGFR mutation in lung adenocarcinoma and 
the efficacy of tyrosine kinase inhibitor therapy in a hungarian 
cohort of patients. Pathol Oncol Res 2016;22:755-61.

10. Shi Y, Li J, Zhang S, Wang M, Yang S, Li N, et al. Molecular 
epidemiology of EGFR mutations in asian patients with 
advanced non-small-cell lung cancer of adenocarcinoma 
histology-mainland China subset analysis of the PIONEER 
study. PLoS One 2015;10:e0143515.

11. Fortunato C, Giampaolo T. EGFR antagonists in cancer 
treatment. N Engl J Med 2008;358:1160-74.

12. Yano S, Kondo K, Yamaguchi M, Richmond G, Hutchison M, 
Wakeling A, et al. Distribution and function of EGFR in human 

tissue and the effect of EGFR tyrosine kinase inhibition. 
Anticancer Res 2003;23:3639-50.

13. Yarden Y. The EGFR family and its ligands in human cancer. 
Signalling mechanisms and therapeutic opportunities. Eur J 
Cancer 2001;37 Suppl 4:S3-8.

14. Yosef Y, Ben-Zion S. SnapShot: EGFR signaling pathway. Cell 
2007;131:1018.

15. Huang L, Fu L. Mechanisms of resistance to EGFR tyrosine 
kinase inhibitors. Acta Pharm Sin B 2015;5:390-401.

16. Singh M, Jadhav HR. Targeting non-small cell lung cancer 
with small-molecule EGFR tyrosine kinase inhibitors. Drug 
Discov Today 2018;23:745-53.

17. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, 
Okimoto RA, Brannigan BW, et al. Activating mutations in the 
epidermal growth factor receptor underlying responsiveness 
of non-small-cell lung cancer to gefitinib. New Engl J Med 
2004;350:2129-39.

18. Paez JG, Jänne PA, Lee JC, Tracy S, Greulich H, 
Gabriel S, et al. EGFR mutations in lung cancer: Correlation 
with clinical response to gefitinib therapy. Science 
2004;304:1497-500.

19. Juchum M, Günther M, Laufer SA. Fighting cancer drug 
resistance: Opportunities and challenges for mutation-specific 
EGFR inhibitors. Drug Resist Updat 2015;20:12-28.

20. Chong CR, Jänne PA. The quest to overcome resistance to 
EGFR-targeted therapies in cancer. Nat Med 2013;19:1389-400.

21. Cohen MH, Johnson JR, Chen YF, Sridhara R, Pazdur R. 
FDA drug approval summary: Erlotinib (Tarceva) tablets. 
Oncologist 2005;10:461-6.

22. Tsao MS, Sakurada A, Cutz JC, Zhu CQ, Kamel-Reid S, 
Squire J, et al. Erlotinib in lung cancer - molecular and clinical 
predictors of outcome. N Engl J Med 2005;353:133-44.

23. Liu Y, Zhang Y, Feng G, Niu Q, Xu S, Yan Y, et al. Comparison 
of effectiveness and adverse effects of gefitinib, erlotinib and 
icotinib among patients with non-small cell lung cancer: A 
network meta-analysis. Exp Ther Med 2017;14:4017-32.

24. Miller VA, Hirsh V, Cadranel J, Chen YM, Park K, Kim SW, 
et al. Afatinib versus placebo for patients with advanced, 
metastatic non-small-cell lung cancer after failure of erlotinib, 
gefitinib, or both, and one or two lines of chemotherapy 
(LUX-Lung 1): A phase 2b/3 randomised trial. Lancet Oncol 
2012;13:528-38.

25. Schuler M, Tan EH, O’Byrne K, Zhang L, Boyer M, Mok T, 
et al. First-line afatinib vs gefitinib for patients with EGFR 
mutation-positive NSCLC (LUX-Lung 7): Impact of afatinib 
dose adjustment and analysis of mode of initial progression 
for patients who continued treatment beyond progression. J 
Cancer Res Clin Oncol 2019;145:1569-79.

26. Ramalingam SS, Yang JC, Lee CK, Kurata T, Kim DW, 
John  T, et al. Osimertinib as first-line treatment of EGFR 
mutation-positive advanced non-small-cell lung cancer. J Clin 
Oncol 2018;36:841-9.

27. Xu X, Mao L, Xu W, Tang W, Zhang X, Xi B, et al. AC0010, an 
irreversible EGFR inhibitor selectively targeting mutated EGFR 
and overcoming T790M-induced resistance in animal models 
and lung cancer patients. Mol Cancer Ther 2016;15:2586-97.

28. Wang S, Song Y, Liu D. EAI045: The fourth-generation EGFR 
inhibitor overcoming T790M and C797S resistance. Cancer 
Lett 2017;385:51-4.

29. Iizuka-Ohashi M, Watanabe M, Sukeno M, Morita M, 



Wang, et al.: EGFR-TKIs Targeting RAS-EKR in NSCLC Treatment

8 Journal of Clinical Research in Oncology • Vol 4 • Issue 1 •  2021

Hoang NT, Kuchimaru T, et al. Blockage of the mevalonate 
pathway overcomes the apoptotic resistance to MEK inhibitors 
with suppressing the activation of Akt in cancer cells. 
Oncotarget 2018;9:19597-612.

