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ABSTRACT

Lung cancer (LC) is the most frequent cancer and the leading cause of cancer death in men in Russia and other countries. The 
majority of new LC cases are diagnosed in patients over 65 years old, and the number is growing. LC is a heterogeneous group 
of malignant tumors with different genetic and biological characteristics. Although smoking is considered the leading cause 
of non-small cell lung cancer (NSCLC), genetic predisposition and environmental influences are responsible for 10–15 % of 
cases. The tactics of treating patients with NSCLC alone has long been developed and, as a rule, does not cause any difficulties. 
Surgery is the main treatment for the early NSCLC stages. However, as the disease progresses the risk of metastasis increases 
and the effectiveness of the surgical treatment decreases sharply. The development of new medical therapy regimens and 
the use of targeted drugs have improved the survival rate of LC patients with carcinogenic driver mutations. Personalized 
treatments are becoming more available as sequencing technology develops. Targeted therapy undoubtedly improves the 
outcomes of NSCLC patients with tumors carrying carcinogenic EGFR driver mutations, ALK fusion, and ROS1 rearrangement. 
However, in addition to the main molecular targets, other genetic alterations have been identified and studied, such as: KRAS, 
MET, RET, HER2 and NRG. Some of these mutations (BRAF and NTRK) are already available for targeted therapy. The list of 
genetic alterations is growing and the molecular profiling of patients with NSCLC is expanding, which is very important in 
the progression of the disease. Molecular genetic selection identifies specific groups of patients who benefit from targeted 
therapy and provides insight into the potential mechanisms of resistance. Despite the progress made, further studies are 
needed to clarify interactions with immune cells in the tumor microenvironment as factors affecting survival. In addition, it is 
becoming increasingly important to study targeted therapy in the context of multimodal treatment. This review is devoted to 
understanding genetic changes, searching for new genetic targets, problems and future directions of development of targeted 
therapy in the treatment of patients with lung tumors.
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РЕЗЮМЕ

Рак легкого (РЛ) занимает первое место в структуре общей онкологической заболеваемости и смертности у мужчин 
как в России, так и в зарубежных странах. Большинство новых случаев РЛ диагностируется у пациентов старше 
65 лет, и в последние годы наблюдается тенденция к увеличению данного показателя. РЛ представляет собой ге-
терогенную группу злокачественных опухолей с различными генетическими и биологическими характеристиками. 
Несмотря на то, что курение считается основной причиной немелкоклеточного рака легкого (НМРЛ), генетическая 
предрасположенность и воздействие окружающей являются причиной развития 10–15 % случаев заболевания. 
Тактика лечения пациентов с одним НМРЛ давно отработана и, как правило, не вызывает никаких трудностей. Хи-
рургическое вмешательство является основным методом лечения ранних стадий НМРЛ. Однако, по мере прогрес-
сирования заболевания возрастает риск метастазирования, и в этом случае эффективность хирургического метода 
лечения резко снижается. Разработка новых схем лекарственной терапии, использование таргетных препаратов 
улучшила выживаемость больных с РЛ, несущими онкогенные драйверные мутации. Персонифицированное лечение 
становится все более доступным по мере развития технологии секвенирования. Таргетная терапия несомненно 
улучшает исходы больных НМРЛ, опухоли которых несут онкогенные драйверные мутации EGFR, слияние АLK и ре-
аранжировки ROS1. Однако, помимо основных молекулярных мишеней, выявлены и изучаются другие генетические 
альтерации, такие как: вирусный онкоген Kirsten RAS (КРАS), МЕТ, RЕТ, HER2 и NRG. Некоторые из таких мутаций 
(BRAF и NTRK) уже доступны для таргетной терапии. Перечень генетических альтераций растет и расширяется моле-
кулярное профилирование больных НМРЛ, что имеет весьма важное значение при прогрессировании заболевания. 
Молекулярно- генетический отбор идентифицирует конкретные группы пациентов, которые получают пользу от 
таргетной терапии и дает представление о потенциальных механизмах резистентности. Несмотря на достигнутый 
прогресс, необходимы дальнейшие исследования для выяснения взаимодействий с иммунными клетками в микро-
окружении опухоли как факторов, влияющих на выживаемость. Кроме того, становится все более важным изучение 
таргетной терапии в контексте мультимодального лечения. Настоящий обзор посвящен пониманию генетических 
изменений, поиску новых генетических мишеней, проблемам и будущим направлениям развития таргетной терапии 
в лечении пациентов с опухолями легких.
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INTRODUCTION

