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Introduction

Chromosomal rearrangements resulting in fusion proteins 
are a common oncogenic event in many human cancers. 
First discovered in hematological tumors, in the last three 
decades recurrent fusion oncoproteins have been found 
in solid tumors as well, using traditional methods such as 
cytogenetics, fluorescence in situ hybridization (FISH), 
and functional transforming assays. With the advent of 
next-generation sequencing (NGS) in the early 2000s, the 
number of recurrent gene fusions identified in solid tumors, 

including non-small cell lung cancer (NSCLC), has grown 
exponentially, and data emerging from The Cancer Genome 
Atlas (TCGA), the International Cancer Genome Consortium 
(ICGC) and individual studies have shown that gene fusions 
in solid tumors are more common than previously thought. 
To date, over 90% of gene fusions have been discovered in 
solid tumors by whole genome and transcriptome sequencing. 
However, only a fraction of them are “driver” events, with the 
majority being non-functional or insignificant bystanders. In 
fact, the presence of genomic fusions or rearrangements does 
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not necessarily imply a functional protein product that can 
cause cancer development (1).  

Lung cancer is the leading cause of cancer related 
mortality worldwide and constitutes an estimated 18.4% 
of all cancer deaths (2). Molecular characterization of lung 
cancer has been crucial for understanding its biology and is a 
key factor in improving diagnostics and developing effective 
treatments. NSCLC is the most frequent histological 
subtype, accounting for 85% of lung tumors. Among 
NSCLC, lung adenocarcinoma (LUAD) and squamous-cell 
carcinoma (LUSC) are the most common types (3,4).

Although several genetic alterations have been described 
in NSCLC, the oncogenic drivers of many lung cancers are 
still unknown. The most common genetic alterations thus far 
identified are mutations of the EGFR (17%) and KRAS (30%) 
genes. EGFR was the first targetable oncogene in NSCLC, 
and EGFR therapy has long served as the standard of care 
for lung cancer (5). KRAS, instead, was until recently a drug-
orphan oncogene (6). In addition to mutations, recurrent 
oncogenic gene fusions are also common in NSCLC. 
These fusions occur mainly in the adenocarcinoma subtype, 
making up almost 10% of all LUADs, and frequently involve 
the Anaplastic lymphoma kinase (ALK) (5–6%), C-ros 
oncogene 1 (ROS1) (2%), Ret Proto-Oncogene (RET) (1%) 
and neurotrophic tyrosine kinase receptor (NTRK) (<1%) 
genes (5). Generally speaking, these genetic alterations are 
mutually exclusive, drive the initiation and progression of 
cancer, and are still present during sub-clonal diversification. 
This makes them an optimal target for therapy/treatment (7). 

In lung cancer, both oncogenic fusions and EGFR 
mutations are found more frequently in patients with a light 
or non-smoking history. In addition, oncogenic fusions 
are mainly observed in young people, and occur more 
often in women than in men (6). Frequencies also vary 
by geographical region, with EGFR mutations and ALK 
fusions appearing more frequently in Asian than in Western 
populations. When considered individually, oncogenic 
fusions are relatively low-frequency events; collectively, 
however, they represent a substantial group of actionable 
driver oncogenes in LUAD (4). Their clinical importance 
has increased over the years because they define distinct 
subsets of NSCLC patients, and their identification has 
prompted the development of new diagnostic tests and 
several new drugs for the treatment of these patients (1,6,8).  

This review presents an overview of the current state 
of knowledge about NSCLC characterized by oncogenic 
rearrangements and of the therapeutic options available for 
these tumors. 

Oncogenic rearrangements in lung cancer 

The first oncogenic fusion identified in NSCLC was ALK, 
in 2007. The tyrosine kinase inhibitor (TKI) crizotinib, 
originally developed to inhibit the c-MET tyrosine 
kinase receptor, showed remarkable activity against ALK-
rearranged NSCLC in phase I–II clinical trials. Within 
four years, in 2011, crizotinib received FDA approval 
for the treatment of advanced ALK-rearranged NSCLC 
patients (9). Since then, second and third-generation ALK 
TKIs have also been developed, and treatment with TKIs 
has become the standard front-line therapy for advanced 
NSCLC (6,10). In addition, the encouraging results 
with crizotinib treatment for NSCLC provided a strong 
rationale for identifying other recurrent oncogenic fusions 
that could be targeted using already available TKIs. For 
example, when rearrangements of the ROS1 gene were 
found in NSCLC patients, the high similarity of the kinase 
domain of ROS1 and ALK proteins prompted several 
clinical trials with crizotinib that also showed some efficacy 
in ROS1 driven tumors (11). Subsequently, whole genome 
and transcriptome analyses revealed other oncogenic 
rearrangements including the RET, NTRK, neuregulin 1 
(NRG1), fibroblast growth factor receptor (FGFR)1/2/3 
genes—and more recently—the leukocyte receptor tyrosine 
kinase (LTK) gene, expanding the number of targetable 
driver oncogenes in NSCLC (12,13). Interestingly, gene 
fusions involving these genes are not specific to NSCLC and 
are also found in other hematological and solid tumors (14).  
Functional studies have revealed that NSCLC harboring 
these gene fusions are totally addicted to the oncogenic 
fusions, and clinical trials have demonstrated the efficacy of 
targeting these fusions with specific inhibitors (15) (Figure 1). 

