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ABSTRACT

Aberrant increased expression and aclivation cptr tyrosine kinases occur frequently in
human carcinomas. Several small molecules tage&oeptor tyrosine kinases, which have
crucial roles in the growth factor signaling thatmote tumor progression in various
malignancies, including non-small cell lung can¢®tSCLC), are currently in clinical
development. Therapeutic strategies include inbibitof growth factor tyrosine kinase
function. Drugs of this type include those thatgtdarthe epidermal growth factor receptor
tyrosine kinase, those that target vascular entlatlggowth factor receptors tyrosine kinase
and those that target anaplastic lymphoma recdptosine kinase. In this review we first
discuss the role of receptor tyrosine kinases imdm malignancies, and focus on discussing
the potential use of epidermal growth factor recefyrosine kinase inhibitors and the

VEGFR (vascular endothelial growth
factor receptor)

vascular endothelial growth factor receptors tyresiinase inhibitors in NSCLC. In addition,
we discuss the contribution of growth factor receptyrosine kinase inhibitors to the

clinically observed resistance, and toxicity.

Introduction

Non-small cell lung cancer (NSCLC) is the leadirmyse of
cancer-related deaths  worldwide and constitutes
approximately 85% of all lung cancers [1, 2]. Thastv
majority of patients with advanced NSCLC are notabile
and overall five year survival is 14% (Stage IlIAo (Stage
I1IB), and 1% (Stage IV) [3]. Chemotherapy, a catggy

of cancer treatment that uses chemical substamrsgecially
one or more anti-cancer drugs is beneficial foigmas with
locally advanced and metastatic disease. Numerbaseplll
studies have determined the superiority of systemic
chemotherapy over best supportive care. Platinurseda
chemotherapy has been widely accepted as the sthofla
care for the initial treatment of advanced NSCL(. [4
However first line chemotherapy is modest at best with
substantial toxicity. Clearly a different approasmeeded for
the treatment of NSCLC.

Protein kinases are key regulators of cell functitat
contribute one of the largest and most functionaliyerse
genes families. By adding phosphate groups to mtbst

proteins, they direct the activity, localization darverall
function of many proteins, and serve to orchestitaeactivity
of almost all cellular processes. Kinases are qaeily
prominent in signal transduction and co-ordinatibcomplex
functions such as the cell cycle. Tyrosine kinasem§ a
significant share of all oncoproteins thus theetakntre stage
as possible targets for cancer therapy. The retisobvery of
tyrosine kinase driver mutations as a therapewiget for
cancer and ATP-binding domain of tyrosine kinasagehled
to clinical development of many tyrosine kinaseiliitors in
various malignancies, including lung cancer [5-7].

In recent years, knowledge about the roles of prdigosine
kinases in progression, metastasis, and growth hat t
metastatic site in NSCLC and the understanding®CNC as

a heterogeneous disease with several genetic suteset also
received considerable attention, and have led to an
improvement of patients treatment outcome. In thikoding

we will discuss tyrosine kinase, epidermal growtctor
receptor tyrosine kinase inhibitors and vasculadogmelial
growth factor receptor inhibitors in NSCLC.
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Tyrosine Kinase

