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Abstract

Oncogenes that occur in ≤5% of non-small-cell lung cancers have 
been defined as ‘rare’; nonetheless, this frequency can correspond 
to a substantial number of patients diagnosed annually. Within rare 
oncogenes, less commonly identified alterations (such as HRAS, NRAS, 
RIT1, ARAF, RAF1 and MAP2K1 mutations, or ERBB family, LTK and 
RASGRF1 fusions) can share certain structural or oncogenic features 
with more commonly recognized alterations (such as KRAS, BRAF, MET 
and ERBB family mutations, or ALK, RET and ROS1 fusions). Over the 
past 5 years, a surge in the identification of rare-oncogene-driven lung 
cancers has challenged the boundaries of traditional clinical grade 
diagnostic assays and profiling algorithms. In tandem, the number 
of approved targeted therapies for patients with rare molecular 
subtypes of lung cancer has risen dramatically. Rational drug design has 
iteratively improved the quality of small-molecule therapeutic agents 
and introduced a wave of antibody-based therapeutics, expanding 
the list of actionable de novo and resistance alterations in lung cancer. 
Getting additional molecularly tailored therapeutics approved for rare-
oncogene-driven lung cancers in a larger range of countries will require 
ongoing stakeholder cooperation. Patient advocates, health-care 
agencies, investigators and companies with an interest in diagnostics, 
therapeutics and real-world evidence have already taken steps to 
surmount the challenges associated with research into low-frequency 
drivers.
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fall into two major categories. The first category is composed of more 
commonly recognized subtypes such as those with mutations in 
EGFR exon 20, ERBB2, BRAFV600E and MET, and ALK, ROS1, RET and 
NTRK1/2/3 fusion-positive lung cancers. The second category is com-
posed of cancers harbouring less commonly recognized alterations 
(such as KRAS, HRAS, NRAS, DDR2, LTK, RIT1, ARAF, non-V600E BRAF, 
RAF1 and MAP2K1 alterations) for which data are much more limited.

The molecular features, oncogenesis and signalling pathways, and 
clinicopathological features of the less-recognized lung cancer sub-
types are often grouped with those of more commonly recognized  
subtypes to underscore similarities and differences. For example, features  
of alterations in genes encoding MAPK family members, such as HRAS, 
NRAS and RIT1 mutations, are discussed alongside KRAS mutations.

The same approach is taken in discussing diagnosis and treatment. 
Diagnostic strategies to maximize RET and ROS1 fusion detection, for 
instance, apply to RASGRF1 fusions. While many commonly recognized 
subtypes are considered highly actionable owing to the availability of 
an approved targeted therapy in one or more regulatory environments, 
less-common subtypes might also be considered actionable based 
on varying levels of preclinical and clinical evidence (Supplementary 
Table 4). An example is the preclinical activity of tyrosine kinase inhibi-
tors (TKIs) used to treat ALK fusions in lung cancer models with LTK 
fusions.

Finally, efforts to expedite targeted therapy approvals for rare 
molecular subtypes of lung cancer are outlined. We discuss how mul-
tiple stakeholders have come together to increase the ease with which 
data on the activity of such therapies are generated, and how these ini-
tiatives are challenging the established models for regulatory approval 
that historically have not favoured low-frequency alterations.

Molecular subtypes
Molecular features
Mutations. Rare mutations or sequence variants can be classified 
in terms of the proteins encoded by the affected genes. One group 
comprises mutations in the genes encoding receptor tyrosine kinases 
(RTKs) (Fig. 2), including genes such as MET, EGFR, ERBB2 and DDR2. 
A spectrum of mutations can affect these genes, although the most 
common mutations are MET exon 14 alterations (4% of NSCLCs10), EGFR 
exon 20 mutations (1.5% of NSCLCs11), ERBB2 exon 20 mutations (1.4% 
of NSCLCs11) and DDR2 mutations (4% of squamous lung cancers12 and 
0.4% of lung adenocarcinomas (LUADs)13).

Mutations in genes encoding members of the MAPK signalling 
pathway are another group (Fig. 3). These mutations involve genes 
such as KRAS, NRAS, HRAS, RIT1, ARAF, BRAF, RAF1 and MAP2K1. Muta-
tions that affect RAS protein family members include KRAS (non-
G12C/V/D mutations individually occur in <5% of NSCLCs14), NRAS 
(0.9% of NSCLCs), HRAS (0.1% of NSCLCs) and RIT1 (~0.7% of LUADs). 
KRAS G12C, G12V and G12D mutations exceed the frequency thresh-
old for rare molecular subtypes and are excluded from this discus-
sion. Mutations that affect downstream signalling proteins in LUADs 
involve ARAF (0.2%), BRAF (4.5%), RAF1 (0.4%) and MAP2K1 (0.7%)  
(Supplementary Table 2).

Rare mutations can also be classified by alteration type. Missense 
point mutations that result in amino acid substitutions can be found in 
KRAS, NRAS, HRAS, RIT1, ARAF, BRAF, RAF1, MAP2K1 and DDR2. Inser-
tions and/or deletions (indels) can affect EGFR, ERBB2 and MET. EGFR 
and ERBB2 exon 20 insertions are structurally paralogous. Kinase 
domain duplications of ERBB family members (0.2% of NSCLCs15), such 
as in-tandem and in-frame duplications of exons 18–25 in EGFR, can 

Key points

 • Many ‘rare’ molecular subtypes of lung cancer individually account 
for a substantial number of patients diagnosed annually around the 
world.

 • An incredible diversity of molecular subtypes of lung cancer exists; 
mechanistically, these can be classified into mutations, fusions and 
copy number changes.

 • Alterations involving receptor tyrosine kinases and MAPK pathway 
members can share structural and/or oncogenic features; conversely, 
other alterations have distinct mechanisms of oncogenesis such as 
effects on RNA splicing or epigenetic processes.

 • Optimizing the identification of rare driver oncogenes requires both 
clinicopathological approaches that are feature-agnostic and tailored 
approaches to patient selection, tumour and plasma interrogation, 
DNA and RNA sequencing, and more unbiased profiling.

 • Targeted therapy approvals were previously focused on certain 
alterations to the point of saturation and dominated by small-molecule 
tyrosine kinase inhibitors; approved and investigational antibody-based 
therapies are now becoming more widely used.

 • Oncogene-driven advocacy, the adoption of contemporary trial 
designs, expedited regulatory pathways for drug development, and 
real-world evidence generation are all crucial steps towards promoting 
research and expediting the approval of drugs for rare oncogene-driven 
lung cancers.

Introduction
No unified definition of a rare molecular subtype of lung cancer exists1. 
In Europe and Asia, a cancer is considered rare if it occurs in <6 per 
100,000 people annually2,3. In the USA, a cancer is rare if it occurs in 
<15 per 100,000 people annually4. On top of this, molecular subsets 
of lung cancer have also been classified as rare in the literature not by 
annual incidence, but by percentage frequency5 (for example, ≤5% of 
non-small-cell lung cancers (NSCLCs)) (Supplementary Table 1). For-
tunately, molecular subsets of lung cancer that meet the ≤5% cut-off 
are expected to constitute ≤2 cases per 100,000 people annually, thus 
also satisfying the definitions of a rare cancer applied across Europe, 
Asia and the USA.

Many rare molecular subtypes of lung cancer exist (Fig. 1a), recog-
nizing that frequency might also vary by race and/or ethnicity (Fig. 1b, 
Supplementary Table 2), age (Supplementary Fig. 1) and the detection 
assay used (Fig. 1c). Importantly, categorizing these cancers as rare 
hinders the appreciation of their true incident burden; some of these 
subtypes might affect 18,000 to >90,000 people annually worldwide6,7 
(Supplementary Table 3). Furthermore, selected rare-oncogene-driven 
NSCLCs are diagnosed annually with a frequency comparable to or even 
exceeding that of several other malignancies (such as acute lymphocytic 
leukaemias, and vulvar, bone and male genital cancers)8,9 (Fig. 1d).

In this Review, we summarize the molecular, clinical and patho-
logical features of rare molecular subtypes of lung cancer, focusing 
on likely oncogenic alterations that tend to be mutually exclusive 
with other bona fide drivers. Rare molecular subtypes of lung cancer 
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also occur. Notably, kinase domain duplications have been observed in 
other, non-ERBB genes (such as RET and MET). For MET exon 14 altera-
tions, these include indels involving the splice sites flanking exon 14.