In lung cancers, the cigarette smoke is recognized as 
a major exogenous contributor to cancer development 
because it contains many mutagenic compounds that can 
interact directly with the DNA and contribute to genomic 
instability. However, NSCLCs characterized by gene 
fusions are rarely associated with an history of smoking 
and the causes of recurrent oncogenic rearrangements are 
only partially elucidated (4,16). Endogenous and exogenous 
factors can trigger DNA rearrangements resulting in fusion 
genes. Indeed, cellular stress, aberrant DNA repair and 
recombination, spatial proximity are some factors that 
can trigger DNA rearrangements, as well as exposure to 
radiation or chemical compounds. In general, oncogenic 
rearrangements are the result of double-strand DNA breaks 
(DSBs) at two different loci, which are then aberrantly 
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repaired by non-homologous end joining (NHEJ) due 
to defects in the DNA damage repair machinery (17,18). 
Repair of DSBs occurs by homology-dependent and 
homology-independent recombination mechanisms (17). 
Homologous recombination (HR) requires the presence 
of a high-fidelity matching sequence to allow accurate 
DNA repair without loss of bases and it is usually activated 
by mammalian cells in late S and G2 phase, due to the 
availability of a homologous sister chromatid as a template. 
Conversely, NHEJ does not require the presence of a DNA 
strand as a template, therefore functioning in all stages of 
the cell cycle. It consists in the ligation of the two cut DNA-
free ends from either a single gene or entirely separate 
chromosomes and it can result in DNA translocation 
from one region or chromosome to another (19).  
Hence, NHEJ is considered as a highly mutagenic (error-
prone) method of DSB repair due to alterations of the 
original sequence at the sites of break joints and the cause 
of genomic rearrangements. Recent evidence supports 
alternative mechanisms of DSB repair at critical regions 
of the genome, such as coding sequences, to protect from 
DNA damage associated to oxidative stress (20). In 2016, 
Wei et al. described the transcription-coupled homologous 
recombination (TC-HR) as an alternative pathway used 
by non-dividing cells to obtain high fidelity and efficiency 
repair of DSBs using RNA transcripts as templates in 

actively transcribed genes. Emerging evidence indicates that 
RNA-templated TC-HR may be an important mechanism 
of DSB repair alternative to NHEJ that protects transcribed 
genome and prevent genomic rearrangements (20). 

DNA repair pathways are then essential to prevent 
the accumulation of DNA lesions and mutations that 
may promote tumorigenesis, and defects in DNA repair 
mechanisms can results in genomic rearrangements. DSBs 
at two different DNA loci has been identified as the most 
deleterious type of DNA damage, and diverse mechanisms 
of chromosomal rearrangements have been reported (4,16). 
Sometimes there are interchromosomal rearrangements 
where two non-homologous chromosomes exchange 
some genetic material. This can be reciprocal (reciprocal 
translocation), with both chromosomes exchanging genetic 
material, or non-reciprocal (insertion), with just one of the 
chromosomes receiving genetic material from the other. 
Intrachromosomal rearrangements are also possible, in 
which case the genetic material is exchanged, gained or 
lost within a single chromosome through the processes 
of inversion, duplication or deletion. Chromothripsis 
and chromoplexy are other known mechanisms leading 
to genomic rearrangements, in which fusions arise due 
to inaccurate reassembling of chromosome fragments 
after one chromosome, one chromosome region or a few 
chromosomes shatter in many fragments and produce a 
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Figure 1 Timeline of the discovery of NSCLC oncogenic fusions and approval of targeted inhibitors. Since the identification of EML4-
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approved in the past years. Events related to the same gene/drug are in boxes of the same color. FDA, US Food and Drug Administration; 
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large number of fusion genes in a single event (16,21). 
In NSCLC, both reciprocal translocations and inversions 

that result in gene fusions with altered functions have 
been reported (22). Reciprocal translocations are usually 
more frequent than inversions in lung cancer. However, 
oncogenic ALK fusions, which can be the result of both 
reciprocal translocations and inversions, are by far mostly 
represented by an inversion on chromosome 2 that generates 
the oncogenic fusion Echinoderm microtubule associated 
protein like 4 (EML4)-ALK (23). RET rearrangements, too, 
are mainly inversions because most RET fusion partners are 
on the same chromosome (chrom. 10) of the RET gene. 

Typically, in LUAD chromosomal rearrangements that 
generate gene fusions involve genes that encode receptor 
tyrosine kinases (RTKs) and can be considered as tyrosine 
kinase fusions (Table 1). In contrast, gene fusions or 
mutations involving RTKs are rarely found in LUSC (5). 
Rearrangements of genes that encode serine-threonine 
kinases or transcription factors have also been identified in 
LUAD, but more frequently in LUSC (50).

Common features of oncogenic fusion-driven 
NSCLC

Tyrosine kinase fusions are characterized by the 
juxtaposition of the 5' region of an unrelated gene (fusion 
partner) to the 3' region encoding the kinase domain 
of the RTK gene (14). At the C-terminus the resulting 
fusion proteins (chimeric proteins) retain the intracellular 
kinase domain of the RTKs fused to the dimerization 
or oligomerization domains of the fusion partner at the 
N-terminus that leads to ligand-independent signaling. In 
fact, due to the dimerization/oligomerization domain of the 
partner, the oncogenic fusion proteins exhibit constitutive 
tyrosine kinase activity that generates downstream 
oncogenic signaling and promotes cell proliferation and 
survival (14) (Figure 2). Interestingly, FGFR fusions are an 
exception to this rule because the 5' region of the FGFR 
gene is fused to the 3' of the partner gene and the resulting 
fusion chimera retains the extracellular, transmembrane and 
tyrosine kinase domain of FGFR (51). In addition, because 
the fused TK is under the control of the regulatory regions 
of the fusion partner, the fusion proteins are sometimes 
ectopically expressed in a specific cell or tissue, and the level 
of expression is dependent on the transcriptional activity 
of the partner gene. For example, ALK fusions are always 
ectopically expressed in NSCLC because physiological ALK 
RTK expression is restricted to embryonic development and 

to some cells of the adult central nervous system (CNS) (23). 
NSCLC harboring oncogenic chimeras share a 

