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The advancement of new therapies, including targeted therapies and immunotherapies, has improved the survival

of non-small-cell lung cancer (NSCLC) patients in the last decade. Some NSCLC patients still do not benefit from

therapies or encounter progressive disease during the course of treatment because they have intrinsic resistance,

acquired resistance, or lack a targetable driver mutation. More investigations on the molecular biology of NSCLC

are needed to find useful biomarkers for current therapies and to develop novel therapeutic strategies. Src is a

non-receptor tyrosine kinase protein that interacts with cell surface growth factor receptors and the intracellular

signaling pathway to maintain cell survival tumorigenesis in NSCLC. The Yes-associated protein (YAP) is one of

the main effectors of the Hippo pathway and has been identified as a promoter of drug resistance, cancer

progression, and metastasis in NSCLC. Here, we review studies that have investigated the activation of YAP as

mediated by Src kinases and demonstrate that Src regulates YAP through three main mechanisms: (1) direct

phosphorylation; (2) the activation of pathways repressing Hippo kinases; and (3) Hippo-independent mechanisms.

Further work should focus on the efficacy of Src inhibitors in inhibiting YAP activity in NSCLC. In addition, future

efforts toward developing potentially reasonable combinations of therapy targeting the Src–YAP axis using other

therapies, including targeted therapies and/or immunotherapies, are warranted.

proto-oncogene tyrosine-protein kinase Src  yes-associated protein (YAP)  Hippo pathway

non-small cell lung cancer (NSCLC)  tyrosine-kinase inhibitor (TKI)  YES1  dasatinib

1. Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide, and most patients are diagnosed at an

advanced stage of disease . Non-small-cell lung cancer (NSCLC) accounts for 85% of lung cancer cases,

according to the classification of histopathology . Chemotherapy is used as the standard treatment for most

patients with advanced disease, but its effect is limited because of unsatisfactory efficacy and side effects . In the

last decade, new therapies that have been developed for advanced NSCLC treatment, including targeted therapy

and immunotherapy, have shown better clinical effects in terms of the objective response rate and prolonging

survival in comparison with conventional chemotherapy . Several oncogenic drivers of NSCLC, such as the

epidermal growth factor receptor (EGFR) and BRAF mutations, as well as anaplastic lymphoma kinase (ALK) and

ROS-1 rearrangements, have been uncovered and studied. Drugs targeting these oncogenic drivers have been

developed, and most of them have been approved by the US Food and Drug Administration (FDA) for the clinical

treatment of advanced NSCLC patients harboring oncogenic-driven mutations [6,8,9]. Currently, targeted therapies,

including those based on the use of EGFR-tyrosine kinase inhibitors (TKIs), BRAF inhibitors, and ALK inhibitors,
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have demonstrated promising efficacy, with a 60–80% response rate and 9–30 months of progression-free survival

in treating advanced NSCLC with relevant driver mutations . Immunotherapy using anti-PD-1/PD-L1 immune

checkpoint inhibitors has been developed as a new therapy for metastatic NSCLC that has demonstrated efficacy

in numerous clinical trials in which a 15–45% objective response rate was observed in addition to prolonged overall

survival . However, some NSCLC patients still do not have targetable driver mutations and do not benefit

from immunotherapy . In addition, acquired resistance to targeted therapies and immunotherapy occur after a

period of treatment in most NSCLC patients who had an initial response to the treatment . Acquired resistance

to multiple treatment modalities limits the five-year survival rate of NSCLC patients (~16%) . Therefore, further

investigation on the molecular biology of NSCLC is needed for the development of novel therapeutic strategies and

the determination of useful biomarkers for treatment selection.

Src (also known as proto-oncogene tyrosine protein kinase or c-Src) is a non-receptor tyrosine kinase protein that

has been reported to promote tumorigenesis and metastatic progression in various cancers . Src has also

been identified in human NSCLC and has been reported to interact with several growth factor receptors including

EGFR, human epidermal growth factor receptor 2 (HER2), hepatocyte growth factor receptor (HGFR; also known

as c-MET), platelet-derived growth factor receptor (PDGFR), insulin-like growth factor receptor (IGFR), fibroblast

growth factor receptor (FGFR), vascular endothelial growth factor receptor (VEGFR), and focal adhesion kinase

(FAK) . Yes-associated protein (YAP) is a key mediator of the Hippo signaling pathway and has been

identified as an important oncoprotein in human NSCLC . YAP has been reported to interact with growth

factor receptors and their downstream signaling pathways to promote drug resistance, cancer progression, and

metastasis in NSCLC .

Here, we review the crosstalk between Src family kinases and the Hippo/YAP signaling pathway and look for new

therapeutic targets in human NSCLC for future study.