Lung cancer is a heterogeneous genomic dis-
ease [1]. Despite the fact that smoking is considered 
the main cause of non-small-cell lung cancer (NS-
CLC), genetic predisposition and environmental expo-
sure are responsible for the development of 10–15 % 
of cases of the disease. Targeted therapy improved 
the survival of patients with tumors carrying oncogen-
ic driver mutations [2]. There is an obvious need to 
deepen knowledge about genetic changes in NSCLC 
in order to create new targeted drugs. This review 
examines molecular genetic targets that are outside 
of the epidermal growth factor receptor (UPAC) gene 
mutation, ADC fusion and ROS1 rearrangement, new 
drugs, problems and future directions of targeted 
therapy development.

Viral oncogene KRAS
The viral oncogene Kirsten RAS (KRAS) is the 

most frequently mutating isoform of the RAS family 
and is found in 22 % of solid tumors, being one of 
the most common oncogenic driver mutations in 
cancer [3]. KRAS mutations are present in approxi-
mately 20–30 % of NSCLC patients. Despite the early 
discovery of the mutation, KRAS-mutant NSCLC is 
very heterogeneous, and therapy aimed at the KRAS 
mutation is just beginning to develop [4]. Most KRAS 
mutations were found in exons 12 and 13: 012C – 
39 %, G12V –18–21 % and G12D – 17–18 % [5]. The 
presence of the KRAS mutation in the tumor is asso-
ciated with a worse prognosis of NSCLC [6].

KRAS is one of the 4 proteins encoded by the RAS 
gene, guanosine triphosphate binds to KRAS in the 
active state, and guanosine diphosphate binds to 
KRAS in the inactive state. Activating point KRAS 
mutations initiate oncogenesis by losing the activ-
ity of GTPases (GTPase – guanosine triphosphate 
hydrolase enzymes), which leads to an active state 
and constantly activates the downstream signaling 
pathways of PI3K and MARK, causing resistance of 
NSCLC to existing drug therapy methods [7].

Early attempts to use the KRAS mutation as a tar-
get for targeted therapy failed due to the lack of 
known allosteric binding sites, alternative pathways, 
and the high affinity of the protein to the active gua-
nosine triphosphate- bound state [8]. Combination 
therapy with (MEK1/MEK2) MARK kinase inhibi-
tors formed the basis of a phase 2 clinical trial in 
patients with advanced KRAS-mutant NSCLC. The 

combination of selumetinib with docetaxel resulted 
in an increase in the overall response to treatment 
(ORR- Overall Tumor Responses Rate) to 37 % and 
the duration of median survival to progression (RFS) 
by 3.2 months. compared to patients who received 
only docetaxel. In the combination therapy group, 
there was an increase in the number of adverse tox-
ic events of the 3rd degree by 15 %, among which 
neutropenia, febrile neutropenia and asthenia pre-
vailed [9]. As a result, the study demonstrated suffi-
cient effectiveness, but at the expense of increased 
toxicity. Another phase 1 study showed that in pa-
tients with KRAS-mutant NSCLC treated with tra-
metinib with docetaxel, ORR reached 24 %, while in 
patients treated with trametinib with pemetrexed, 
this indicator was 17 % [10].

The first phase 1 clinical trial of the small molecule 
AMG 510, which specifically and irreversibly inhibits 
the KRAS G12C mutation by blocking it in the bound 
state, presented immediate results of treatment of 22 
patients with progressive solid tumors carrying the 
KRAS G12C mutation. Of the 6 patients with NSCLC, 
2 had a partial response after 6 weeks of treatment 
and 2 more had stabilization of the disease. The av-
erage duration of therapy, which was well tolerated, 
was 9.7 weeks [11]. Adverse toxic phenomena of the 
1st degree were noted in 68 % of observations; two 
toxic reactions of the 3rd degree, namely anemia and 
diarrhea, have been reported.