common biological framework. First, they have a tyrosine 
kinase domain that is aberrantly activated and drives 
tumorigenesis. NRG1 fusions are an exception, because 
NRG1 is not an RTK (see the section on NRG1 in this 
review). Second, there is a fusion partner that contributes 
dimerization or oligomerization domains and allows 
spontaneous dimerization and constitutive activation of the 
kinase in the absence of the physiological ligand. Indeed, 
EML4 provides a coiled-coil domain for the dimerization 
of EML4-ALK fusions as well as the coiled-coil domain 
containing 6 (CCDC6) protein for the fusion CCD6C-
RET (52). In contrast, almost none of the partners in 
ROS1 fusions feature dimerization or coiled-coil domains, 
or other dimerization motifs that  lead to the constitutive 
kinase activity of the fusion proteins, therefore a different 
mechanism of activation can be operating (11). In 
general, dimerization of the fusion protein is needed for 
the transformation to take place. Third, different fusion 
partners have been described for all of the oncogenic fusions 
derived from different chromosomal rearrangements, 
including reciprocal translocations and inversions (Table 1). 
In some cases, only slightly different biological properties 
have been reported so far, and oncogenic fusions with 
different partners yield comparable efficacy to targeted 
therapy. Conversely, some oncogenic fusions display several 
variants due to different breakpoints in the partner gene 
resulting in fusion proteins with different regions fused to 
the kinase domain of the RTK gene. Fusion variants exhibit 
specific biological and molecular properties and in some 
cases also different sensitivities to specific TKIs, as reported 
for EML4-ALK variants (53,54) (see the section on ALK 
in this review). Fourth, different RTKs can share the same 
fusion partner, such as kinesin family member 5B (KIF5B) 
for ALK and RET, or CD74 for ROS1 and NTRK, or 
CCDC6 for RET and ROS1 but the biological functions 
are more related to the aberrant activity of the fused kinase 
rather than the intrinsic biological properties of the fusion 
partner.

Another important aspect is the subcellular localization of 
the oncogenic fusion protein which is commonly dependent 
on the breakpoint in the RTK gene and the physiological 
localization of the fusion partner. Subcellular localization is 
important because it can influence downstream signaling. 
Typically, fusion proteins lose the extracellular region and 
the transmembrane domain of the RTK. For example, all 
ALK fusions in NSCLC are cytoplasmic because all fusion 
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Table 1 Recurrent chromosomal rearrangements in NSCLC

Oncogene Fusion partners Chromosomal rearrangement Frequency (%) Type of tumor Refs

ALK EML4- inv(2)(p21;p23) 3–7 NSCLC, papillary thyroid carcinoma, breast carcinoma (23)

TFG- t(2;3)(p23;q21) CRC, renal cell carcinoma (24)

KIF5B- t(2;10)(p23;p11) (25)

KLC1- t(2;14)(p23;q32) (26)

STRN- t(2;2)(p23;p22) (27)

TPR- t(1;2)(q31.1;p23) (28)

HIP1- t(2;7)(p23;q11.23) (29)

MRPS9- t(2;2)(p23;q12.1) (30)

ROS1 CD74- t(5;6)(q32;q22) 1–3 NSCLC, glioblastoma, ovarian cancer (31)

EZR- inv(6)(q22q25.3) cholangiocarcinoma, CRC, gastric adenocarcinoma (32)

TPM3- t(1;6)(q21.2;q22) (33)

SDC4- t(6;20)(q22;q12) (33)

SLC34A2- t(4;6)(q15.2;q22) (34)

LRIG3- t(6;12)(q22;q14.1) (33)

RET KIF5B- inv(10)(p11.22q11.2) 1–2 NSCLC, papillary thyroid carcinoma, CRC (33)

CCD6- inv(10)(q11.2q21) (33)

NCOA4- inv(10)(q11.21q11.22) (35)

TRIM33- t(1;10)(p13;q11.2) (36)

ERC1- t(10;12)(q11.2;p13) (37)

CLIP1- t(10;12)( q11.2q24.31) (38)

NTRK1 CD74- t(1;5)(q23;q33.1) <5 NSCLC, CRC, papillary thyroid carcinoma, SCC (39)

MPRIP- t(1;17)(q23; p11) (39)

TPM3- inv(1)(q21.3q23) (39)

SQSTM1- t(1;5)(q23;q35) (40)

NTRK2 TRIM24- t(7;9)(q33;q21) (41)

NTRK3 ETV6- t(12;15)(p13.2;q25.3) (42)

NRG1 CD74- t(5;8)(q33.1;p12) 0.1–0.4 Adenocarcinoma, squamous cell lung carcinoma, 
pancreatic cancer, gallbladder cancer, renal cell 
carcinoma

(43)

SLC3A2- t(8;11)(p12;q12.3) (44)

SDC4- t(8;20)(p12;q13.12) (45)

VAMP2- t(8;17)(p12;p13.1) (46)

ATP1B1 t(1;8)(q24.2;p12) (47)

FGFR1 BAG4- t(8;8)(p11.23;p11.23) <1 Squamous cell lung carcinoma, cholangiocarcinoma (48)

FGFR2 SHTN1- t(10;10)(q25;q26) (49)

CIT- t(10;12)(q26;q24) (49)

FGFR3 TACC3- del(4)(p16;p16) (48)

LTK CLIP1- t(12;15)(q24;q15.1) 0.4 NSCLC (13)

NSCLC, non-small cell lung cancer; ALK, anaplastic lymphoma kinase; ROS1, C-ros oncogene 1; NTRK, neurotrophic tyrosine kinase 
receptor; CRC, colorectal cancer; SCC, squamous cell carcinoma; NRG1, neuregulin 1; FGFR, fibroblast growth factor receptor; LTK, 
leukocyte receptor tyrosine kinase.
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partners localize only in the cytoplasm, whereas in ALK-
rearranged anaplastic large cell lymphoma (ALCL) NPM-
ALK, the most frequent fusion, shows cytoplasmic and 
nuclear localization due to NPM physiological subcellular 
localization (55). ROS1 and RET are also commonly 
cytoplasmic, but in some rearrangements they can retain the 
transmembrane domain and localize differently (11,52). For 
example, some ROS1 fusions, SDC4-ROS1 and SLC34A2-
ROS1, show endosome-localization with subsequent strong 
activation of the MAPK pathway, whereas CD74-ROS1 has 
an endoplasmic reticulum localization (11).  