Notably, while certain alteration types are more commonly associ-
ated with particular genes, other alterations may be observed as well 
in these same genes. Point mutations are more common in KRAS, RIT1, 
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Fig. 1 | Frequency of ‘rare’ lung cancers. The prevalence of oncogenic driver 
alterations in lung adenocarcinomas was based on data from two aggregated 
cohorts. The first cohort, used to calculate the prevalence of non-fusion and  
non-MET exon 14 alterations, was derived from the GENIE database (v12; 
n = 16,913)13, the PanCancer Atlas cohort of The Cancer Genome Atlas (TCGA; 
n = 566)193 and the OncoSG cohort (n = 305)194. The prevalence of fusions and MET 
exon 14 alterations was based on data from cohorts with both DNA sequencing 
(DNA-seq) and RNA sequencing (RNA-seq) results available: MSK-IMPACT 468 
and 505 (Genie v.12.0)13, TCGA193 and OncoSG194. All data were extracted from and  
visualized using cBioPortal195,196. a, The prevalence of oncogene-driven lung 
adenocarcinomas is shown. Rare lung cancers comprise over a third of cases. 
‘Other genes’ comprises alterations that are not actionable or have yet undefined 
oncogenicity; no known mitogenic drivers were identified in this group.  

The KRAS non-G12C/D/V group comprises mutations that individually are present 
in <5% of non-small-cell lung cancers (NSCLCs). b, Prevalence of an alteration 
can vary by race and/or ethnicity. Using the same dataset, the prevalence of 
oncogenic drivers in white, Asian and Black patients is shown. c, Prevalence can 
also vary by the type of assay used. A comparison of the prevalence of fusions and 
MET exon 14 alterations between panels using DNA-seq only (all panels at Genie 
v.12.0 except MSK IMPACT 468 and 505 (ref. 13)) and panels including both  
DNA-seq and RNA-seq (MSK-IMPACT 468 and 505 (ref. 13), TCGA193 and OncoSG194) 
is shown. d, Estimates of the annual incidence of each molecular subtype of 
NSCLC in the USA are derived from the GENIE database (v12; n = 19,777 NSCLCs13) 
and statistics from Cancer.Net197 that summarized data from the American 
Cancer Society, Cancer Facts & Figures 2022, and the International Agency  
for Research on Cancer. amp, amplification; mut, mutation.
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BRAF and MAP2K1, although indels can also be identified. Conversely, 
beyond the more common indels, point mutations are sometimes 
identified in MET (kinase or semaphorin domains) and ERBB2 (kinase, 
transmembrane or extracellular domains)13.

Fusions. Fusions can be classified based on the proteins encoded by 
the affected genes (Figs. 4 and 5). One group involves genes encoding 
RTKs, including ALK (3–4% of LUADs), RET (1–2% of LUADs), ROS1 (1–2% 
of LUADs), NTRK1/2/3 (<1% of LUADs), FGFR1/2/3 (<1% of LUADs), EGFR 
(<1% of LUADs), ERBB2 (<1% of LUADs), ERBB4 (<1% of LUADs) and LTK 

(<1% of LUADs) fusions. These oncogenic fusions typically include an 
intact kinase domain. A second group involves genes encoding mem-
bers of the MAPK signalling pathway. These include RASGRF1 (<0.1% of 
LUADs)16 and BRAF (0.2% of LUADs)17 fusions (Supplementary Table 2). 
BRAF-containing fusions generally include the kinase domain and 
are structurally similar to RTK fusions, whereas RASGRF1-containing 
fusions include the catalytically active carboxy-terminal RAS–GEF 
domain of RASGRF1 (ref. 16). Another group involves genes encoding 
RTK ligands including NRG1 (0.3% of LUADs) and NRG2 fusions (0.02% 
of NSCLCs)18,19. Other fusions that do not belong in any one of these 
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three categories include those involving BRD4 (0.05% of NSCLCs20) and 
PKC. PKC fusions in particular should be considered a separate entity 
as these are loss-of-function alterations21.

A wide variety of kinase fusion partners exist. Some partners pre-
dominantly fuse with a specific RTK (such as EML4 with ALK22); others, 
such as members of the TRIM protein family, can fuse with more than 
one RTK (such as TRIM24-RET and TRIM24-NTRK2)23. Partners may 
influence the localization of the kinase, including to transmembrane 
regions (such as NRG1 or RASGRF1 fusions) or subcellular locations 
(such as NTRK1/2/3 fusions)24. Fusion partners can likewise affect the 
ability to undergo ligand-independent dimerization by contributing 
additional dimerization domains (including coiled-coil, zinc finger, 
LisH, WDR or SAM domains)23.

Copy number alterations. Amplifications of the RTK-encoding genes 
ERBB2 and MET occur in 0.9% and 1.4% of patients with newly diag-
nosed LUADs, respectively (Supplementary Table 2). FGFR1 and ARAF 
amplifications have been identified in 1–3% and 1% of such patients, 
respectively25,26. Other less-well-characterized copy-number alterations 
include EGFR, BRAF and KRAS amplifications8,13.

Amplifications can occur in chromosomal or extrachromosomal 
DNA27 (double minutes) and are also found as mechanisms of secondary 
resistance to EGFR TKIs in patients with EGFR-mutant lung cancers28. 
Higher levels of amplification and focality can correlate with increased 
dependence on the amplified gene29.

Oncogenesis and signalling
Levels of evidence supporting a role of rare molecular alterations 
or sequence variants in lung cancer oncogenesis vary considerably 
depending on the alteration. These range from alterations with com-
pelling evidence of oncogenicity, such as MET exon 14 skipping muta-
tions, to alterations requiring further investigation, such as fusions 
involving BRD4.

RTK and RTK ligand alterations. Mutations, fusions and amplifica-
tions involving genes encoding RTKs and their ligands functionally 
converge on increased RTK activity and the activation of downstream 
signalling pathways; these preferentially include the MAPK, PI3K, PKC 
and JAK–STAT signalling pathways. Increased RTK activity can occur in 
either a ligand-dependent or ligand-independent manner.

Ligand-independent constitutive kinase domain activation can 
occur with mutations or fusions involving EGFR, ERBB2, ERBB4, DDR2, 
ALK, RET, ROS1, NTRK1/2/3 and LTK12,30,31. Such mutant RTKs main-
tain their transmembrane localization. By contrast, although certain 
RTK fusions are known to localize to the cell membrane, many local-
ize to the cytoplasm or other subcellular compartments (Fig. 5e). 

Localization differences can modify the activation of downstream 
signalling pathways32.

Ligand-dependent RTK activation occurs with altered splicing. 
Many MET exon 14 alterations interfere with splice acceptor and/or 
donor sites, leading to exon 14 skipping. Without the CBL ubiquitin 
ligase binding domain encoded by exon 14, MET is recycled to the cell 
surface rather than degraded33. ERBB2 exon 16 skipping mutations 
(ERBB2Δex16) and FGFR2 exon 18 truncated alterations (FGFR2Δex18) have 
also been identified34,35. These mutations eliminate the regulatory ele-
ments of HER2 and FGFR2, respectively, and induce constitutive recep-
tor dimerization. Ligand-dependent RTK activation also occurs with 
amplification of several genes encoding RTKs (such as EGFR, ERBB2, 
MET, FGFR1 and FGFR3). Such amplifications can increase the cell sur-
face density of RTKs that remain influenced by ligand binding. Higher 
levels of amplification might correspond with higher RTK levels29.

Fusions that involve NRG1 or NRG2 produce chimeric oncopro-
teins that retain an EGF-like domain, which binds HER3 and HER4 in 
an autocrine or paracrine fashion. While >30 different NRG1 isoforms 
exist, NRG1-containing fusions preferentially occur with the NRG1 
IIIβ-isoform, which is known to have a higher affinity for HER3 and 
HER4 than the α-isoform. Receptor dimerization (such as HER2 with 
HER3) then occurs, leading to activation of the MAPK, PI3K and FAK 
signalling pathways18.

MAPK pathway alterations. RAS proteins are GTPases with biological 
activity governed by nucleotide binding states. The ratio of inactive 
RAS–GDP to active RAS–GTP is determined by the relative rates of GDP 
to GTP exchange and GTP hydrolysis. KRAS, NRAS and HRAS mutations, 
and RASGRF1 fusions, can influence either or both of these activities36. 
Most KRAS, NRAS and HRAS codon 12 mutants affect GTP hydrolysis  
without changing the rate of GDP-to-GTP exchange, while codon  
13 mutants affect both activities. The C-terminal domain of RASGRF1 
fusions catalyses the dissociation of GDP from RAS proteins16. Inactivat-
ing mutations in NF1 and RASA1 have also been identified; both genes 
encode RAS GTPase-activating proteins that negatively regulate the 
RAS signalling pathway37. Finally, RIT1 mutations have been shown to 
activate MAPK signalling by escaping LZTR1-mediated degradation38.