Atyrosine  kinaseis anenzymtet can  transfe
a phosphate group from ATP to a protiira cell. It functions
as an "on" or "off* switchin many cellular functions
Tyrosine kinases are a subclasspuftein kinas. Tyrosine
kinases are a subgroup dhe larger class protein
kinaseghat attach phosphate groups to other amino
(serine and threonine) [8, 9]. Phosphoryls of proteins by
kinases is an important mecligm in communicating signa
within a cell (signal transduction) and regulaticgllular
activity, such as cell division. Protein kinases daecome
mutated, stuck in the "on" position, and cause guleded
growth of the cell, which is a necessary stepr the
development of cancer. Therefore, kinase inhibjtasch
as imatinih are often effective cancer treatments. M
tyrosine kinases have an associiprotein tyrosine
phosphatasewhich removes the phosphate group. Tyro
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kinases function in a variety of processes, patswanc
actions, and are responsible for key events inbody. The
receptor tyrosine kinases function in transmembsagrealing,
whereas tyrosine kinases within the cell functionsignal
transduction to the nuclei Ligand binding to the extracellular
domain of the receptor promotes receptor dimenna
reailting in autophosphorylation of specific tyrosiresidues
of the cytoplasmic kinase domain. Besides i
phosphorylation sites for regulation of their owindse
activity, other phosphorylation sites of kinases heing use
to control protein interaions. The activated receptor recrt
interacting proteins that bind to certain phosplaiign sites
Recruited and phosphorylated signaling proteins
subsequently able to phosphorylate other protelis [L1].
Activation of (multiple) signaling pathvwys eventually leads
to biological responses such as cell activation)iferation,
differentiation, migration, survival, and vasculfz@rmeability
(Figurel).
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Figure 1: Tyrosine kinase signaling and associated growth factor receptors. On activation (by growth factor binding), the gréw
factor receptor such as EGFR and VEGFR authophoglaltes tyrosine residues in its cytoplasmic domaihich serve as a dcing
sites br the assembly of protein complexes that trans#i@®E or VEGF signals to generate specific bioldgieaponse

EPIDERMAL GROWTH FACTOR
TYROSINE KINASE INHIBITORS

RECEPTOR

Epidermal growth factor receptor (EGFR) belongs tamily
of receptor tyrosine kinases (RTKs) that incl
EGFR/ERBB1, HER2/ERBB2/NEU, HER3/ERBB3, &
HER4/ERBBA4. In normal cells, the binding of ligandach a:
epidermal growth factor (EGF), induces a conforoval
change that facilitates receptor homar heterodimer

formation, thereby resulting in activation of EGRERosine
kinase activity [12]. Activated EGFR then phosphatgs its
substrates, resulting in activation of multiple dstvean
pathways within the cell, including the PI-AKT-mTOR
pathway, which isinvolved in cell survival, and the R
RAF-MEK-ERK pathway, which is involved in ce
proliferation (Figure 1) [1-15]. EGFR is overexpressed in the
majority of NSCLC and it is an important target ihe
treatment of NSCLC and EGFR associated signalithways
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are frequently dysregulated. EGFR is involved igutation of
numerous oncogenic functions such as cell prolifama
survival, differentiation, neovascularisation, isian anc
metastasis. Activating mutations HGFR lead to constitutivi
tyrosine kinase activation and oncogenic transformatior
lung epithelial celldn vitro [16, 17] One major approach
EGFR inhibition is the use of smatiolecule inhibitors o
intracellular tyrosine kinase domain which blocke
extracellular domain of the eeptor. Gefitinib and erlotini
are orally administered EGFRrosine kinase inhibitor:
which compete with ATP for binding to the tyros-kinase
domain.

EGFR-TKIs Resistant mutations

EGFR overexpression has been associated with aeruai
cancers, inclding lung cancer. Its constant activation was
to the involvement of somatic mutations. Most patewith
NSCLC were reported to have tumour associated E
mutations [18, 19]. These mutations occur withinFRGexons
18-21, which encodes a portion betEGFR kinase doma
(Figure 2). Exon 19 deletions or exon 21 L858R pc
mutations are the most frequently recorded in ptievith
NSCLC [21, 22]. Resistance to kinase inhibitorsgéding
epidermal growth factor receptor (EGFR) tyrosineakie wa:
reported in patients with nosmall cell lung cance
documented resistance cases were associated wittarg
resistance mutations such as exon 20 insertionsch
comprise approximately 4-9.2% of @iGFR-mutated lung
tumors [23, 24]. Most EGFR exon 20 irtions occur in
between amino acids 767 to 774 of exon 20, withi lbop
that follows the Chelix of the kinase domain of EGFR [2
Decreased sensitivity to reversible and irreveesiBlGFF-
TKls [26-29], and to mutargelective covalent EGFTKIs