Remarkably, recurrent fusions found in NSCLC have 
been described in other tumors: ALK, ROS1, RET, NTRK1 
and FGFR1/2/3 fusions have been detected in glioblastoma, 
melanoma, thyroid cancer, breast cancer, bladder cancer, 
prostate cancer and colorectal cancer (16). In some cases, 
the same fusion protein has been identified, in other cases 
different fusions have been reported (14). However, although 
in different tissues or organs, tumors driven by the same 
kinase show common or shared molecular mechanisms of 
tumorigenesis suggesting that they depend more on the 

activity of the driver oncogene rather than the cell or tissue 
of origin (8). Indeed, all the tumors harboring recurrent 
oncogenic fusions are fully addicted to the tyrosine kinase 
fusions and show high sensitivity to targeted agents (5,7). 
For example, ALK fusions are the driver oncogenes of both 
ALCL, specifically NPM-ALK, and NSCLC, specifically 
EML4-ALK, and both tumors are fully addicted to ALK 
and fully respond to treatment with ALK TKIs (56). 
Interestingly, some fusion proteins are found in a specific 
subset of tumors, although the biological reasons are not 
fully clarified. For example, NPM-ALK fusion has been 
identified only in hematological tumors, such as ALCL and 
diffuse large B cell lymphoma (DLBCL), whereas EML4-
ALK has been described only in epithelial tumors (55). 

Several studies using in vitro experimental models and in 
vivo models have clarified the transforming properties of all 
fusion proteins and clarified which pathways are frequently 
activated (57). Usually, multiple pathways including RAS/
ERK/MAPK, PI3K/AKT and JAK/STAT are commonly 
activated by RTK fusions to promote and regulate tumor 
growth and survival (8,57). In addition, functional in vitro 
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and in vivo studies have demonstrated that inhibition of the 
tyrosine kinase activity of the fusion and the subsequent 
abolition of downstream signaling leads to cell death and 
tumor growth arrest (23,58). Accordingly, clinical trials 
using targeted agents have validated oncogenic fusion 
proteins as actionable targets for NSCLC (5,15).

Typically, LUADs driven by oncogenic driver mutations 
are characterized by a low tumor mutational burden (TMB). 
Notably, high TMB is commonly associated with smoking 
in lung cancer, instead LUAD harboring actionable driving 
genomic alterations, such as oncogenic fusions, usually 
occur in patients with light or never-smoking history. 
Moreover, the presence of a strong oncogenic driver likely 
reduces the probability of acquiring additional mutations (5). 
This has important clinical consequences as high TMB is 
predictive of the response to immunotherapy with immune 
checkpoint inhibitors (ICIs) targeting mainly programmed 
cell death-1 (PD-1) or its ligand PDL-L1. In fact, several 
clinical trials have demonstrated that NSCLC patients with 
advanced stage disease in the absence of a driver oncogene 
and high TMB greatly benefit from ICIs treatment either 
alone or combined with chemotherapy (59). In contrast 
the use of ICIs to treat oncogene-addicted NSCLC is still 
controversial, as it is not clear whether ICIs can be beneficial 
for these patients alone or in addition to TKI treatment (60). 
In ALK-driven NSCLC with metastatic disease, ICIs have 
shown low activity as monotherapies. Indeed, different 
clinical trials and studies (phase II ATLANTIC trial, phase 
III OAK trial or IMMUNOTARGET study) have reported 
little or no response in patients treated with ICI alone 
although conclusions were limited by the small number of 
patients enrolled in these studies. Combination with ALK-
TKIs resulted in greater toxicity and no additional benefits 
were observed regardless of PD-L1 expression (59). Similar 
results have been reported for RET-rearranged NSCLC 
mainly based on retrospective studies (59). Interestingly, 
for ROS1 a retrospective analysis reported responses to 
ICIs administered as single agent, but there was also a 
correlation with strong PD-L1 expression (61). For other 
driver mutations, such as NTRK or NRG1, no data are 
currently available. Overall, further studies with larger 
cohort of patients are necessary to clearly define the efficacy 
of ICIs in patients with oncogene-driven NSCLC.

Oncogenic fusions in NSCLC

ALK 

The ALK gene encodes for a receptor tyrosine kinase 

receptor whose physiological functions are still under 
investigation (uncertain) (55). In 2007, two different 
studies reported ALK rearrangements in NSCLC (23,24). 
The frequency of ALK rearrangements in NSCLC is 
approximately 5–6% and most frequently occurs in LUADs 
with mucinous cribriform pattern. Different ALK fusions 
have been reported thus far in NSCLC and include EML4, 
TRK-fused gene (TFG), KIF5B, kinesin light chain 1 
(KLC1), striatin (STRN), huntingtin interacting protein 
1 (HIP1), translocated promoter region (TPR) and more 
recently MRPS9 (8,23,25,26,29,33) (Table 1). The EML4 
gene is the predominant fusion partner and several variants 
of EML4-ALK have been described in NSCLC patients 
due to different breakpoints in the EML4 gene (occurring 
at exons 2, 6, 13, 14, 15, 18, 20) (53,62). As described 
above, all ALK fusions retain the entire intracytoplasmic 
portion of ALK containing the kinase domain. Indeed, 
ALK fusions occur at exon 20 of ALK with few exceptions 
where some studies reported EML4-ALK fusions occurring 
at exons 18 or 19 of ALK (63-65). Interestingly, all ALK 
fusions in NSCLC are localized in the cytoplasm and have 
transforming properties as demonstrated by several in vitro 
and in vivo studies (62). They promote cell proliferation and 
survival mainly through the Ras/MAPK/ERK and PI3K/
AKT downstream pathways in NSCLC (66). In addition, 
ALK-driven NSCLC is addicted to ALK tyrosine activity, 
and experimental and clinical evidence has validated 
ALK fusions as actionable therapeutic targets (7). Indeed, 
crizotinib, a first generation ALK TKI was the first ALK 
TKI approved in 2011 for the treatment of ALK-driven 
NSCLC (9) as different clinical trials proved that patients 
treated with crizotinib had improved ORRs and median 
PFS compared to those treated with standard chemotherapy 
(67,68). Other second (ceritinib, brigatinib, alectinib) and 
third (lorlatinib) generation ALK TKIs have been developed 
and have shown clinical efficacy in treating ALK-rearranged 
NSCLC (7). Specifically, alectinib not only increased the 
ORRs and median PFS of untreated patients compared to 
crizotinib but also showed the ability to cross the blood-
brain barrier and effectively target brain metastasis (69). In 
2020, alectinib was approved as a first-line treatment option 
for advanced ALK-rearranged NSCLC and is currently 
widely used as a first-line therapy for ALK-rearranged 
NSCLC (70,71).