A study examining KRAS co-mutations found 
lower response rates of KRAS-mutant lung adeno-
carcinomas with inactivation of KEAR1 (Kelch-like 
ECH-associated protein 1) [12]. A subset of tumors 
resistant to anti- PD1 antibodies was characterized 
by low expression of PD-L1 and inactivation of 
the tumor suppressor gene STK11/LKB1 (Serine – 
Threonine Kinase 11/Liver kinase B1), which led to 
the accumulation of tumor- associated neutrophils 
with a suppressive effect on T cells [13]. Somatic 
mutations of LCV1 are noted in about 30 % of lung 
adenocarcinomas. Preliminary studies have shown 
that NSCLC with KRAS/LKB1 co-mutations clearly 
responds to targeted therapy. A study on mice with 
KRAS/LКВ1 or KRAS/p53 mutations revealed a se-
lective apoptotic response of KRAS/LКВ1 – mutant 
NSCLC to the metabolic drug phenformin, an analog 
of metfurmin. Apoptosis is observed in NSCLC cell 
lines with the LКВ1 mutation, but not with wild-type 
KRAS [14]. Thus, KRAS – mutant NSCLC is once again 
becoming a rapidly developing area of research for 
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the development of new treatment options for pa-
tients with unrealized liver needs.

BRAF proto- oncogene
The BRAF proto- oncogene encodes serine/thre-

onine kinase, which is located below RAS and leads 
to the transmission of signals via RAS-RAF (rapidly 
accelerated fibrosrcoma) – MARK (mitogen- activated 
protein kinase) – MARK/ERK (extracellular- signal-
regulated kinase) MARK/ERK signaling pathway, 
which is a key molecular cascade regulating cell 
growth [15]. After the discovery of BRAF mutations 
in melanoma, mutant BRAF was found to mediate 
lung adenocarcinoma carcinogenesis. BRAF muta-
tions are detected in 2–3 % of lung adenocarcinomas 
and in 50–75 % are represented by the BRAF V600E 
mutation, more often observed in smokers or quit 
smoking patients [16; 17].

Vemurafenib has demonstrated its effectiveness 
in patients with generalized NSCLC carrying the BRAF 
V600E mutation [18; 19]. Dabrafenib was studied in 
a phase 2 clinical trial in patients with BRAF V600E 
mutant metastatic NSCLC [20]. ORR reached 33 %, 
and the median overall survival(s) was 12.7 months. 
The combination of dabrafenib and trametinib was 
studied in another phase 2 study in patients with 
BRAF V600E mutant NSCLC. Combination therapy 
led to an increase in ORR to 63.2 % and was approved 
by the European Medicines Agency and the US FDA 
(Food and Drug Administration) for the treatment of 
patients with stage IV BRAF V600E mutant NSCLC [7].

Neurotrophin tyrosine kinase receptor
The tropomyosin receptor kinase (TRK) gene en-

codes tyrosine kinase receptors for neurotrophins 
found in many tissues and associated with the nerve 
growth factor family. Three members of the family 
are proto- oncogenes encoded by NTRK1, NTRK2 and 
NTAK3, which respectively produce TrkA, TrkB and 
THC proteins, activation of which leads to the trans-
mission of signals along the signaling pathways of 
MARK and ACT, leading to cell proliferation, differ-
entiation and survival [21]. NTRK rearrangements 
occurring in all 3 genes have been identified in var-
ious malignancies, including lung cancer [22]. Less 
than 1 % of cases of NSCLC carry NTRK mergers 
and occur in men and women of different ages with 
different smoking history [23].

Numerous tyrosine kinase inhibitors (TRK) are 
being investigated in the treatment of malignant tu-

mors with altered NTRK. The US FDA approved the 
appointment of larotrectinib and entrectinib for the 
treatment of solid tumors with NTRK mutations in 
adults and children [21]. The first report of a patient 
with a regression of the tumor carrier NTRK fusion, 
achieved as a result of the appointment of a selec-
tive tyrosine kinase inhibitor larotrectinib, dates back 
to 2015 [24]. Subsequently, the inhibition of tumor 
growth was confirmed experimentally. In a phase 1 
clinical trial, larotrectinib was studied in adults and 
children with different tumors carrying NTRK merg-
ers. In 55 patients with 13 types of tumors included 
in the study, the most common were NTRK3 mergers 
(n = 29), followed by NTRK1 (n = 25) and NTRK2 
(n = 1). As a result, the study demonstrated an overall 
response rate of 75 % to therapy [25].