2. Src in NSCLC

Src is a non-receptor tyrosine kinase protein that consists of the SH1 (tyrosine kinase) SH2, SH3, and SH4

(unique) domains; the SH3–SH2 connector; the SH2–kinase linker; a C-terminal tail regulatory region; and two

tyrosine sites (Tyr416 and Tyr527) (Figure 1A.) . The tyrosine site Tyr416 is located in a kinase domain (SH1),

while the other tyrosine site, Tyr527, is located in the C-terminal region . The intramolecular interactions among

the domains and phosphorylation of the two tyrosine sites are crucial for the regulation of Src. Src is usually

present in an inactive form when phosphorylated Tyr527 binds to the SH2 domain and the SH2–kinase linker binds

to the SH3 domain. This conformation protects the catalytic pocket of Tyr 416 in the kinase domain (SH1) from

inappropriate phosphorylation. The dephosphorylation of Ty527 causes a conformational change that unlocks the

catalytic pocket of Tyr 416 and leads to subsequent activation of Src by the intramolecular autophosphorylation of

Tyr416  (Figure 1B).
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Figure 1. The structure of Src and the regulation of its kinase activity. (A) Src consists of the SH1 (tyrosine kinase),

SH2, SH3, and SH4 (unique) domains; the SH3–SH2 connector; the SH2–kinase linker; a C-terminal tail regulatory

region; and two tyrosine sites (Tyr416 and Tyr527). (B) The regulation of Src activity depends on the

phosphorylation of two tyrosine sites and intramolecular interactions among the domains. Normally, phosphorylated

Tyr527 binds to the SH2 domain and the SH2–kinase linker binds to the SH3 domain, and these binding events

result in the protection of the catalytic pocket of Tyr 416 in the kinase domain (SH1) from inappropriate

phosphorylation. The dephosphorylation of Ty527 results in conformational change, unlocking the catalytic pocket

of Tyr 416 and subsequently activating Src through the intramolecular autophosphorylation of Tyr416.

Src protein kinase is expressed in the cells of normal tissues including the brain, bone, lungs, leukocytes, and

platelets. Src is involved in the transduction of signals from the cell surface receptors and plays an important role in

regulating cell growth, differentiation, and survival . Regarding the regulation of intracellular signaling

transduction, Src has been identified as an important oncoprotein that promotes cancer progression, invasion,

metastasis, and drug resistance in various cancers, including colorectal cancer, breast cancer, pancreatic cancer,

gastric cancer, and lung cancer . The overexpression and/or hyperactivation of Src have been reported in

human cancers and lead to the upregulation of various receptors of tyrosine kinases (RTKs), including EGFR,

HER2, c-MET, PDGFR, IGFR, FGFR, and VEGFR . In addition, Src interacts with other transmembrane receptors,

such as integrins/Focal adhesion kinase (FAK) and G-protein-coupled receptors (GPCRs), to upregulate their

downstream signaling . Regarding human NSCLC, previous studies have shown that the overexpression

of Src is associated with poor prognosis and the promotion of migration, invasion, metastasis, and drug resistance

. EGFR kinase domain mutations, such as L858R and exon 19 deletion, are the most frequent

oncogenic-driven mutations in human NSCLC (5–15% in Caucasians and 40–55% in East Asians), and EGFR-

tyrosine kinase inhibitors (TKIs) have been developed as an effective therapy for advanced EGFR-mutated NSCLC

. EGFR kinase domain mutations activate downstream signaling pathways, including the mitogen-

activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK), phosphatidylinositol 3‑kinase

(PI3K)/Akt/mTOR, and interleukin 6 (IL-6)/Janus kinase (JAK)/signal transducer, and the activator of transcription 3

(STAT3) signaling pathways . Several previous studies have provided evidence that Src activates the three

downstream signaling pathways (MAPK/ERK, PI3K/Akt/mTOR, and IL-6/JAK/STAT3), thus promoting resistance to

EGFR-TKIs in NSCLC . A recent study found that the Src family kinase YES1 (v-YES-1 Yamaguchi sarcoma

viral oncogene homolog 1) was amplified in NSCLC patients harboring EGFR mutations or echinoderm

microtubule-associated protein-like 4 (EML4)-anaplastic lymphoma kinase (ALK) fusion who had acquired

resistance to EGFR or ALK inhibitors . Therefore, the amplification of the Src family kinase YES1 was identified

as a mechanism for acquired resistance to EGFR and ALK inhibitors. In a study by Fan et al., it was demonstrated

that the forced overexpression of YES1 promotes resistance to EGFR-TKIs in the human NSCLC cell line PC9,

and the inhibition of Src re-enhances the cytotoxicity of EGFR-TKIs . Two previous studies also demonstrated

that inhibiting Src family kinase enhances the antitumor effect of EGFR-TKIs on EGFR-mutated NSCLC cells .