Although treatment with ALK TKIs has shown a 
remarkable clinical response, the onset of acquired 
resistance to ALK TKIs remains a major challenge for the 
treatment of ALK-driven NSCLC. Several mechanisms 
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of acquired resistance to ALK TKIs have been reported 
in NSCLC, including secondary ALK mutations that are 
associated with resistance to all currently available ALK 
TKIs (5). Mechanisms of resistance to TKIs are discussed 
in more detail in a separate paragraph of this review. To 
date, lorlatinib has proven to be effective against all ALK 
acquired mutations in vitro and has shown efficacy in 
patients who have become resistant to currently available 
TKIs, including second-generation ALK TKIs in ALK-
positive NSCLC (72). Nonetheless, ALK resistance 
mutations have been described for lorlatinib (73). However, 
in a recent study gilteritinib, a new agent approved for 
the treatment of relapsed/refractory FLT3- positive acute 
leukemia, displayed potent activity against ALK-TKI 
resistant mutations and to note also efficacy against ROS1 
and NTRK fusions (73). 

Interestingly, experimental observations reported that 
EML4-ALK variants as well as different fusion partners can 
influence drug sensitivity to ALK TKIs (53,54). Different 
recent clinical studies revealed differential responses to 
crizotinib based on the ALK variant, where variant 3 
(E6;A20) was less responsive than variant 1 (E13;A20) to 
ALK inhibition (54,63). Same results have been described 
in those patients carrying the EML4-ALK variant with the 
fusion at exon 18 of ALK (E6;A18) (63). In addition, they also 
observed a significant association between ALK variants and 
the development of ALK resistance mutations suggesting a 
link between variants and clinical outcome (54). However,  
further studies are necessary to expand these observations 
and eventually establish the selection of ALK TKIs for ALK-
rearranged NSCLC treatment based on ALK variants (74). 

A new class of compounds has been recently developed 
aimed at overcoming or delaying ALK TKI resistance (10).  
These are small molecule degraders that can induce 
degradation of the target through the proteasome. They 
are based on proteolysis-targeting chimera (PROTAC) 
technology by linking ALK TKI analogues to the cereblon 
ligand pomalidomide. To date, ceritinib, brigatinib and 
alectinib-based PROTACs have been developed and 
have shown anti-ALK activity by inducing ALK protein 
degradation and therefore potent anti-proliferative 
activity in the ALK-dependent cell lines (75-77). Although 
preliminary, these data indicate that degraders can represent 
a promising new option for targeted ALK therapies.

ROS1 

ROS1 is a receptor tyrosine kinase that shares a high 

homology with the insulin receptor superfamily, and 
it is normally expressed in several organs, although its 
physiological function is still unclear. 

In 2007, ROS1 gene rearrangements were identified in 
NSCLC tumors for the first time (24). Rikova and colleagues 
performed a phosphoproteomic screening of both NSCLC 
cell lines and tumors to identify which kinases showed 
higher signaling compared to their average activity in non-
cancerous samples: RT-PCR of these transcripts revealed 
two fusion proteins, SLC34A2-ROS1 and CD74-ROS1, 
already described in glioblastomas but never in NSCLCs. 

ROS1 fusions are mainly generated by interchromosomal 
events and three major breakpoints have been identified 
proximal to the kinase domain at exons 32, 34 or 35 (33). 
All rearrangements generate a fusion protein that retains 
an intact ROS1 intracellular tyrosine kinase domain, while 
only the exon 32 breakpoint allows to also the maintenance 
of the transmembrane domain. In contrast to other 
oncogenic fusions, not all ROS1 fusion partners harbor 
coiled-coil domains indicating that homodimerization 
might not be necessary for the oncogenic kinase activation. 
It is possible that conformational changes induced by the 
fusion and localization to novel subcellular locations might 
be sufficient to produce a constitutively active kinase that 
promotes signal transduction via PI3K/AKT, STAT and 
MAPK pathways (11,78). Several additional ROS1 fusion 
partners have been identified throughout the years and 
they have all been proven to have transforming capabilities 
both in vitro and in vivo. The most common genes include 
SLC34A2, CD74, TPM3, SDC4 and EZR, which account for 
0.1–1.7% of NSCLC tumors (33).

Given the structural similarity with ALK, ROS1 fusions 
were initially treated with the ALK-TKI crizotinib, which 
efficiently blocked cancer progression by inhibiting ROS1 
activity and an ORR of the 72% was reported for this 
cohort of patients (79). Crizotinib was FDA approved for 
the treatment of ROS1 rearranged NSCLC in 2016. In 
addition to crizotinib, a more potent ALK TKI, lorlatinib, 
was assessed in a phase I/II clinical trial in ROS1 rearranged 
NSCLC patients (80). Lorlatinib showed similar efficacy to 
crizotinib or other ROS1 TKIs in treatment-naïve patients 
but was also active against some forms of crizotinib-
resistance. Recently, the IFCT-1803 LORLATU study 
confirmed lorlatinib as a major treatment for advanced 
refractory ROS1 NSCLC (81). In 2019, entrectinib, a 
multi-kinase inhibitor active against ROS1 and TRK A, B 
and C, was approved by the FDA for adults with metastatic 
NSCLC harboring ROS1 rearrangements. The drug was 
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tested in three clinical studies and showed more potent 
activity and higher survival rates than crizotinib and the 
ability to effectively cross the blood-brain barrier and target 
CNS metastasis (82).

In addition, new ROS1 specific inhibitors, such as 
repotrectinib and taletrectinib are currently undergoing 
early phase studies for ROS1-positive NSCLC.

Rearranged during transfection (RET)

The RET gene encodes for a receptor tyrosine kinase with 
well-established proto-oncogene properties. First identified 
in CCDC6-RET and NCOA4-RET rearrangements in 
papillary thyroid carcinoma, in 2012 several groups have 
simultaneously reported the discovery of a novel fusion 
transcript in NSCLC between RET and the KIF5B gene 
that was able to drive oncogenic transformation through 
the constitutive activation of the RET tyrosine kinase (33). 
Subsequently, several other fusion partners have been 
identified using different screening strategies, including 
CCDC6, NCOA4, TRIM33, ERC1 and CLIP1, mainly 
in the adenocarcinoma subtype of NSCLC (83). However, 
the most common RET fusions are KIF5B-RET in 
approximately 70–90%, followed by CCDC6-RET in 10–
25% of RET-rearranged NSCLC (52,84).