The results of the phase 1 study of entrectinib in-
dicated the antitumor activity of the drug in a patient 
with NTRK 1 positive NSCLC [26].

Analysis of the results of 3 studies of entrectinib, 
which included 54 patients with NTRK or ROS1 posi-
tive tumors, demonstrated an ORR equal to 57 % with 
a median progression-free survival of 11.2 months 
and a median of 20.9 months [27]. Additional clinical 
trials of TRK inhibitors are currently underway.

Epidermal growth factor receptor 2
The human epidermal growth factor receptor 2 

(NR2), a member of the ErbB receptor tyrosine ki-
nase family, activates signaling via the RISC–ACT 
and MEK–EAK signaling pathways. NONR2 is acti-
vated by homo- and heterodimerization with other 
members of the ErbB family, but has no established 
ligand [28]. Overexpression of NR2 is observed in 
13–20 % of cases of NSCLC and is more common in 
women who have never smoked with adenocarcino-
ma [29]. HER2 mutations are oncogenic and lead to 
constitutive HER2 phosphorylation and activation of 
EGFR stimulating signaling pathways. Amplification 
and mutations of NONR2 are rare, accounting for 9 % 
and 3 % of cases of NSCLC, respectively [30]. NONR2 
mutations usually occur in exons 18–21, usually in 
exon 20 in codon 776 with a 12-pair duplication/in-
sertion of the YVMA amino acid sequence. It remains 
unclear whether patients with NONR2 mutant NSCLC 
have a worse outcome compared to other patients.

A prospective study of the pan- HER tyrosine kinase 
inhibitor dacomitinib, irreversibly binding NONR2, 
NONR1(EGFR) and HER4, included 26 patients with 
NONR2-mutated and 4 with NONR2-amplified NS-
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CLC [31]. The overall response rate to therapy was 
12 % in patients with NONR2 – mutant NSCLC; in 
patients with NONR2-amplified NSCLC, no tumor re-
sponse was registered in any observation. Median 
RES was 3 months for all patients. In the group of 
NONR2 mutant tumors, the median progression-free 
survival was also 3 months. with a one-year OV equal 
to 44 %. Pan- HER tyrosine kinase inhibitor afatinib, 
has shown limited action in NONR2-mutant NSCLC. 
The study of afatinib activity showed a median pro-
gression-free survival of 15.9 weeks, and a median 
of 56 weeks [32].

Other low-molecular- weight TCS are also being 
tested. Thus, with monotherapy with the irreversible 
pan- HER inhibitor neratinib, the median PFS was 2.9 
months. Median PFS increased to 4 months. with 
the combined appointment of neratinirb and temsi-
rolimus [33].

It was found that the response to neratinib varied 
depending on co-mutations and parallel activation 
of signaling pathways. Patients with NONR2-mutant 
NSCLC were characterized by a very low response 
rate and often had co-mutations in TP53 and NONR3. 
Activation of the RAS/RAF signaling pathway coin-
ciding with aberrations of cell cycle control points 
was associated with worse results and generally with 
a lack of clinical efficacy [34].

Antibody- based drugs have shown efficacy against 
NONR2-mutant NSCLC. In a phase 2 study, 18 pa-
tients with NONR2 mutant lung adenocarcinomas 
were treated with T-DM1 with a 44 % partial response 
rate and a median PFS of 5 months [35].

A European retrospective study analyzed data 
from 101 patients with NONR2-mutant NSCLC who 
received chemotherapy and/or NONR2-targeted 
therapy. The median OV was 24 months for all pa-
tients, despite whether or not targeted therapy was 
performed. The overall response to treatment was 
highest in patients who received trastuzumab with 
or without chemotherapy, or in those who received 
T-DM1 with a median PFS of 4.8 months [36].