30. Heavey S, O’Byrne KJ, Gately K. Strategies for co-targeting 
the PI3K/AKT/mTOR pathway in NSCLC. Cancer Treat Rev 
2014;40:445-56.

31. Correction: PTEN loss contributes to erlotinib resistance in 
EGFR-mutant lung cancer by activation of Akt and EGFR. 
Cancer Res 2015;75:1922.

32. Morgillo F, Della Corte CM, Fasano M, Ciardiello F. 
Mechanisms of resistance to EGFR-targeted drugs: Lung 
cancer. ESMO Open 2016;1:e000060.

33. Zhou S, Peyton M, He B, Liu C, Girard L, Caudler E, et al. 
Targeting ADAM-mediated ligand cleavage to inhibit HER3 
and EGFR pathways in non-small cell lung cancer. Cancer Cell 
2006;10:39-50.

34. Alimandi M, Romano A, Curia MC, Muraro R, Fedi P, 
Aaronson SA, et al. Cooperative signaling of ErbB3 and ErbB2 
in neoplastic transformation and human mammary carcinomas. 
Oncogene 1995;10:1813-21.

35. Noto A, De Vitis C, Roscilli G, Fattore L, Malpicci D, Marra E, 
et al. Combination therapy with anti-ErbB3 monoclonal 
antibodies and EGFR TKIs potently inhibits non-small cell 
lung cancer. Oncotarget 2013;4:1253-65.

36. Paik PK, Drilon A, Fan PD, Yu H, Rekhtman N, Ginsberg MS, 
et al. Response to MET inhibitors in patients with stage IV 
lung adenocarcinomas harboring MET mutations causing exon 
14 skipping. Cancer Discov 2015;5:842-9.

37. Belalcazar A, Azaña D, Perez CA, Raez LE, Santos ES. 
Targeting the Met pathway in lung cancer. Expert Rev 
Anticancer Ther 2012;12:519-28.

38. Improta G, Zupa A, Natalicchio MI, Sisinni L, Marinaccio  A, 
Bozza G, et al. Uncommon frame-shift exon 19 EGFR 
mutations are sensitive to EGFR tyrosine kinase inhibitors in 
non-small cell lung carcinoma. Med Oncol 2018;35:28.

39. Cheng L, Alexander RE, Maclennan GT, Cummings OW, 
Montironi R, Lopez-Beltran A, et al. Molecular pathology 
of lung cancer: Key to personalized medicine. Mod Pathol 
2012;25:347-69.

40. Beau-Faller M, Prim N, Ruppert AM, Nanni-Metéllus I, 
Lacave R, Lacroix L, et al. Rare EGFR exon 18 and exon 20 
mutations in non-small-cell lung cancer on 10 117 patients: 
A multicentre observational study by the French ERMETIC-
IFCT network. Ann Oncol 2014;25:126-31.

41. Arcila ME, Nafa K, Chaft JE, Rekhtman N, Lau C, 
Reva BA, et al. EGFR exon 20 insertion mutations in lung 
adenocarcinomas: Prevalence, molecular heterogeneity, 
and clinicopathologic characteristics. Mol Cancer Ther 
2013;12:220-9.

42. Sharma SV, Bell DW, Settleman J, Haber DA. Epidermal 
growth factor receptor mutations in lung cancer. Nat Rev 
Cancer 2007;7:169-81.

43. Yamamoto C, Basaki Y, Kawahara A, Nakashima K, Kage M, 
Izumi H, et al. Loss of PTEN expression by blocking nuclear 
translocation of EGR1 in gefitinib-resistant lung cancer 
cells harboring epidermal growth factor receptor-activating 
mutations. Cancer Res 2010;70:8715-25.

44. Kokubo Y, Gemma A, Noro R, Seike M, Kataoka K, Matsuda K, 
et al. Reduction of PTEN protein and loss of epidermal growth 

factor receptor gene mutation in lung cancer with natural 
resistance to gefitinib (IRESSA). Br J Cancer 2005;92:1711-9.

45. Yu ZY, Xiao H, Wang LM, Shen X, Jing Y, Wang L, et al. Natural 
product vibsanin a induces differentiation of myeloid leukemia 
cells through PKC activation. Cancer Res 2016;76:2698-709.

46. Weir HM, Bradbury RH, Lawson M, Rabow AA, Buttar D, 
Callis RJ, et al. AZD9496: An oral estrogen receptor inhibitor 
that blocks the growth of ER-positive and ESR1-mutant breast 
tumors in preclinical models. Cancer Res 2016;76:3307-18.

47. Kim WK, Bach DH, Ryu HW, Oh J, Park HJ, Hong JY, 
et al. Cytotoxic activities of Telectadium dongnaiense and 
its constituents by inhibition of the Wnt/β-catenin signaling 
pathway. Phytomedicine 2017;34:136-42.