The RET gene is located on chromosome 10 where most 
of its identified fusion partners are located, thus pericentric 
and paracentric inversions are the main mechanisms of 
RET rearrangements. Sequencing of breakpoint genomic 
segments revealed a 2 kB breakpoint susceptible region 
spanning exon 11 to intron 11. In fact, different variants 
have been reported for each RET-fusion protein depending 
on the breakpoint in the RET gene. Generally, all resulting 
fusion proteins harbor the 3' RET intracellular tyrosine 
kinase domain while only a few that break at exon 11 retain 
the transmembrane domain. Moreover, similar to ALK 
rearrangements, RET fusion partners include a coiled-
coil dimerization domain to promote ligand-independent 
constitutive activation of the kinase (85). Upon activation, 
the kinase is  phosphorylated on multiple tyrosine residues, 
allowing the direct or adaptor-mediated activation of a wide 
range of downstream signaling pathways that promote cell 
growth, proliferation and survival (86). 

Due to the high structural homology between RET and 
other tyrosine kinases, different multi-kinase inhibitors 
have been evaluated in RET-rearranged NSCLC, such as 
vandetanib, cabozantinib and lenvatinib, with contradicting 
results mainly due to treatment toxicities (83). In addition, 

RET-specific inhibitors have been developed and are 
currently standard therapeutic regimens for the treatment 
of RET-rearranged NSCLC patients. Selpercatinib 
(LOXO-292) is a highly specific small molecule RET-
inhibitor and tested in the phase I–II open-label clinical 
trial LIBRETTO-001. Selpercatinib was then approved 
in 2020 by the FDA as a first-line therapy for RET-
rearranged NSCLC (38). Pralsetinib (BLU-667) is a potent 
RET inhibitor that showed a stronger in vitro activity 
against common RET fusions than multi-kinase inhibitors. 
Pralsetinib has been recently FDA approved for RET-
rearranged advanced NSCLC patients given the prosing 
data from the ARROW trial (38).

NTRK 

Oncogenic fusions involving TRK family members, 
namely TrkA, TrkB and TrkC, which are encoded by 
the NTRK1, NTRK2 and NTRK3 genes, respectively, 
have been described in various malignancies, including 
colorectal cancer, papillary thyroid carcinoma and a subset 
of NSCLCs. Despite the variety of fusion partners, all 
resulting chimeras retain the tyrosine kinase domain of 
NTRK which is constitutively activated by the fusion-
partner oligomerization domains and leads to alterations in 
MAPK, PI3K/AKT and PCL-γ downstream pathways. 

The first evidence of NTRK rearrangements in lung 
cancer was reported in 2013 when Vaishnavi and colleagues 
identified two novel in-frame fusion events between 
NTRK1 and the CD74 and MPRIP genes while screening 
a panel of 36 LUAD samples with no other known genetic 
alterations (39). In this study, the TPM53-NTRK1 fusion 
characteristic of colorectal cancer was also described in one 
of the NSCLC patients. 

In addition to NTRK1, other members of the NTRK 
family are involved in lung cancer: TRIM24-NTRK2 
fusion was identified in 2014 by Stransky and colleagues 
when searching novel gene fusions in the dataset from 
TCGA (41), while ETV6-NTRK3 fusion has been recently 
characterized by von der Thüsen et al. (42) in a case report 
of a patient with a novel primary peribronchial mucinous 
adenocarcinoma which they named “ETV6-NTRK3 
translocation-associated low-grade mucinous bronchial 
adenocarcinoma” (42).

Preclinical data have demonstrated that TRKs can be 
efficiently targeted by available TKIs, and several drugs are 
currently undergoing different phases of clinical trials. Of 
note, larotrectinib and entrectinib have received approval 
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and breakthrough status from FDA for the treatment of 
pediatric and adult solid tumors harboring NTRK fusions. 
Interestingly, in these tumors acquired resistance to TRK 
inhibitors have been already reported (87).

NRG1 

NRG1 fusions have been identified as potentially actionable 
oncogenic targets in approximately 0,2% of NSCLCs, 
prevalently in invasive mucinous adenocarcinomas (IMAs) (88). 

The gene, located on chromosome 8p12, encodes for a 
protein-ligand for the ERBB family receptors, specifically 
ERBB3 and ERBB4. Translocated NRG1 show several 
fusion partners that vary widely across different tumor types, 
influencing the biology of the resulting fusion protein (47). 
The most common fusion partner within NSCLCs is CD74 
identified in 2014 during a transcriptome sequencing 
screening of an Asian cohort of LUAD patients negative 
for known oncogenic alterations (43). Other fusion 
partners include SLC3A2, RBPMS, ATP1B1, SDC4 and 
VAMP2 and all fusions are mutually exclusive with other 
chromosomal rearrangements (88).

NGR1 genetic rearrangements are structurally similar 
to those involving RTKs such as ALK, ROS1 and RET, but 
they do not directly trigger a constitutively active tyrosine 
kinase. The CD74-NRG1 fusion causes extracellular 
overexpression of the EGF-like domain of NRG1, which 
is able to bind ErbB3 that in turn dimerizes with ErbB2, 
leading to aberrant activation of downstream signaling 
pathways, including MAPK and PI3K-AKT and stimulation 
of oncogenic growth.

To date, there are no NRG1 target-specific drugs and 
no approved therapies for NRG1 rearranged cancers. 
However, promising responses have been reported after in 
vitro and in vivo treatment with ErbB targeting agents such 
as afatinib and tarloxotinib, both irreversible pan-ErbB 
inhibitors, and zenocutuzumab (MCLA-128), an ErbB2/
ErbB3 bispecific antibody. Prospective clinical studies and 
basket trials are also currently ongoing to better define 
the role and the efficacy of targeted therapy for NRG1-
rearranged NSCLC patients (89).