Mutations in genes encoding members of the RAF family can be 
grouped by RAS dependency. RAS-independent activation of MAP2K1 
and MAP2K2 occurs with ARAF S214X, BRAF class I (such as V600E) and 
II mutations (such as G469A and K601E), and RAF1 mutations. BRAF  
class I mutations signal as monomers. BRAF fusions and ARAF,  
BRAF class II and RAF1 mutations signal as dimers26,39,40. RAS-dependent 
activation occurs with BRAF class III mutations (such as G466V, D594G and  
N581S), which have either impaired kinase activity or are kinase-dead 
and have a greater affinity for RAS–GTP than wild-type BRAF. RAS–GTP 

Fig. 2 | Receptor tyrosine kinase gene mutations. a, Mutations involving EGFR, 
ERBB2 and DDR2 that result in the expression of putatively ligand-independent 
constitutively active oncogenic kinases are shown. EGFR insertions (such as 
the 9-bp insertions SVD or NPH, or the 12-bp insertion FQEA) typically occur 
between residues 769 and 775 while ERBB2 insertions (such as the 12-bp insertion 
YVMA) occur between residues 775 and 881. DDR2 mutations can affect both 
extracellular domains (such as DDR2 G253S) and intracellular domains (such 
as DDR2 G774V). b, MET mutations can similarly occur in various extracellular 
and intracellular domains. MET exon 14 alterations are thought to be ligand-
dependent and therefore are reliant on the endogenous ligand hepatocyte 
growth factor (HGF). These mutation types are not intuitively annotated in some 

cases and can often be missed by clinicians when reviewing reports, particularly 
when the variants lie deep within introns and their effect on splicing remains 
unclear. The MET exon 14 alteration c.2888-40_2888-19del20 provides an 
example of this scenario. This alteration is a 20-bp deletion located in the intronic 
region adjacent to the splice acceptor site at the 5′ boundary of MET exon 14;  
the deletion involves positions −40 to −19 preceding the start of the exon 14 coding 
sequence at position 2888. RNA sequencing may be helpful to confirm MET 
exon 14 skipping in these cases with deep intronic mutations. The variants were 
selected from lung adenocarcinomas in the GENIE database (v12)13 and reflect 
driver mutations as annotated using OncoKB and hotspot recurrence198.  
TK, tyrosine kinase.
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binding of these class III mutant proteins results in enhanced RAF1 activ-
ity and increased ERK signalling39 and other RAS signalling pathway 
alterations might co-occur. Similarly, ARAF amplifications can activate 
RAS in a kinase-independent manner by antagonizing NF1 binding26.

MAP2K1 mutations can be grouped by RAF dependency. MAP2K1 
class I mutations (such as D67N and P124S) are RAF-dependent, have 
a limited transforming capacity and can co-occur alongside other 
ERK-activating alterations. MAP2K1 class II (such as K57N and C121S) 
and class III alterations (such as E102_I103del and I103-K104del) are 
RAF-independent41.

Other alterations. BRD4 fusions are well described in the context 
of NUT midline carcinomas. In lung cancer, fusions such as BRD4–
NOTCH3 (Fig. 5d) might sequester histone acetyltransferases and other 
transcriptional co-factors to chromatin regions that transcribe selected 
genes (including MYC)42. Notably, this fusion includes the functional 
ankyrin domain of NOTCH3, and such fusions have been described 
as constitutive activators of NOTCH signalling in other tumours43. 
Therefore, both BRD4 and NOTCH3 domains are likely to contribute 
to the oncogenicity of BRD4–NOTCH3.

Clinicopathological characteristics
Clinical and histological features. Most rare driver alterations in 
RTKs, RAS, RAF and MEK are enriched in LUADs (Supplementary 
Table 5), the most common histological subtype of NSCLC8,44. These 
alterations can also be found in non-LUAD histologies such as squa-
mous cell, large cell neuroendocrine, or rarely small-cell lung cancers. 
For example, DDR2 mutations and FGFR1 amplifications are enriched 
in squamous cell carcinomas, a histological subtype that also pref-
erentially harbours PIK3CA alterations45. No pathological feature is 
entirely specific for a given molecular driver, although certain unique 
morphological patterns are associated with rare genomic subsets. 
For example, tumours harbouring ALK, ROS1 or RET fusions are often 
characterized by an abundance of extracellular mucin, a cribriform 
pattern and signet-ring cell morphology46,47.

NRG1 fusions are commonly found in invasive mucinous adenocar-
cinomas (IMAs), a variant of LUAD (3% of LUADs) with distinct clinical, 
pathological and molecular features48. Despite their low prevalence, 
IMAs comprise a sizeable proportion (28%) of all NRG1 fusion-positive 
lung cancers49,50. NRG1 fusion-positive IMAs tend to have higher-risk 
features and are associated with worse outcomes compared with KRAS-
mutant IMAs49. IMAs lacking NRG1 fusions typically harbour a wide  
range of KRAS mutations, especially G12D/V, and other driver alterations 
(including non-NRG1 fusions) found in non-mucinous LUADs.

In contrast to other mitogenic drivers, MET exon 14 skipping is 
associated with several rare histological subtypes of NSCLC, namely 
sarcomatoid carcinomas and adenosquamous carcinomas. Most MET 

exon 14-altered tumours are LUADs, although the frequency of sarco-
matoid and adenosquamous histologies can be four to six times higher 
in patients with MET exon 14-altered LUADs than in patients with MET 
wild-type disease51,52. These histological variants are similarly enriched 
among patients with highly MET-amplified lung cancers, suggesting a 
link with broader MET activation and histology predilection51,52. Other 
clinical–genotype associations include increased thrombotic risk in 
patients with NSCLC positive for ALK or ROS1 fusions53,54.

Many rare oncogenic alterations tend to occur predominantly in 
younger never-smokers or former light smokers. Racial and ethnic dif-
ferences might also exist, although these are less well studied for many 
rare oncogenes. EGFR and ERBB2 exon 20 mutations, which phenocopy 
classic EGFR mutations, are more commonly found in female never-
smokers of Asian ethnicity11. Fusions are typically found in patients 
with little to no cigarette smoking history55–57. By contrast, MET exon 14  
alterations are commonly diagnosed in older patients (median age  
72 years) with more substantial smoking histories (>10 pack-years), includ-
ing those who have smoked heavily (>20 pack-years)58. Transversion 
mutations involving KRAS (such as G12A and G13C) and MAP2K1 (ref. 41) 
(such as K57N) might be enriched in former and current smokers59.

Whether some of the observations related to smoking history are 
sociologically conditioned is currently unclear. For example, older 
patients might have commenced smoking during their youth when 
smoking was endemic. Younger patients might never have smoked 
owing to clearer public health messaging, particularly over the past 
few decades.

Activity of chemotherapy and immunotherapy. Rare molecular sub-
types of NSCLC can be broadly divided into two groups on the basis of 
responsiveness to chemotherapy. In the first group, chemotherapy can 
provide durable benefit. According to data from retrospective studies, 
regimens containing pemetrexed can result in higher objective response 
rates (ORRs) and longer median progression-free survival (PFS) in 
patients with ALK, ROS1 or RET fusion-positive cancers compared with 
those in patients with other alterations, such as KRAS or EGFR muta-
tions60–62. In the second group, retrospective data suggest more modest 
levels of benefit. This group includes BRAF63, ERBB2 (ref. 64) and EGFR 
exon 20 mutations65, and NTRK1/2/3 (ref. 66) and NRG1 (ref. 67) fusions.

The majority of patients with oncogene-driven NSCLC do not 
respond to immune-checkpoint inhibitors (ICIs) administered as single 
agents (ORRs 0% in patients with ALK fusions, increasing to 26% in those  
with KRAS mutations), and median PFS is short in these patients68  
(2.1 months in patients with RET fusions, increasing to 3.4 months 
in those with MET exon 14 alterations). This poor activity is possibly 
owing to a poorly immunogenic microenvironment, a lower tumour 
mutational burden (TMB) than that of driver-negative cancers, limited 
CD8+ T cell infiltration and/or other factors69.