Mesenchymal- epithelial junction (MET) is a proto- 
oncogene encoding transmembrane METH. Binding 
of the hepatocyte growth factor ligand by it activates 
the signaling pathways PI3K/ACT, MARK, NF-KB, as 
well as a signal transductor and activator of transcrip-
tion proteins that promote proliferation, increase cell 
mobility and invasion, block apoptosis. METH alter-
ations are found in many cancers, including NSCLC. 
They induce tumor progression through gene ampli-

fication, mutations, rearrangements, overexpression 
and phosphorylation of proteins [37].

MET-positive NSCLC is most often manifested by 
overexpression of proteins, while MET amplification 
is relatively rare and is observed in about 2.2 % of 
newly diagnosed cases of adenocarcinoma and up 
to 7 % of cases of all NSCLC. The amplification of 
the MET gene is a negative prognostic factor in the 
surgical treatment of NSCLC with an OV equal to 
25.5 months in patients with 5 or more copies per 
cell versus 47.5 months for patients with less than 
5 copies per cell, respectively. KIF5B MergerMETH 
was registered in lung adenocarcinoma, other METH 
rearrangements are rare [38].

Alterations of the MET gene in exon 14, observed in 
4 % of lung adenocarcinomas, are diverse and lead to 
carcinogenesis; changes are associated with age and 
a long history of smoking [39]. Substitutions of bases 
or deletions in MET that violate the 3' or 5' sites of 
the intron 14 junction lead to the omission of the 14 
exon of MET. The omission of exon 14 causes a de-
crease in ubiquitination and degradation of METH, 
which leads to an increase in the level of METH and 
the downward transmission of a signal stimulating 
carcinogenesis. Alterations of the 14 exon of MET 
vary widely. 126 different variants were identified in 
223 different aberrations of 14 exons [40].

Multi-purpose TKI and TKI with increased sensi-
tivity to METH are used against METH alterations. 
In addition, monoclonal antibodies are being stud-
ied in patients with METH-driver tumors. The dual 
MET/ALK inhibitor crizotinib demonstrated objective 
responses of MET-amplified and MET-mutant NS-
CLC [40]. Additionally, the combination of crizotinib 
with cabozantinib causes an antitumor response in 
patients with lung adenocarcinoma carrying a MET 
mutation in exon 14. A phase 1 clinical study showed 
that in patients with NSCLC with a high level of METH 
amplification, crizotinib has antitumor activity with 
a median PFS of 6.7 months [41].

A phase 2 study considered a specific MET inhib-
itor for the MET mutant in exon 14 of NSCLC-tepo-
tinib. In patients with MET mutation identification 
by liquid biopsy, preliminary results showed a 50 % 
level of objective response with a median PSF of 9.5 
months; in patients with mutation detection in tumor 
tissue during biopsy, the level of objective response 
was 45.1 % with a median PSF of 10.8 months [42].

In another phase 2 study, a specific MET inhibi-
tor capmatinib was studied in progressive NSCLC 
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carrying a MET mutation in exon 14. According to 
preliminary data, the level of objective response was 
40.6 %, and the median PFS was 5.42 months. Previ-
ously untreated patients had an objective response 
rate of 67.9 % and a median PFS of 9.69 months [43]. 
Kapmatinib has demonstrated action against brain 
metastases and good tolerability.

A specific biomarker for the selection of patients 
remains unidentified, therefore, at present, the de-
tection of mutation is a predictor of an effective 
response to NONR2-targeted therapy. Molecular 
aberrations in NONR2 mutant NSCLC are heteroge-
neous, which determines the different effectiveness 
of NONR2 kinase inhibitors. It is necessary to take 
into account important characteristics such as the 
type of mutation, the presence of NONR2 amplifica-
tion, expression and parallel activation of signaling 
pathways.

Proto-oncogene (RET)
RET – receptor tyrosine kinase mediating the de-

velopment of the neural crest, the activation of which 
causes cell proliferation, migration and differentiation 
of cells [44]. Alterations of RET genes are most com-
mon in thyroid and lung cancers [45]. With NSCLC, 
fusion with KIF5B is most common. RET mergers lead 
to ligand- independent dimerization and activation of 
the downstream signaling pathway.

RET mergers occur in approximately 1.4 % of cas-
es of NSCLC and in 1.7 % of lung adenocarcinomas 
and are found mainly in non-smoking patients older 
than 60 years. An NGS study of more than 4,800 pa-
tients with various malignancies showed that the al-
tered status of the RET gene occurs in 1.8 % of cases, 
most of which had concomitant genomic changes, 
suggesting that successful treatment should include 
individual combined approaches [46].