FGFR 

FGFR aberrations are implicated in the development and 
progression of a wide array of cancer types, including 
NSCLC. In lung cancer the incidence of FGFR fusions is 
higher in LUSC than in  LUAD  (2% vs. 3%) (90). The 

FGFR family is composed of four members, FGFR1-4, 
that are active tyrosine kinases and a fifth protein, FGFR5, 
that lacks the TK domain. In lung cancer the first FGFR 
rearrangement was identified in 2012 by Seo and colleagues 
involving the FGFR2 and Citron Rho-interacting kinase  
(CIT) genes (49). Through genomic profiling several fusion 
genes between FGFR1, FGFR2 or FGFR3 and different 
partner genes have been discovered in NSCLC samples, 
where FGFR3-TACC3 fusion is the most represented. 

Interestingly, FGFR-TACC3 fusions have also been 
found in tumor tissue from patients with EGFR-driven 
NSCLC previously treated with EGFR TKIs. Additional 
analyses confirmed that this alteration was acquired during 
treatment (51). Therefore, these data support FGFR 
rearrangements not only as a driver oncogene in NSCLC 
but also as a mechanism of acquired resistance to targeted 
therapy (51).

Targeted therapy options involving selective and non-
selective FGFR inhibitors are under investigation for 
FGFR-rearranged lung cancer patients. Non-selective 
inhibitors are multitarget TKIs, i.e., ponatinib, which 
is FDA approved for the treatment of chronic myeloid 
leukemia and acute lymphoblastic leukemia, is currently 
under evaluation in multiple clinical trials for NSCLC 
patients harboring FGFR1 rearrangements, but the results 
have not yet reported. In contrast, selective inhibitors are 
drugs developed to specifically target FGFR RTKs and 
ongoing clinical trials are investigating the efficacy of 
erdafitinib and rogaratinib, both oral pan-FGFR inhibitors, 
in FGFR-rearranged NSCLC patients (91).

  

LTK

A novel in-frame fusion transcript between CLIP, on 
chromosome 12q24, and LTK, on chromosome 15q15 that 
generates the CLIP1-LTK fusion has been newly discovered 
in a NSCLC patient through whole transcriptome 
sequencing of 75 NSCLC samples from the LC-SCRUM-
Asia cohort (13). Further screening by RT-PCR revealed 
the CLIP1-LTK transcript in two additional patients of this 
Asian cohort. 

LTK is an RTK that belongs to the ALK/LTK subfamily 
within the insulin receptor superfamily. Although its 
biological role remains unclear, it is known that LTK is 
able to signal through RAS/MAPK and PI3K/AKT (92). 
In addition, LTK is frequently overexpressed in several 
malignancies, including NSCLC, where it is associated 
with a higher risk of metastasis (93). However, for the first 
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time an LTK fusion was described and proven  to drive 
transformation both in vitro and in vivo (13). As described 
for other oncogenic fusion proteins, the coiled-coil domain 
of CLIP1 leads to dimerization and constitutive activation 
of the kinase domain of LTK.

Since LTK shares an 80% kinase domain identity with 
ALK, pre-clinical evidence showed that all ALK TKIs had 
variable degree of efficacy against CLIP1-LTK fusion. In 
addition, in one NSCLC patient harboring the fusion and 
refractory to chemotherapy treated with a standard dosage 
of lorlatinib had a dramatic clinical response.  LTK fusions 
can therefore represent a new therapeutically actionable 
oncogenic driver in NSCLC although further studies are 
necessary to characterize LTK-fusions in NSCLC.

How to diagnose gene fusions in NSCLC

The individualized approach for the treatment of NSCLC 
patients has made early identification of tumor genotype 
essential to prescribe the most efficacious therapy available. 
As well as other genetic alterations, tyrosine kinase fusions 
represent strong predictive biomarkers in NSCLC and can 
be identified by several diagnostic techniques. 

Indeed, in routine clinical practice it is now mandatory 
that patients with newly diagnosed advanced NSCLC 
are tested for specific genetic alterations, including 
rearrangements of ALK, ROS1, RET and NTRK genes 
(94,95). Since several genetic tests are required and in many 
cases the amount of available tumor sample is insufficient 
to perform multiple molecular assays, such as FISH or 
immunohistochemistry (IHC), simultaneous screening 
through NGS is replacing the sequential single fusion 
testing for the molecular diagnosis of NSCLC. Several 
assays have been developed to diagnose gene translocations 
in NSCLC and are nicely reviewed elsewhere (95). 
However, the choice of using single gene testing or NGS 
will change accordingly with costs, laboratory environment, 
specific patient needs, the tissue biopsy quality and 
availability, and the source of tumor specimen. To note, 
the reliability of molecular tests is largely dependent on 
the source of tumor specimen and on the many tissue-
handling steps of the preanalytical phase. Interestingly, 
for fusion gene assessment RNA-based NGS analysis is 
concurrently emerging as a parallel strategy for screening 
or confirming the presence of fusion genes, and more likely 
will be implemented in the future (1,96). Indeed, DNA-
based assays sometimes lack information about which exons 
are involved in the rearrangement and do not provide 

information about the expressed fusion transcript. In 
addition, RNA-based NGS assays are more sensitive than 
DNA-based approaches and can provide useful information 
for targeted therapy, but they show some limitations. 
Fusion genes can occur with different fusion partners and 
some RNA-based NGS platforms are not designed to 
detect all the different fusions (95). 

Recent studies have reported that lung cancer cells 
shed tumor DNA into the bloodstream opening to the 
use of liquid biopsy to genotype advanced NSCLCs, with 
advantages in cost-convenience, low invasiveness of the 
procedure and faster results. There are two sources of 
tumor DNA in the circulation, cell-free circulating DNA 
(ctDNA) and circulating tumor cells (CTCs). Although the 
mechanisms are still unclear, it has been demonstrated that 
the amount of detectable ctDNA depends to the overall 
tumor burden and it usually is sufficient to detect known 
oncogenic driver mutations in the majority of lung cancer 
patients with one or more metastatic sites (97).