Fig. 3 | RAS and MAPK family mutations. a, Mutations in KRAS, NRAS and HRAS 
can affect a variety of residues, including the paralogous (blue rectangles with 
dashed borders) G12, G13 and Q61 residues. RIT1 encodes a small GTPase. RIT1 
mutations can affect the A77, F82 and M90 residues located close to the switch II 
pocket. b, ARAF mutations commonly affect S214 in addition to other residues. 
To date, mutations in the S214 codons are the only mutations in ARAF that are 
proven to be oncogenic in patients with lung cancer. RAF1 mutations involve 
S257 and S259 (an ARAF S214 paralogue). BRAF mutations affect V600 and a wide 
variety of non-V600 residues (such as G466, G469, N581, D594, G596 and K601) 
located in the serine–threonine kinase domain. BRAF V600E is considered a class I 

(RAS-independent) alteration, while class II (RAS-independent) and class III (RAS-
dependent) alterations comprise many non-V600 substitutions. c, MAP2K1 class I 
mutations (such as D67N) are RAF-dependent. Class II mutations (such as K57N, a 
common MAP2K1 mutation) can be modulated when phosphorylated by RAF and 
can occur either in isolation or co-occur with ERK-activating alterations. Class III 
mutations are both RAF and phosphorylation-independent, constitutively active 
and highly oncogenic. The variants were selected from lung adenocarcinomas in 
the GENIE database (v12)13 and reflect driver mutations as annotated by OncoKB 
and hotspot recurrence198.
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Nonetheless, improved levels of clinical benefit and even long-
term responses have been observed in certain scenarios. Smokers with 
BRAF-mutant lung cancers have a longer median PFS duration than 

never-smokers with lung cancers harbouring alterations in the same 
gene (4.1 versus 1.9 months68). Another example is provided by the 
finding that patients with metastatic MET exon 14-altered, PD-L1-high 
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Fig. 4 | Fusion circos plot. Intrachromosomal and interchromosomal fusions 
involving receptor tyrosine kinase genes (blue), MAPK pathway members 
RASGRF1 and BRAF (green), NRG1/2 and BRD4 (yellow) genes are shown. These 
genes are shown in the inner track, and the fusion partners are shown in the 
outer track of the circos plot. Common fusions in lung cancer include EML4-ALK, 

KIF5B-RET and CD74-ROS1; partner preference might be influenced by intrinsic 
genome stability, susceptible loci and transcriptional activation. The fusions have 
been curated from publicly available databases with RNA sequencing including 
the The Cancer Genome Atlas cohort193 and MSK-IMPACT and MSK-Fusion cohort 
from GENIE (v12)13.
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(tumour proportion score ≥ 50%) NSCLC have an ORR of 43% and a  
median duration of response of 13.9 months on first-line pembroli-
zumab, although the median PFS duration in these patients was  
3.5 months70. Of note, the efficacy of chemotherapy and immuno-
therapy in rare molecular subsets of lung cancer is largely based on 
data from retrospective and small series, representing an important 
limitation to these analyses.

Concurrent or sequential use of ICIs and TKIs can increase toxic-
ity compared with the use of only one of these modalities. For exam-
ple, severe immune-related adverse events such as pneumonitis were 
observed in 15% of patients with EGFR-mutant NSCLC receiving concur-
rent osimertinib plus an anti-PD-1/PD-L1 antibody71. TKI therapy after 
an ICI can result in an increased incidence of transaminitis (grade 3–4 
events in 45.5% of patients receiving crizotinib for ALK fusions72) and 
hypersensitivity (any-grade events in 11.2% of patients receiving selp-
ercatinib for RET fusions73). As such, should molecular testing results 
not yet be available, chemotherapy can reasonably be considered 
over chemotherapy plus an ICI or ICI monotherapy in patients with 
suspected oncogene-driven lung cancers.

Diagnostics
Molecular profiling evolution
The discovery of rare oncogenic driver alterations has substantially 
transformed molecular testing practices in lung cancer over the past 
decade74. Genotyping approaches previously focused on a few genes 
with sequential testing using single-gene assays (such as PCR, fluo-
rescence in situ hybridization (FISH) or Sanger sequencing)75. The 
most commonly altered genes (such as KRAS and EGFR) were ana-
lysed first, followed by less commonly altered genes; serial testing was 
performed until a positive result was found. With improvements in 
technology and the ever-growing list of actionable targets, diagnostic 
paradigms have converged on next-generation sequencing (NGS) as a 
more comprehensive, economical and tissue-efficient approach76. In 
turn, wider adoption of more comprehensive NGS panels that enable 
concurrent sequencing of a larger number of genes has both increased 
the likelihood of detecting rare alterations and uncovered previously 
undetected alterations.

Many NGS assays are designed to concurrently interrogate hun-
dreds of genes, including rare potential drivers that were previously 
not prioritized owing to their limited incidence (such as NTRK1/2/3 
fusions) or investigational status (such as NRG1 or FGFR1/2/3 fusions)77. 
Standalone assays for rare driver alterations are not widely available 
and are often difficult to implement with limited tissue availability; 
therefore, NGS often provides the only screening method for these 
variants. Within commonly tested genes (such as EGFR), NGS can dis-
tinguish uncommon genotypes (such as exon 20 insertions, which can 
be missed by some hotspot PCR-based assays78). NGS also enables the 
identification of multiple classes of alterations (including amplifica-
tions, mutations and fusions33,79) and potentially novel alterations, thus 
fuelling current and future research efforts.

Optimizing driver identification
RNA-based testing. Targeted DNA-based NGS is typically the primary 
and/or only assay used for genotyping; nonetheless, the sensitivity of 
this method for fusions and alternatively spliced transcripts can be 
variable depending on assay design, gene coverage and target enrich-
ment80,81. Sequencing of introns (where most breakpoints occur) 
can be challenging owing to size constraints (the sheer size of NRG1 
introns precludes adequate coverage48,67,82) and repetitive sequences  

(ROS1 intron 31 is difficult to capture owing to the presence of repetitive 
long interspersed nuclear elements)80.

By contrast, RNA-based methods enable direct assessments of 
oncogenic RNA transcripts that lack large intronic sequences, enabling 
more efficient and sensitive analyses. RNA-based NGS can also enable 
the detection of occult kinase fusions missed by DNA sequencing80,81, 
thus improving sensitivity. Furthermore, RNA-based testing optimizes 
specificity by confirming that certain fusions of unknown significance 
detected in DNA are not transcribed into oncogenic fusions, while also 
confirming that others produce novel chimeric transcripts83.

For splice site alterations, DNA hybrid capture-based target enrich-
ment outperforms amplicon-based methods; however, the intrinsic 
limitations of DNA sequencing remain33,84. Without adequate coverage 
of MET introns flanking exon 14, large deletions and cryptic splice site 
mutations located deep within introns (such as those located more 
than ten nucleotides from intronic–exonic junctions) can be missed85. 
Furthermore, DNA-based NGS occasionally reveals deep intronic vari-
ants in MET introns 13 and 14 that have an unclear effect on splicing. 
By contrast, RNA sequencing can determine which variants lead to 
exon 14 skipping by directly capturing aberrant splicing byproducts86.

Despite the advantages of RNA-based sequencing for selected 
alterations, the unique challenges associated with using RNA as a 
clinical analyte must also be recognized. Compared with DNA, RNA is 
considerably more labile and prone to degradation, leading to clinical 
testing failure rates of 10–30%87,88. Pre-analytical strategies for optimiz-
ing RNA testing include prioritizing specimens with abundant tumour 
content and avoiding the use of older, archived samples that are likely 
to yield RNA of lower quantity and quality.

A consensus approach to integrating DNA-based and RNA-based 
sequencing workflows has yet to be established. While performing 
upfront dual DNA-based and RNA-based NGS is one strategy89, this 
might not be necessary in all patients and might be prohibitive in 
resource-limited settings. An alternative strategy (Supplementary 
Fig. 2) uses DNA-based NGS as a primary screening assay with subse-
quent RNA-based NGS in selected patients (such as patients who are 
driver-negative on DNA testing, and/or those with fusions or intronic 
mutations of unknown significance81). This model focuses on address-
ing the limitations of DNA-based testing and might facilitate the more 
judicious and cost-effective use of RNA-based testing, albeit with longer 
total turnaround times for scenarios requiring sequential testing.

Copy-number analysis. In addition to fusions and splice alterations, 
rare gene amplifications can be difficult to capture using DNA-based NGS 
owing to a variety of biological, pre-analytical and post-analytical factors. 
Importantly, the detection of amplifications relies heavily on the degree 
of amplification, tumour purity and clonality of the sample. For example, 
if tumour cells harbouring high-level MET amplifications are admixed 
with an abundance of immune cells and stroma, the predominance of 
non-tumour cells can obscure the MET amplifications.

Lower levels of amplification and/or the presence of amplifica-
tions in only a subset of tumour cells can further decrease the level 
of sensitivity. Data from dilutional studies indicate that detection of 
amplifications might not be reliable in specimens with <20% tumour 
content90. Hence, low-purity tumour samples with negative or equivo-
cal amplification results might benefit from further testing using FISH, 
which can provide a more granular analysis at single-cell resolution.

The interpretation of copy number results from NGS is further 
complicated by the lack of established thresholds for amplification 
and guidelines for the selection of therapy. For example, the presence 
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of high-level MET amplifications enriches for responses to MET inhibi-
tion91,92, although the definition of such amplifications can vary substan-
tially between assays, and clinical activity can be seen across various copy 
states90. Further standardization is needed to enable the implementation 
of therapeutically relevant cut-offs for rare actionable amplifications.