Studies about Src-altered resistance to targeted therapy in NSCLC are summarized in Table 1.

Table 1. Src-altered resistance to targeted therapy in non-small-cell lung cancer (NSCLC).
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19 deletion

/G719X/L861Q

Primary
Erlotinib,
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ALK: anaplastic lymphoma kinase; EGFR: epidermal growth factor receptor; EML4: echinoderm microtubule-

associated protein-like 4.

G-protein-coupled receptors (GPCRs) constitute a large family of diverse receptors that play crucial roles in the

function of normal tissues through the activation of intracellular signaling pathways in response to specific

extracellular signals. GPCRs have been found to play an important role in tumorigenesis and cancer progression

and have been reported to be overexpressed in human NSCLC . Therefore, therapeutic approaches targeting

GPCRs in metastatic NSCLC have been developed, and their efficacy is currently under investigation .

Previous studies have shown that the downstream signaling transduction of GPCRs depends on the

phosphorylation of Src kinase in some manner . Another two previous studies demonstrated that the crosstalk

between GPCRs and EGFR is bridged by Src kinase in human NSCLC cells. They found that some GPCRs, such

as formyl peptide receptor-like 1 (FPRL1) and cholecystokinin (CCK) receptors, are present in human NSCLC cells

and transactivate EGFR downstream signaling pathways, including MAPK and JAK/STAT3, to promote cell

proliferation through Src kinase. In addition, both studies showed that the inhibition of Src blocks the transactivation

of EGFR induced by the GPCRs . The Rho/Rho-associated protein kinase (ROCK) pathway is a downstream

signaling pathway that is regulated by Src and is involved in the promotion of cancer invasion and metastasis .

The co-expression of Rho and Src in human NSCLC has been reported, and therapy based on the targeting of

Rho/ROCK in metastatic NSCLC has been investigated in several studies . Onodera et al. showed that the

concurrent inhibition of Src and Rho/ROCK has a synergistic effect in suppressing NSCLC cell growth .

The Src kinase protein plays an important role in mediating signaling transduction between transmembrane cell

surface receptors and downstream intracellular pathways. The gene amplification of YES1 (one of the Src family

kinases) has been found to partly impact the clinical prognosis of stage I or II NSCLC in previous studies . To

date, YES1 is the only SRC family kinase member that has been found to be regulated by gene amplification, and

a high correlation has been demonstrated between the gene copy number and mRNA expression in human

NSCLC . Further, the experimental findings of a recent study conducted by Garmendia et al. suggest that

molecular alterations of YES1 could be used as a prognostic biomarker and therapeutic target in human NSCLC

. First, they showed that NSCLC patients with high YES1 expression had significantly shorter overall survival

times than those with low YES1 expression. Second, YES1 overexpression significantly increased NSCLC cell

proliferation in vitro and induced metastatic spread in preclinical mouse models. Third, the knockdown of the YES1

gene decreased NSCLC cell proliferation, invasion ability, and tumor growth in vivo. In addition, the antitumor effect

of the Src inhibitor dasatinib was investigated. It was found that dasatinib has significantly higher cytotoxicity

towards NSCLC cells with high rather than low YES1 expression. Furthermore, dasatinib treatment was found to

significantly inhibit tumor growth in a patient-derived xenograft (PDX) model with high YES1 expression. In these

PDX models, dasatinib treatment did not affect tumor growth in patients with low YES1 expression. The study

HIP1-ALK

fusion

[42][43]

[44][45]

[46][47]

[48][49]

[50]

[51][52][53]

[53]

[54]

[55]

[56]



Src and Hippo/YAP in NSCLC | Encyclopedia.pub

https://encyclopedia.pub/entry/2332 6/10

suggests that selected advanced NSCLC patients with high YES1 expression or genetic amplification may benefit

from dasatinib treatment .

The interactions among transmembrane cell surface receptors, Src kinase, and downstream signaling pathways

are summarized in Figure 2.

Figure 2. Src interacts with transmembrane cell surface receptors and mediates the transduction of intracellular

downstream signaling pathways. Src interacts with transmembrane cell surface receptors, including the

integrin/focal adhesion kinase (FAK), the receptor of tyrosine kinases (RTKs), and G-protein-coupled receptors

(GPCRs), and then activates downstream signaling pathways. Src activates downstream signaling pathways,

including mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK), phosphatidylinositol

3‑kinase (PI3K)/Akt/mTOR, interleukin 6 (IL-6)/Janus kinase (JAK)/signal transducer and the activator of

transcription 3 (STAT3), and Rho/Rho-associated protein kinase (ROCK) pathways to promote survival,

proliferation, angiogenesis, migration, invasion, and metastasis in non-small-cell lung cancer (NSCLC).
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