48. Bachegowda L, Morrone K, Winski SL, Mantzaris I, 
Bartenstein M, Ramachandra N, et al. Pexmetinib: A novel 
dual inhibitor of Tie2 and p38 MAPK with efficacy in 
preclinical models of myelodysplastic syndromes and acute 
myeloid leukemia. Cancer Res 2016;76:4841-9.

49. Tong CW, Wu WK, Loong HH, Cho WC, To KK. Drug 
combination approach to overcome resistance to EGFR tyrosine 
kinase inhibitors in lung cancer. Cancer Lett 2017;405:100-10.

50. Fumarola C, Bonelli MA, Petronini PG, Alfieri RR. Targeting 
PI3K/AKT/mTOR pathway in non small cell lung cancer. 
Biochem Pharmacol 2014;90:197-207.

51. Thompson H. US National Cancer Institute’s new Ras project 
targets an old foe. Nat Med 2013;19:949-50.

52. Vojnic M, Kubota D, Kurzatkowski C, Offin M, Suzawa K, 
Benayed R, et al. Acquired BRAF rearrangements induce 
secondary resistance to EGFR therapy in EGFR-mutated lung 
cancers. J Thorac Oncol 2019;14:802-15.

53. Li J, Pan YY, Zhang Y. Sorafenib combined with gemcitabine 
in EGFR-TKI-resistant human lung cancer cells. Oncol Lett 
2013;5:68-72.

54. Dougherty DW, Friedberg JW. Gemcitabine and other new 
cytotoxic drugs: Will any find their way into primary therapy? 
Curr Hematol Malig Rep 2010;5:148-56.

55. Huang MH, Lee JH, Chang YJ, Tsai HH, Lin YL, Lin AM, et al. 
MEK inhibitors reverse resistance in epidermal growth factor 
receptor mutation lung cancer cells with acquired resistance to 
gefitinib. Mol Oncol 2013;7:112-20.

56. Li S, Chen S, Jiang Y, Liu J, Yang X, Quan S. Synergistic 
interaction between MEK inhibitor and gefitinib in EGFR-TKI-
resistant human lung cancer cells. Oncol Lett 2015;10:2652-6.

57. Miller MA, Oudin MJ, Sullivan RJ, Wang SJ, Meyer AS, 
Im  H, et al. Reduced proteolytic shedding of receptor tyrosine 
kinases is a post-translational mechanism of kinase inhibitor 
resistance. Cancer Discov 2016;6:382-99.

58. El-Chaar NN, Piccolo SR, Boucher KM, Cohen AL, Chang JT, 
Moos PJ, et al. Genomic classification of the RAS network 
identifies a personalized treatment strategy for lung cancer. 
Mol Oncol 2014;8:1339-54.

59. Li Y, Zang H, Qian G, Owonikoko TK, Ramalingam SR, Sun SY. 
ERK inhibition effectively overcomes acquired resistance of 
epidermal growth factor receptor-mutant non-small cell lung 
cancer cells to osimertinib. Cancer 2020;126:1339-50.

60. Miller MA, Meyer AS, Beste MT, Lasisi Z, Reddy S, Jeng KW, 
et al. ADAM-10 and -17 regulate endometriotic cell migration 
via concerted ligand and receptor shedding feedback on kinase 
signaling. Proc Natl Acad Sci U S A 2013;110:E2074-83.

61. Bartholomeusz C, Gonzalez-Angulo AM, Liu P, Hayashi N, 



Wang, et al.: EGFR-TKIs Targeting RAS-EKR in NSCLC Treatment

Journal of Clinical Research in Oncology • Vol 4 • Issue 1 •  2021 9

Lluch A, Ferrer-Lozano J, et al. High ERK protein expression 
levels correlate with shorter survival in triple-negative breast 
cancer patients. Oncologist 2012;17:766-74.

62. McGowan PM, Mullooly M, Caiazza F, Sukor S, Madden SF, 
Maguire AA, et al. ADAM-17: A novel therapeutic target for 
triple negative breast cancer. Ann Oncol 2013;24:362-9.

63. Gooz M. ADAM-17: The enzyme that does it all. Crit Rev 
Biochem Mol Biol 2010;45:146-69.

64. Witters L, Scherle P, Friedman S, Fridman J, Caulder E, 
Newton R, et al. Synergistic inhibition with a dual epidermal 
growth factor receptor/HER-2/neu tyrosine kinase inhibitor 
and a disintegrin and metalloprotease inhibitor. Cancer Res 

2008;68:7083-9.
65. Chen N, Fang W, Zhan J, Hong S, Tang Y, Kang S, et al. 

Upregulation of PD-L1 by EGFR activation mediates the 
immune escape in EGFR-driven NSCLC: Implication for 
optional immune targeted therapy for NSCLC patients with 
EGFR mutation. J Thorac Oncol 2015;10:910-23.

How to cite this article: Wang W, Li J, Ma S, Li H, 
Gao Z, Qu M. EGFR TKIs Combinding the inhibition 
of RAS-ERK signaling in NSCLC Treatment. J Clin Res 
Oncol 2021;4(1):1-9.