Liquid biopsies. Adequate tumour tissue samples are essential for 
successful NGS; however, samples acquired via invasive procedures are 
not always sufficient for comprehensive testing93. Liquid biopsies using 
approximately 3–10 ml of plasma and the subsequent analysis of circu-
lating tumour DNA (ctDNA) involve shorter analysis turnaround times 
and can serve as a useful alternative to tissue-based genotyping when 
a tumour biopsy is not safe or feasible94. Despite the well-recognized 
utility of ctDNA testing, several important issues must be considered.

Given the scarcity of plasma ctDNA and the need for ultra-deep 
sequencing (usually >10,000× depth), liquid biopsy panels typically 
include fewer genes than tissue-based panels in order to balance 
sequencing breadth and depth95. As a result, genes with highly recurrent 
alterations are often prioritized, and less commonly altered genes are 
sometimes excluded. An example is provided by the MSK-ACCESS liq-
uid biopsy panel, which covers 129 genes. By contrast, its tissue-based 
counterpart MSK-IMPACT includes 505 genes in its current iteration. 
Other commercial ctDNA-based assays such as Guardant360 have a 
highly focused panel of <100 genes94 while Tempus xF and Founda-
tionOne Liquid, despite their larger gene panels, still cover fewer genes 
than their tissue-based NGS counterparts96,97.

Compared with plasma, other bodily fluids (such as cerebrospinal 
fluid or pleural effusions) can be enriched in ctDNA, enabling analysis 
using less-sensitive NGS assays with the larger and more inclusive 
panels that are generally reserved for tissue-based sequencing98,99. 
Nonetheless, ctDNA testing has variable levels of sensitivity regardless 
of the source, and all negative results should be confirmed by tumour 
tissue testing94.

The limitations of DNA-based NGS analysis of tissue samples also 
apply to ctDNA-based testing. Currently, no clinical assays for analysis 
of RNA-based liquid biopsies are available for use in patients with lung 
cancer (tissue is currently required for RNA-based detection of fusions 
and exon skipping), although notable advances in circulating tumour 
cell, cell-free and exosomal100–103 RNA profiling suggest that such assays 
might be incorporated into clinical workflows in the future100–103.

Novel driver discovery
Targeted DNA-based and RNA-based NGS sometimes fail to identify 
a clear oncogenic driver within the RTK–RAS–RAF pathway. While a 
distinct driver-negative subset characterized by smoking-induced 
malignancies with complex genomics, a high TMB, and/or alterations 
in TP53, STK11 or KEAP1 alterations exists44, the absence of a driver on 
targeted NGS, particularly in never-smokers with a low TMB, could 
be a false-negative result that justifies more comprehensive analy-
sis using whole-transcriptome sequencing (WTS) or whole-genome 
sequencing (WGS).

WTS of supposedly ‘driver-negative’ tumours has enabled the dis-
covery of fusions containing NRG2 (refs. 19,49), RASGRF1 (ref. 16) and LTK104 
and clinical-grade WTS might facilitate a more unbiased search for 
other rare or novel fusions compared with targeted panel-based profil-
ing. Similarly, WGS might also enable novel oncogenic signatures to be 
uncovered. In the TCGA LUAD project, WGS of tumours deemed driver-
negative on WTS and whole-exome sequencing revealed the presence 
of pathogenic copy number alterations, complex rearrangements and 

non-coding alterations including a candidate driver mutation in the 
ILF2 promoter region105. Furthermore, WGS enabled the detection of 
canonical drivers missed by whole-exome sequencing owing to low 
tumour purity and/or poor coverage, thus highlighting the importance 
of pre-analytical factors and quality control metrics105.

While WTS and WGS are not routinely used in the clinic, data from 
studies using this method suggest an emerging role in biomarker dis-
covery in driver-negative tumours (Supplementary Fig. 2), especially 
those deemed more likely to harbour occult drivers (such as those with 
a low TMB that are also not smoking-related). The potential utility of 
other multi-omics approaches (such as methylomics and proteomics) 
continues to evolve.

Targeted therapy
Drug classes
Small molecules. Kinase inhibitors comprise most of this group. 
Kinase substrates can be classified into tyrosine kinases (EGFR, HER2, 
MET, ALK, RET and ROS1), serine–threonine kinases (BRAF) and dual-
specificity kinases (MAP2K1 and MAP2K2). TKIs (such as mobocertinib, 
capmatinib, tepotinib, alectinib, brigatinib, lorlatinib, selpercatinib, 
pralsetinib, crizotinib and entrectinib) are the most common class of 
approved agents (Tables 1,2) for oncogene-driven lung cancers. The 
remaining minority of approved or guidelines listed agents include 
serine–threonine kinase inhibitors (dabrafenib and vemurafenib) and 
dual-specificity kinase inhibitors (trametinib)106.

Kinase inhibitors can be classified by mechanism of action. Inter-
estingly, all FDA-approved TKIs are ATP-competitive type I inhibitors 
that target kinases in their active conformation. ATP-competitive 
type II inhibitors (such as cabozantinib) target kinases in their inactive 
conformation and are less common; none are approved for oncogene-
driven lung cancers. Type III inhibitors (such as trametinib) are non-
ATP competitive allosteric inhibitors107. Generations have also been 
assigned to kinase inhibitors that target a single molecular subset of 
lung cancers (such as ALK fusion-positive NSCLC). Later-generation 
agents often have additional features relative to their earlier-generation 
counterparts, such as improved central nervous system (CNS) activity 
and activity against resistance mutations.

Several novel small molecules have either entered or are expected 
to enter clinical trials. Dabrafenib and vemurafenib target monomeric 
BRAF V600E-mutant forms of BRAF, whereas newer RAF inhibitors that 
target dimers (such as PLX8394 (ref. 108) and BGB-3245 (NCT04249843) 
are being investigated in patients with non-V600E (for example class II)  
BRAF-mutant malignancies. Agents designed to deliver targeted pro-
tein degradation (such as proteolysis-targeting chimeras (PROTACs) 
and molecular glues) are also currently being explored in certain 
oncogene-driven lung cancers such as those harbouring KRAS, EGFR, 
MET or BRAF109 mutations, or ALK or RET fusions110. Although effective 
small molecules against these alterations have been developed and 
approved, PROTACs are mechanistically different and may address 
complex on-target resistance by degrading proteins that are unlikely 
to bind approved or investigational small molecules (such as TKIs) 
owing to resistance mutations that confer steric hindrance111. In addi-
tion, PROTACs may be active against alterations for which there are no 
currently approved drugs, such as non-G12C KRAS mutations.

Antibody-based therapies. Apart from small molecules, antibody-
based therapies are another widely used class of agents. Unconjugated 
antibodies can be monospecific or bispecific. Monospecific antibodies 
harbour specificity for a single antigen or epitope (such as trastuzumab 
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for HER2 (ref. 112) or seribantumab for HER3). Bispecific antibodies 
target two antigens or epitopes (for example, amivantamab for MET 
and EGFR or zenocutuzumab for HER3 and HER2). These antibodies 
have a variety of functions including interference with ligand binding, 
inhibition of RTKs and induction of antibody-dependent cytotoxicity.

Expanding the scope of antibody-based targeting, antibody–
drug conjugates (ADCs) have emerged as a new class of agents. ADCs 
consist of an antibody (typically a class 1 IgG), a cytotoxic payload 
(such as an auristatin, maytansinoid, calicheamicin or camptothecin), 
and a linker (cleavable or non-cleavable) that connects the two com-
ponents113. New payloads with putative immunomodulatory effects 
(such as TLR7/8 agonists114, known as immune-stimulating antibody 
conjugates) have entered clinical testing. ADCs explored in patients 
with oncogene-driven lung cancers include the anti-HER2 ADCs tras-
tuzumab emtansine and trastuzumab deruxtecan115, and the anti-MET 
ADC telisotuzumab vedotin116.

Activity
The therapeutic actionability of rare molecular subtypes of lung can-
cer varies by alteration. At one end of the spectrum lie alterations for 
which targeted therapies are approved in one or more countries. Even 
within this group, variations in response rate (indicating the degree 
of actionability) and level of evidence supporting approval (phase I/II 
versus phase III trials) are observed. At the other end of the spectrum 
lie alterations for which clinical actionability remains questionable. 
Including discussions of all possible therapies for each alteration is 
currently not feasible, therefore a summary of data from preclinical 
and clinical studies is provided (Tables 1,2, Supplementary Table 4).