Wz4002 [30] and Ca686 [31] were reported to be
associated with resistant mutations, EGFR exonn2@rtion
mutants, outside of A763_Y764insFQEA. Also, patenith
tumors harboring EGFR exon 20 insertion mutationslving
amino acids A767, S768, D770, P and H773 were reported
to display lack of response when treated with it or
erlotinib [32, 33]. In retrospective and prospective analyse
patients with NSCLCs harboring typical EGFR exon
insertions, most displayed progressive diseaskdicourse of
treatment with gefitinib or erlotinib or afatinit34]. It is not
worthy that N771GY and A7¢V769dup, which are novel
somatic insertion mutations in exon 20, and S76&"
missense mutation, were all identified in the AdricAmericar
cohort [35,36]. In East Asian patients, S768l, a som
EGFR mutation, was reported with evidence, sugggst
potential role in EGFR TKI resistance [37, 38]. TEGFR
mutational status seems also to vary between fleapy lung
tumor and the corresponding meases. Often, th&GFR
mutations would be present in the primary lung turbot
appear to be absent in the metastases. Accordirsguera
studies, the discordance rate EGFR mutations ranged
between 16.2% to 32.5% [39, 40]. Another most com
cause ofTKI resistance is the development of a second E!
mutation known as T790NThe substitution of threonine with
methionine at amino acid position 790 (T790M), fees $econt
mutation in EGFR, is the most common resiste
mechanismThe EGFR T790M mutatioon exon 20 occurs
in 50% to 60% of patients initially diagnosed wih EGFF-
activating or -sensitizing mutation (either an exon 19 dele
or exon 21 L858R mutation) who experience dis
progression with a firdine EGFR TKI [41, 42]. Other
aberratims that may give rise to EGFR TKI resistance inel
PIK3CA mutations, EMT or MET amplification,
conversion to small cell lung cancer histology [43].

EGFR TXI sensitive

G719X Exon 19
Deletion/insertion L858R  L861Q
Autophosphorylation
Extracellular domain ¢ Domain

_Exons1-16 [[Exond7.] Exon18 = Exon19 = Exon20 | Exon2l  Exons22-28

Exon 20 T
insertion

‘ T790M’

EGFR TKI resistant

Figure 2.EGFR mutations. Exons 1821 of the EGFR kinase domain are depicMutations above the schematic are associ
with sensitivity to EGFR TKIs. Mutations listed bel the schematic are associated with EGFR TKI tasis. Adapted

from://www.mycancergenome.org

Adver se events associated with EGFR-TKI Therapy

Although much less toxic than the treatments theplaced
EGFR-TKIs are generally better tolerated than cytotc
chemotherapy. In randomized phase Il clinicallgfianany

patients with advanced NSCLC harboring EGFR mutal
that have been treatedtWiEGFF-TKIs as first-line treatment
were reported to develop side effects that advweedébct their
life [45, 46]. The most common adverse reactiort \EGFF-
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TKI are rash-like events that erupts most ofterttenface but
can also be seen on the chest, back, trunk, araskiand it
was observed in IPASS (66.2%), First SIGNAL (72.4%)
WJTOG 3405 (76%), and NEJOO2 (71%) studies in pttie
treated with gefitinib, in OPTIMAL (73%), EURTAC (86)
studies in patients treated with erlotinib and ldX-Lung 3
(89.1%), LUX-Lung 6 (80.8%) studies in patientsatesl with
afatinib [47-51]. In the BR.21 trial, grade 3/4 masvas
reported to occurr in 9% patients with a mediaretiim onset
of 8 days [52].

Diarrhea is another common class effect of theagdrit can
be seen at any time during treatment with EGFRbildvis.
Severe diarrhea occurred in about 3% to 6% of tieepts
taking erlotinib or gefitinib in phase 1l trialOther less
common side effects can be nausea and vomitingexgiag
and stomatitis.

Rare but statistically significant occurrencesraéistitial lung
disease (ILD) have been reported in randomized d>hihs
clinical trials. In studies of gefitinib, ILD occred in 0.3% to
1% of the US population and in about 2% of Japapesients
[53].ILD rates in the BR.21 trial erlotinib trial wereds than
1% [54].