Various multikinase TKIs have been studied with 
NSCLC carrying RET rearrangements. A prospective 
phase II study to evaluate the efficacy of cabozantinib 
in 25 patients with RET-positive lung adenocarcinoma 
revealed a 28 % response rate to therapy with a medi-
an PFS of 5.5 months and median S = 9.9 months [47]. 
A similar clinical study of vandetanib in 19 patients 
with PFS-positive NSCLC showed a 53 % overall re-
sponse rate with a median RET of 4.7 months [48]. 
The global multicenter registry contains data on the 
results of treatment of 165 patients with RET-positive 
NSCLC, of which 53 were prescribed at least one RET 
inhibitor therapy [49]. The use of cabozantinib, suni-

tinib and vandetanib gave an overall response rate of 
37 %, 22 % and 18 %, respectively, in addition, lenva-
tinib and nantedanib also caused a tumor response. 
In all patients, the median PFS was 2.3 months, and 
the median S reached 6.8 months. Despite the fact 
that studies have confirmed the inhibitory activity of 
multikinase TKI in RET-positive NSCLC, the reaction 
to them was modest and short- lived.

RET-specific inhibitors are being developed in the 
hope of overcoming the limitations inherent in multiki-
nase inhibitors. A report on patients with RET-positive 
malignancies showed that the powerful KW inhibitor 
LOXO-292 caused a general response to treatment 
in 65 % of 26 patients with NSCLC. BLU-667, another 
selective RET inhibitor, has demonstrated activity in 
preclinical studies and objective tumor responses in 
patients with RET-positive NSCLC [50]. A study of 48 
patients showed a 58 % overall response rate for the 
entire group, in addition, BLU-667 is effective in patients 
with various KW mergers and metastases [51; 52].

Neuroregulin 1
The neuregulin 1 gene (NRG1) encodes the neu-

regulin protein. Unlike other mergers in NSCLC, NRG1 
encodes the tyrosine kinase receptor ligand HERZ 
and HER4. In these mergers, NRG1 is a 3' partner, 
other genes such as CD74, RBPMS, WRN and SDC4 
are 5' partners. The EGF domain NRG1, located in the 
carboxy- terminal region, is necessary for the interac-
tion of receptors. NRG1 mergers in NSCLC samples 
are detected in isolation from other known driver 
mutations [53; 54]. CD74-NRG1 mergers account 
for 1.7 % of lung adenocarcinomas and are most 
often found in invasive mucinous adenocarcinoma 
subtype of NSCLC, which accounts for 2 % to 10 % of 
all cases of lung adenocarcinoma [55]. CD74-NRG1 
fusion causes activation of the PI3K ACT signaling 
pathway, which induces carcinogenesis.

Despite the small amount of data available, an 
in vitro study showed that lapatinib and afatinib in-
hibit the phosphorylation of HER2, HER3 and ERK 
produced by CD74-NERG1 fusion. In two cases of 
NSCLC carrying NRG1 fusion, a response to therapy 
with afatinib, an inhibitor of HER2, was noted. Median 
PFS with NSCLC carrying the fusion of SLC3A2-NRG1 
and CD74-NRG1 was 12 months and 10 months, re-
spectively. Recently, it was reported that a patient 
with CD74-NRG1-positive NSCLC reacted to the in-
troduction of a monoclonal antibody against HER3 
for 19 months [56].
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CONCLUSION

Lung cancer is a heterogeneous group of malig-
nant tumors with different genetic and biological 
characteristics. Molecular genetic studies determine 
the appropriate therapy for many patients with NSCLC 
by precision drug exposure to specific alterations. 
The list of genetic alterations is growing and ex-
panding molecular profiling of patients with NSCLC 

is very important in the progression of the disease. 
Molecular genetic selection identifies specific groups 
of patients who benefit from targeted therapy and 
provides insight into the potential mechanisms of re-
sistance. Despite the progress made, further studies 
are needed to clarify interactions with immune cells 
in the tumor microenvironment as factors affecting 
survival. In addition, it is becoming increasingly im-
portant to study targeted therapy in the context of 
multimodal treatment.
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