Mutations. The only rare-oncogene-driven lung cancers for which 
targeted therapies are approved and/or listed in clinical guidelines are 
EGFR exon 20-mutant, ERBB2-mutant, BRAF V600E-mutant and MET 
exon 14-altered NSCLC. These various classes of drugs are clinically 

Table 1 | Clinical activity of targeted therapies against ‘rare’ mutations and copy number alterations in lung cancers

Molecular 
alteration

Agent Patient population Mechanism of 
action

ORR 
(%)

Median DoR 
(months)

Median PFS 
(months)

Median OS 
(months)

EGFR exon 20 
insertions

Amivantamaba,b (ref. 120) Pretreated EGFR–MET BiAb 40 11.1 8.3 22.8

Mobocertiniba,b (ref. 119) Pretreated EGFR TKI 28 17.5 7.3 24

Poziotinib186 Treatment-naive and pretreated EGFR and HER2 TKI 32 8.6 5.5 19.2

CLN-081c (ref. 157) Pretreated EGFR TKI 38 10 10 Not mature

BRAF V600E 
mutations

Dabrafenib + trametiniba,b (ref. 118) Treatment-naive BRAF S/TKI and 
MAP2K1/2 inhibitor

64 10.4 10.9 24.6

Dabrafenibb (ref. 126) Treatment-naive and pretreated BRAF S/TKI 33 9.9 5.5 12.7

Vemurafenibb (ref. 127) Treatment-naive and pretreated BRAF S/TKI 37 7.2 6.5 15.4

ERBB2 mutations Trastuzumab deruxtecana,b (ref. 115) Pretreated HER2 ADC 55 9.3 8.2 17.8

Trastuzumab emtansineb (ref. 124) Treatment-naive and pretreated HER2 ADC 44 4 5 NR

Trastuzumab + pertuzumab + 
docetaxel187

Pretreated HER2 mAb and 
chemotherapy

29 11 6.8 17.6

Poziotinibc,123 Treatment-naive and pretreated EGFR and HER2 TKI 27 5 5.5 15

Pyrotinib122 Pretreated Pan-HER TKI 30 6.9 6.9 14.4

ERBB2 copy 
number increases

Pyrotinib152 Treatment-naive and pretreated Pan-HER TKI 22 7.2 6.3 12.5

Pertuzumab + trastuzumab151,188 Pretreated (included ERBB2 
amplification/overexpression)

HER2 mAb 13 NR NR NR

MET exon 14 
alterations

Capmatiniba,b (ref. 92) Treatment-naive Type Ib MET TKI 68 12.6 12.4 NR

Pretreated Type Ib MET TKI 41 9.7 5.4 NR

Tepotiniba,b (ref. 117) Treatment-naive and pretreated Type Ib MET TKI 46 11.1 8.5 17.1

Crizotinibb (refs. 149,158) Treatment-naive and pretreated Type Ia MET TKI 32 9.1 7.3 20.5

Savolitinib189 Treatment-naive and pretreated Type Ib MET TKI 47 NR 6.8 12.5

Amivantamab121 Treatment-naive and pretreated EGFR–MET BiAb 33 NR NR NR

MET copy number 
increases

Capmatinibb (ref. 92) Treatment-naive (GCN ≥ 10) Type Ib MET TKI 40 7.5 4.2 NR

Pretreated (GCN ≥ 10) Type Ib MET TKI 29 8.3 4.1 NR

Tepotinibb (ref. 150) Treatment-naive and pretreated 
(MET copy number ≥ 2.5)

Type Ib MET TKI 42 NR 4.2 NR

Crizotinibb (ref. 149) Treatment-naive and pretreated 
(MET/CEP7 ≥ 4)

Type Ia MET TKI 38 5.2 6.7 11.4

ADC, antibody–drug conjugate; BiAb, bispecific antibody; DoR, duration of response; GCN, gene copy number; mAb, monoclonal antibody; PFS, progression-free survival; NR, not reported; 
ORR, objective response rate; OS, overall survival; S/TKI, serine–threonine kinase inhibitor; TKI, tyrosine kinase inhibitor. aFDA-approved. bIncluded in the National Comprehensive Cancer 
guidelines. cFast track/breakthrough designation by FDA.
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active and have provided benefit in many patients; however, none of 
these has consistently and simultaneously resulted in an ORR of >50% 
and a median PFS of >1 year either as monotherapy or combination 
therapy. In treatment-naive patients with MET exon 14 alterations, 
capmatinib results in an ORR of 68% and a median PFS of 12.4 months92, 
although other members of the same drug class have more limited 
activity (tepotinib, which results in an ORR of 46% and a median PFS 
of 8.5 months117, or the broad-spectrum TKI crizotinib, which results 
in an ORR of 32% and a median PFS of 7.3 months).

Trastuzumab deruxtecan for ERBB2-mutant lung cancers (ORR 
55%, median PFS 8.2 months)115 and dabrafenib plus trametinib for BRAF 
V600E-mutant lung cancers (ORR 64%, median PFS 10.9 months118) 
are among the more active approved drugs for lung cancers harbour-
ing rare mutations. The rest of the therapy–oncogene pairs are typi-
cally associated with more modest ORRs of 30–50% and median PFS 
durations of <1 year: mobocertinib119 or amivantamab120 in patients 
with EGFR exon 20 mutations, and capmatinib (in previously treated 
patients)92 or tepotinib117 in patients with MET exon 14 alterations.

In a field previously dominated by small molecules, proof of 
principle that antibody-based therapies can have comparable or 
even improved levels of activity is growing. An example is provided 
in patients with EGFR exon 20 mutations, for whom both the antibody 

amivantamab and the small molecule mobocertinib are available, with 
similar levels of activity observed in separate studies. Amivantamab has 
also demonstrated activity (ORR 64% in a cohort including patients who 
had previously received a MET TKI) in patients with MET exon 14-altered 
NSCLC121. ERBB2-mutant NSCLC provides an excellent example of an 
improvement in activity when moving from TKIs (ORRs 0–30%122,123) to 
ADCs (trastuzumab emtansine (ORR 44%) and trastuzumab deruxtecan 
(ORR 55%)115,124).

Other mutation-driven lung cancers might be targetable based 
on preclinical data or case reports. For example, patients with DDR2-
mutant tumours, which are thought to require SRC, have responded 
to the SRC inhibitor dasatinib12. Following the success of direct KRAS 
G12C inhibitors, other mutation-specific or pan-RAS inhibitors are 
emerging for the treatment of tumours harbouring non-G12C KRAS 
mutations125.

Beyond single-agent therapies, combination therapies might 
be effective against tumours harbouring other RAS–MAPK pathway 
alterations (as observed with BRAF plus MEK inhibitors compared 
with BRAF inhibitor monotherapy126,127 in patients with BRAF V600E-
mutant cancers). Similarly, data from preclinical models of RIT1-mutant 
cancer128 indicate a response to MEK and PI3K inhibition. Acknowledging 
their RAS dependence, patients with advanced-stage solid tumours 

Table 2 | Clinical activity of targeted therapies against ‘rare’ fusions in lung cancers

Molecular alteration Agent Patient population Mechanism of action ORR 
(%)

Median DoR Median PFS 
(months)

Median OS 
(months)

ALK fusions Crizotiniba,b (ref. 136) Treatment-naive 1st generation ALK TKI 74 11.3 10.9 Not reached

Ceritiniba,b (ref. 137) Treatment-naive 2nd generation ALK TKI 73 23.9 16.6 Not reached

Alectiniba,b (refs. 139,138) Treatment-naive 2nd generation ALK TKI 83 28.1 34.8 Not reached

Brigatiniba,b (ref. 140) Treatment-naive 2nd generation ALK TKI 71 33.2 24 Not reached

Ensartinib190 Treatment-naive 2nd generation ALK TKI 74 Not reached 25.8 Not reached

Lorlatiniba,b (ref. 141) Treatment-naive 3rd generation ALK TKI 76 Not reached Not reached Not reached

RET fusions Selpercatiniba,b (ref. 134) Treatment-naive RET TKI 85 Not reached Not reached Not reached

Pretreated RET TKI 64 17.5 16.5 Not reached

Pralsetiniba,b (ref. 135) Treatment-naive RET TKI 70 9 9.1 Not reached

Pretreated RET TKI 61 Not reached 17.1 Not reached

ROS1 fusions Crizotiniba,b (ref. 132) Treatment-naive  
and pretreated

ROS1 TKI 72 24.7 19.3 51.4

Ceritinibb (ref. 191) Pretreated ROS1 TKI 62 21 9.3 24

Entrectiniba,b (ref. 133) Treatment-naive ROS1 TKI 68 20.5 15.7 47.8

Lorlatinibb (ref. 160) Treatment-naive  
and pretreated

ROS1 TKI 62 25.3 21 Not reached

Repotrectiniba (ref. 192) Treatment-naive ROS1 TKI 79 NR NR NR

NTRK1/2/3 fusions Larotrectiniba,b (ref. 129) Treatment-naive  
and pretreated

TRK TKI 83 Not reached Not reached 40.7

Entrectiniba,b (ref. 156) Treatment-naive  
and pretreated

TRK TKI 64 19.9 14.9 Not reached

NRG1 fusions Zenocutuzumabc (ref. 143) Treatment-naive  
and pretreated

HER2–HER3 BiAb 35 9.1 (pan-tumour; 
NR in the NSCLC 
cohort)

NR NR

Seribantumabc (ref. 144) Pretreated ERBB3 mAb 36 Not reached NR NR

BiAb, bispecific antibody; DoR, duration of response; mAb, monoclonal antibody; NR, not reported; NSCLC, non-small-cell lung cancer; ORR, objective response rate; OS, overall survival;  
PFS, progression-free survival; TKI, tyrosine kinase inhibitor. aFDA-approved. bIncluded in the National Comprehensive Cancer guidelines. cFast track/breakthrough designation by FDA.
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harbouring class III BRAF alterations are receiving the combination 
of MEK and SHP2 inhibitors in a large-cohort phase I clinical trial 
(NCT04800822).