VASCULAR ENDOTHELIAL GROWTH FACTOR
RECEPTOR TYROSINE KINASE INHIBITORS

Vascular endothelial growth factor (VEGF), a mitoge
specific for vascular endothelial cells, plays a kele in
angiogenesis. VEGF-related angiogenic signal isiated by
kinase domain receptor (KDR) and Fms-like tyroskiease
(FIt-1), which have intracellular tyrosine kinasdiaty [55].
Multiple tyrosine kinase receptors which appear have
important roles in the generation of new vessetenfipre-
existing ones for rapid tumor growth and, as suepresent
reasonable targets for chemotherapy strategy. Nargeted
tyrosine kinase inhibitors (cediranib, motesanibragenib,
sunitinib, vandetanib, nintedanib, pazopanib, &nib,
axitinib, etc) have been studied in many randomized
controlled trials for treatment of advanced nondémell lung
cancer (NSCLC) [56]. A meta-analysis of randomized
controlled trials compare the efficacy and toxicityf
chemotherapy plus multi-targeted TKI with chemo#psr
alone in patients with advanced NSCLC; therapy isting of
chemotherapy plus multi-targeted TKI was reportg&ibo et
al. to have specific advantages over chemotherapy dlone
terms of PFS and ORR [57]. The key tyrosine kinasget
that has generated the most interest through taggetucial
steps of angiogenesis is VEGFR. FDA approved andeth
under investigation are orally active small molecinhibitors
which target VEGF family of tyrosine kinases andvale
spectrum of other tyrosine kinase receptors.

Challenges Associated with VEGFR-TKIs Therapy

Survival of endothelial cells is highly relatedgmwth factor
signaling under normal physiological conditionshibitors of
angiogenesis via inhibition of VEGFR related tyreskinase
are capable of affecting signaling pathways in ¢mel@l cells

and thus might elicit toxicities as a result of esed
endothelial cell renewal capacity [58]. A meta-gsa of 10
randomized controlled trials showed that the useasitular
endothelial growth factor receptor (VEGFR) tyrosikiaase
inhibitors was associated with an increased riskfaifl
adverse events. Roberta,al. [59] reported the incidence and
risk of hepatic toxicity in patients receiving VEBHKIs
through a large up-to-date meta-analysis of avilabnical
trials. It is known that, one kinase is able to\ate several
downstream signaling pathways. By inhibition of mase
with a tyrosine kinase inhibitor, downstream sigmal
pathways can be deactivated. This might perturkciipe
biological outcomes which are not intended to adjlishas
been shown that specific kinases are involved e rtbrmal
physiology of certain organs such as kidneys aedthiyroid
gland. It has been suggested that specific toaitilike
nephrotic syndrome and fatigue, might be related
interference of these inhibitors with the normahdtion of
these organs [60, 61]. Besides the vascular sffebserved
with inhibition of the vascular endothelial growtiactor
(VEGF) pathway (i.e., hypertension and hemorrhagé¥gct
functional effects on the heart have been obsefwedeveral
small molecule TKiIs; sorafenib has been associatét
cardiac ischemic/infarct events in as many as 29¢atients
[62]. Effects on cardiac function have also beesoeisited
with sunitinib which has been associated with iases in
patients with left ventricular ejection fractionslw the lower
limit of normal leading to congestive heart failure some
cases [63].

Summary

A number of studies of the molecular mechanismdunf
cancer has led to the description and understarafisgveral
genetic abnormalities. Among these, the identificatof a
number of potentially targetable driver mutationsgrowth
related protein kinases, especially tyrosine kisase lung
cancer and have led to the discovery of severaénpial
molecular targets for therapeutic design, such mdeemal
growth factor receptor (EGFR) and vascular endd@hel
growth factor receptor (VEGFR) [64, 65]. The deyet®nt of
effective chemotherapeutics which target growth tdiac
receptor tyrosine kinases in non-small cell lungcest has
significantly improves patients’ treatment outcorhi@wever,
resistance to tyrosine kinase inhibitors in NSCLE an
increasingly recognized issue. Future prioritiesr fihe
development of growth factor receptor tyrosine kmagents
in NSCLC include the development of drugs that aifely
inhibit a network of growth factor induced signgipathways.
Also, further biological studies are required to ttbe
understand the pathogenesis of lung cancer, edlyecin-
small cell lung cancer, in order to improve treatbresponse.
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