The Blood First Assay Screening trial (BFAST- 
NCT03178552) is an ongoing global, multicohort study 
designed to evaluate the efficiency and safety of targeted 
therapies in patients with treatment-naïve advanced or 
metastatic NSCLC who were screened for specific genetic 
alterations using only blood-based NGS. Currently, six 
cohorts have been enrolled, including ALK-positive, RET-
positive and ROS1-positive NSCLC patients (98). In a first 
data report from the ALK cohort, retrospective testing of 
ALEX (BO28984) plasma samples was used to investigate 
blood-tissue marker concordance, comparing IHC ALK-
positive diagnosis with blood-based testing. Results 
found 70.5% concordance between IHC and blood-based 
NGS, suggesting that both diagnostic strategies can be 
used to select patients for targeted therapy. In addition, 
BFAST primary data demonstrated that ctDNA analysis 
represents a less invasive diagnostic tool useful for patients 
with insufficient tumor sample for FISH and IHC ALK 
rearrangement testing (98).

Following these trials, between 2018 and 2019, the 
U.S. FDA granted breakthrough designation to three 
commercial NGS-based liquid biopsies that include all the 
genes recommended as first-line testing in the U.S. and in 
most European Countries (94). 

Mechanisms of resistance to TKIs in oncogenic 
fusion-driven NSCLC

TKIs have changed the clinical care of NSCLC, replacing 
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the use of chemotherapy as initial treatment for many 
patients. However, despite the initial benefits of targeted 
therapy, long-term disease control in NSCLC patients is 
frequently limited by acquired drug resistance that drives 
disease progression and tumor relapse. Resistance can be 
also the consequence of tumor heterogeneity that makes 
tumors unresponsive to therapy from the beginning (99,100). 

Recent evidence points out that oncogenic driver 
fusion-defined subgroups of NSCLCs are also clinically 
heterogeneous; indeed, beside the main oncogenic fusions, 
cancer cells can simultaneously harbor different genetic 
aberrations in several oncogenic pathways, leading to 
variable clinical behavior and altered sensitivity to anticancer 
therapies. In general, overlap with alterations in other 
targetable oncogenes (i.e., RAS, EGFR, ALK) in NSCLC is 
rarely reported (101). However, among advanced-stage TKI-
rearranged NSCLCs, coexisting mutations in TP53 have not 
been frequently observed, whereas alterations of CDKN2A 
and CDKN2B co-occur at high rates in ALK-, ROS1- and 
RET-rearranged NSCLC and are correlated with adverse 
prognosis (21,101). To note, the presence of TP53 mutations 
might adversely impact the survival of NSCLC patients 
with ALK and ROS1 fusions, leading to genome instability 
and thus accelerating the onset of different mechanisms of 
resistance to targeted therapy (102,103).

Acquired resistance is mediated by diverse mechanisms, 
so called “on target”, including mutations in the drug target 
or amplification of the target and “off target” mechanisms, 
including activation of bypass signaling pathways, 
mutations in downstream effectors, and, in some cases, 
state transformation [i.e., from NSCLC to small cell lung 
cancer (SCLC)], that ultimately result in maintenance of 
proliferative signaling despite the presence of the TKI.

In ALK-rearranged NSCLC, resistance to TKIs is 
mainly caused by ALK secondary mutations: the most 
common are the gatekeeper mutations L1196M and 
G1269A, that interfere with the drug binding, and the 
G1202R mutation, that reduces the affinity to the ALK 
TKI. Interestingly, the G1202 mutation is also refractory to 
second generation ALK-TKIs but can be overcome by the 
third generation ALK-TKI lorlatinib. On-target secondary 
mutations have been reported for other kinase-rearranged 
lung cancers: in ROS1-crizotinib resistant patients, the 
G2032R mutation within the ATP-binding pocket is the 
most frequently diffused together with D2033N, L2026M, 
and S1986F/Y mutations, while NTRK1 G595R and 
NTRK3 G623R mutations are causative of resistance to 
larotrectinib in NTRK-positive NSCLCs  (72,104-107).

Activation of alternative survival signaling pathways has 
also been indicated as a major mechanism of resistance. 
In this case, cancer cells switch their dependence to other 
RTKs bypassing the inhibition to the drug target. In 
approximately 30% of crizotinib relapsing EML4-ALK 
patients resistance is mediated by either EGFR activation 
or c-KIT amplification whereas MET amplification has 
been reported in alectinib relapsing ALK+NSCLC (104). 
Other examples of alternative signaling pathways activation 
are BRAF and KRAS activation and MET-amplification 
in ROS1-rearranged TKI-resistant NSCLC and acquired 
MET or KRAS amplifications in 15% of RET-fusion 
positive resistant lung cancers (87).

In addition, histologic transformation from adenocarcinoma 
to SCLC, described for the first time in a case of EGFR-mutant 
LUAD reported by Zakowski et al. in 2006 (108), has now 
emerged as an important mechanism of resistance in TKI-
resistant adenocarcinomas with ALK and ROS1 oncogenic 
fusions (104,109). However, the molecular mechanisms 
remain to be elucidated as well as the possible therapeutic 
strategies that could be adopted to overcome this type of 
resistance.

Conclusions

NSCLC was previously thought quite as a relatively 
homogeneous tumor entity, but with the advent of high 
throughput genetic screening and the identification of 
recurrent oncogenic lesions is now recognized in distinct 
clinical entities. In addition, the impressive therapeutic 
clinical response obtained in patients that harbor oncogenic 
fusion proteins using specific inhibitors (small molecule 
drugs) has validated oncogenic chimeras as therapeutic 
targets. Indeed, the molecular identification of targetable 
driver fusions such as ALK, ROS1 or RET are currently 
included in the diagnostic process and considered 
fundamental to stratify NSCLC patients and to determine 
the optimal targeted therapy. In addition, next generation 
sequencing technologies are currently standard practice 
to define the molecular status of NSCLC at diagnosis that 
provide key information to predict response to therapy. 

However, there are still ongoing challenges. Approximately 
25–30% of NSCLC are orphan for driver oncogenes. 
The identification of actionable genetic alterations could 
help a better stratification of NSCLC patients and allow 
individualized therapy. Elucidation of the molecular 
mechanisms that lead to oncogenic rearrangements could 
help defining risk factors or developing preventive methods 
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to reduce the incidence of these malignancies. 
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