Fusions. As opposed to mutation-driven lung cancers, fusion-driven 
lung cancers often respond well to approved targeted therapies with 
ORRs of >50% and median PFS durations of >1 year seen with several 
agents in the TKI-naive and/or treatment-naive settings (Table 2). 
Patients with ALK, RET, ROS1 or NTRK1/2/3 fusion-positive lung can-
cers have ORRs of 61–83%. The durability of these responses is equally 
impressive, with median PFS durations ranging from 9 to 35 months129–141.

Sequential use of TKIs can be effective in patients with fusion-
positive cancers. ALK fusion-positive NSCLC is the only subset for which 
this paradigm has corresponding drug approvals (for example, lorlat-
inib in patients who have received a previous ALK TKI, based on an ORR 
of 39% and a median PFS of 9.6 months)142; however, clinical responses 
to next-generation TKIs have been documented after progression on 
initial TKI therapy in patients with other fusion-positive lung cancers 
(such as in patients receiving repotrectinib for ROS1 fusions, TPX-0046 
for RET fusions or selitrectinib for NTRK fusions).

The experience with NRG1 fusions demonstrates the utility of 
antibody-based therapies in fusion-positive lung cancers with puta-
tive cell-surface expression of a chimeric oncoprotein. Although 
these tumours depend on HER3–HER2 dimers for growth, the pan-
ERBB TKI afatinib has unimpressive overall activity (median PFS  
2.8 months, despite a 25% ORR)67. By contrast, the antibodies zeno-
cutuzumab or seribantumab are associated with ORRs of ~35%, with 
a median duration of response of 9.1 months observed with zenocutu-
zumab in a mixed cohort of patients with NRG1 fusion-positive solid 
tumours including NSCLC143,144. As NRG1 fusion-positive cancers can 
overexpress HER3, the use of ADCs could be considered, recogniz-
ing that HER3-targeted ADCs (such as patritumab deruxtecan) have 
already been explored in other HER3-expressing NSCLCs, including in  
EGFR-mutant NSCLCs145.

Patients with tumours harbouring other fusions might also ben-
efit from targeted therapies. MET fusion-positive NSCLCs, many of 
which feature both exon 14 exclusion and an intact kinase domain can 
respond to crizotinib146. Similarly, a patient with FGFR2 fusion-positive 
NSCLC responded to the pan-FGFR inhibitor erdafitinib, according to 
a case report147. Likewise, tumours with fusions involving LTK (whose 
kinase domain is 80% identical to that of ALK) can respond to ALK 
TKIs such as lorlatinib104. Finally, RASGRF1 fusion-driven cancers can 
respond to MAPK pathway inhibitors (such as sunitinib) both in pre-
clinical models and clinically148. BRAF fusions are considered class II 
BRAF alterations and patients with tumours harbouring such altera-
tions are receiving RAF dimer or pan-RAF inhibitors in clinical trials 
(NCT02428712)108.

Amplifications. Data on targeted therapies for patients with amplifi-
cation-driven NSCLC are currently limited. Crizotinib, capmatinib and 
tepotinib are all listed in guidelines for the management of patients 
with lung cancers harbouring high-level MET amplifications92,149,150 
(Table 1). As implied by the indication, higher levels of MET amplifica-
tion or gene copy numbers are correlated with higher response rates 
to TKIs. Limited activity of TKIs and antibody-based therapies has 
been described in patients with ERBB2-amplified NSCLCs151,152. While 
robust clinical evidence has yet to emerge, other RTK amplifications 
could be targeted using TKIs or antibody-based therapies, although 
the contributions of co-occurring alterations and amplifications of 

differing extents and focalities should be explored, as they have been 
for RTKs such as MET90.

Contemporary features
Selectivity. Several rational enhancements in drug design have 
improved the clinical outcomes of patients with oncogene-driven 
lung cancers (Fig. 6). Increased target selectivity in particular is a 
favourable feature. In patients with RET fusion-positive NSCLCs, the 
movement from multikinase inhibitors with anti-RET activity (such 
as cabozantinib153 and vandetanib154) to highly RET-selective agents 
(such as selpercatinib134 and pralsetinib135) has resulted in an increase 
in tolerability owing to the avoidance of inhibition of non-RET kinases 
such as VEGFR2 (ref. 155) and activity, in part reflecting the ability to tol-
erate more meaningful plasma exposures and better target coverage. 
Increasing ROS1 selectivity (such as with the ROS-selective inhibitor 
NVL-520) might avoid the adverse effects associated with TRK and ROS1 
inhibitors such as entrectinib and repotrectinib, including dizziness, 
weight gain and withdrawal pain156.

Increased selectivity for certain mutations is another favourable 
drug design feature. An example of this effect is provided by mobocer-
tinib119, which is more selective for EGFR exon 20-mutant proteins than 
other EGFR alterations. Newer agents designed to target EGFR exon 
20 alterations, such as CLN-081, combine both mutant selectivity and 
target selectivity (inhibition of HER2 is avoided)157.

Although largely favourable, increasing kinase selectivity might 
have unwanted clinical consequences with certain agents. For exam-
ple, the move from using type Ia inhibitors (such as crizotinib)158 to 
more potent and selective type Ib MET inhibitors (such as tepotinib)  
in patients with MET-mutant and/or amplified NSCLCs was asso-
ciated with an increase in lower extremity oedema92,117. Similar 
isoform-selectivity problems might emerge with novel FGFR2- or 
FGFR3-selective TKIs, which may lead to cutaneous adverse effects in 
patients with FGFR2- or FGFR3-amplified NSCLC147.

CNS coverage. NSCLCs have a proclivity to metastasize to the brain; 
the lifetime risk of brain metastases in patients with oncogene-driven 
lung cancers can be substantial (35–50%)159. Rational drug design has 
enabled the development of systemic therapies with improved levels 
of CNS coverage, particularly small molecules. TKIs for ALK, RET or 
ROS1 fusion-positive lung cancers (including alectinib138, brigatinib140, 
lorlatinib160, entrectinib133,160, selpercatinib134 and pralsetinib135) pro-
vide the best examples of such improvements, leading to intracranial 
ORRs of ~60–80% with activity even seen in patients with leptome-
ningeal disease. Randomized phase III trials have demonstrated the 
intracranial superiority of next-generation ALK TKIs compared with 
crizotinib138,140,141.

Antibody-based therapies can also induce intracranial responses161 
although agents from this class might have impaired CNS activity 
owing to certain size constraints. Combining small molecules and 
antibodies has been investigated in patients with tumours harbouring 
classic EGFR alterations (for example, the combination of lazertinib 
plus amivantamab162) and such a paradigm could be applied to rare-
oncogene-driven NSCLCs. Developing nanoparticles conjugated to 
cytotoxic therapies163, effectively smaller equivalents of ADCs, might 
be another method for improving CNS drug delivery.

Resistance anticipation. Generational improvements in TKIs often 
include activity against resistance mutations that emerge with earlier-
generation TKIs. For fusion-positive NSCLCs, these advances can  
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include activity against gatekeeper, solvent-front and other resistance 
mutations. Importantly, some mutations (such as xDFG, which lead to  
the adoption of an inactive ‘DFG out’-like state) can result in conforma-
tional resistance that precludes the activity of type I TKIs, requiring the 
administration of a type II TKI164.

In patients with ALK fusion-positive lung cancers, improved 
mutational coverage is observed moving from second-generation 
TKIs (such as alectinib and ceritinib) to third-generation TKIs (such 
as lorlatinib); agents that could be considered fourth-generation 
TKIs that include activity against double mutations (such as TPX-0131  
(NCT04849273)165 and NVL-655 (NCT05384626)166) are already being 

tested in clinical trials. Next-generation TKIs with expanded muta-
tion coverage are also being explored for fusions containing RET  
(TPX-0046, HM06 and LOXO-260), ROS1 (repotrectinib, taletrectinib 
and NVL-520), and NTRK1/2/3 (selitrectinib, repotrectinib and PBI-200).  
Notably, selected developmental programmes (such as that for 
repotrectinib) have followed the drug development paradigms applied 
to the development of ALK inhibitors and moved the clinical testing 
of next-generation TKIs from TKI-pretreated to TKI-naive patients167.

Notably, rare molecular alterations might emerge as a mechanism 
of resistance to therapies targeting another molecular subtype. For 
example, oncogenic fusions (involving ALK, RET, ROS1 or NTRK1/2/3) 
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Fig. 6 | Rational drug design trends. Improvements in clinical outcomes 
accompanied by advances in rational drug design are depicted in these 
bubble plots. Objective response rates (ORR) are shown on the x-axes. Median 
progression-free survival (PFS) durations are shown on the y-axes. Each circle 
represents a specific targeted therapy strategy, including single agents and 
combination therapies. a, In RET fusion-positive lung cancers, both ORR  
and median PFS improved with the move from multikinase inhibitors153,154,199 
with anti-RET activity to the highly selective RET inhibitors, selpercatinib and 
pralsetinib134,135, which entered clinical testing in 2017. b, Generational changes 
in tyrosine kinase inhibitor (TKI) use can result in substantial improvements in 
median PFS. Specifically, later-generation ALK TKIs (such as alectinib, brigatinib, 

ensartinib and lorlatinib, which is not included here owing to the median 
PFS not yet being reached138,140,141,190) with improved central nervous system 
activity and resistance mutation coverage have replaced the first-generation 
ALK TKI crizotinib based on data from randomized phase III trials136. c, The 
utility of combination small-molecule therapies was demonstrated by the 
move from single-agent BRAF inhibition with dabrafenib or vemurafenib126,127 
to the combination of a BRAF inhibitor and a MEK inhibitor (dabrafenib 
plus trametinib)118. d, Finally, the increase in both ORR and median PFS 
with trastuzumab deruxtecan115 compared to pyrotinib and poziotinib122,123 
underscores the meaningful entry of a new wave of antibody-based targeted 
therapies into the clinic. ADC, antibody–drug conjugate.
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have all been described as mechanisms of resistance to EGFR TKIs. 
These EGFR-mutant and fusion-positive cancers are a rare subset within 
a more common molecular subtype (EGFR-mutant lung cancers in 
general). Combination therapy regimens that involve continuing the 
initial targeted therapy with the addition of a second agent targeting 
bypass resistance can re-establish disease control in such a setting. For 
example, the combination of osimertinib and selpercatinib has dem-
onstrated activity in patients with EGFR-mutant NSCLC that acquires 
RET fusions168 after progression on an EGFR TKI; nonetheless, attempts 
to obtain regulatory approval of such a combination are confronted 
by similar challenges to those associated with rare single-alteration 
genotypes.

Research equity
A cancer population labelled as ‘rare’ might be associated with chal-
lenges relating to devaluation of their situation, similar to those faced 
by racial and/or ethnic minority groups in general society. Research into 
rare populations might be deemed less important to that designed to 
develop treatments for patients with more commonly diagnosed cancer 
subtypes. This issue applies to the range of frequencies observed with 
rare molecular subtypes of cancer (such as NRG1 fusion-positive lung 
cancers, which comprise <1% of NSCLCs and might receive less atten-
tion than ALK fusion-positive NSCLCs that make up 3–4% of this group). 
Therapeutic trials might be perceived as infeasible or of lower finan-
cial value to pharmaceutical companies in this context. Fortunately, 
multiple stakeholders have mobilized to establish research equity 
for patients with less-commonly diagnosed cancer subtypes (Fig. 7).

Advocacy
The number of biomarker-specific lung cancer patient advocacy groups 
has risen substantially over the past decade169 (Supplementary Table 6). 
This increase has occurred in parallel with the growing recognition 
of rare molecular subtypes of lung cancer and the development of 
targeted therapies for patients with these cancers. These groups 
include: ALK Positive (ALK fusions), BRAF Bombers (BRAF alterations), 
Exon 20 Group (EGFR and ERBB2 exon 20 mutations), EGFR Resisters 
(including EGFR mutations beyond L858R and exon 19 deletion), KRAS 
Kickers (KRAS mutations), MET Crusaders (MET alterations), NTRKers 
(NTRK1/2/3 fusions), RET Renegades (RET fusions), RET Positive (RET 
fusions) and ROS1ders (ROS1 fusions). Initiatives have emerged such 
as the Biomarker Collaborative that are designed to help patients and 
their representatives to find the most appropriate group for a specific 
molecular subtype of lung cancer.

Advocates have focused on increasing the awareness of molecular 
subtypes of lung cancer, the availability of standard of care and investi-
gational therapies, understanding and treatment of adverse effects and 
physician expertise. Research acceleration is another major goal. As an 
example, the Global ROS1 Initiative170 promotes research specifically 
into ROS1 fusion-positive lung cancer in several priority areas (educa-
tion, basic science, real-world data, therapeutics and survivorship). 
Under this initiative, the ROS1 Cancer Model Project facilitates the 
donation of tumour specimens for the creation of patient-derived 
models.

Trials and regulation
Trial design. The historical approach to clinical trial design heavily 
favours the exploration of more common molecular subtypes of can-
cer within a single histology171. Such strategies are not appropriate for 
rare cancer subtypes; therefore, various master protocols have been 

developed to address this challenge. Umbrella trials (such as BATTLE172 
and Lung-MAP173) have explored matched targeted therapy cohorts 
for different molecular subtypes of a single histology. Several (such 
as the National Lung Matrix Trial174) include a centralized molecular 
screening effort. To date, many umbrella trials have been designed as 
signal-finding studies; none of these trials has singularly supported 
the approval of a targeted therapy.

Basket trial programmes, in which patients are accrued according 
to their molecular alteration regardless of cancer type175, have sup-
ported regulatory approval. The seminal tumour-agnostic approvals 
of TRK inhibitors demonstrate how basket trials can address many of  
the challenges relating to drug development for low-frequency  
alterations176. Aggregating NTRK1/2/3 fusion-positive NSCLCs with 
other cancers established regulatory-grade data that has enabled the 
approval of TRK inhibitors in at least 40 countries177. Nonetheless, 
other design features (such as seamless clinical trials178 and the use of 
contemporary statistical analysis methods in adaptive trial designs179) 
have similarly hastened drug development (Fig. 7).

Regulatory support. Various health-care agencies have developed 
pathways (Supplementary Tables 7,8) to support drug development 
for rare cancers. In the USA, investigational agents might be designated 
as orphan drugs if developed for a population with a total prevalence 
of <200,000 people1. This designation can determine research grant 
eligibility, and the availability of trial tax credits and fee waivers. In 
Europe, drugs can obtain orphan medicinal product status if the treated 
condition is found in <50 out of 100,000 people. The FDA has approved 
more cancer drugs for orphan indications than the EMA180.

The FDA has several programmes181 that are designed to expedite 
the drug approval process: fast track, breakthrough therapy, prior-
ity review and accelerated approval182. Drugs can receive fast-track 
designation (grants increased FDA interactions and rolling review) if 
they are intended to treat a serious condition and address an unmet 
need, such as cancers with few or no effective therapeutic options.  
In 2010, crizotinib was the first drug to receive fast-track status for a rare-
oncogene-driven NSCLC (Supplementary Table 7). Breakthrough ther-
apy designation (established in 2012 with the added benefit of assigning 
an FDA review committee) requires clinical evidence demonstrating 
substantially improved activity relative to existing treatments. In 2013, 
the ALK inhibitor alectinib was the first drug to receive breakthrough 
therapy designation for a rare-oncogene-driven lung cancer.

Priority review, requested at the time of submission of a drug 
approval application, shortens the review time, the time from submis-
sion of the application to a decision being made, to 6 months or less. 
Accelerated approval is a conditional approval that permits the use 
of surrogate end points for survival such as ORR; post-approval data 
must then provide confirmatory evidence of benefit, after which a drug 
might then receive full approval. In ALK fusion-positive NSCLCs, both 
second-generation and third-generation TKIs first received accelerated 
approval for ALK TKI-pretreated cancers, followed by a full approval 
that included use in TKI-naive cancers. Trastuzumab deruxtecan 
(for ERBB2-mutant NSCLC) was the first ADC to receive accelerated 
approval for a rare-oncogene-driven NSCLC subtype.

Real-world evidence. Real-world data can come from various 
sources183 (examples include wearables, electronic health records, 
reimbursement claims and billing activities) and these can be ana-
lysed to produce real-world evidence (RWE). RWE is prospectively or 
retrospectively curated clinical evidence regarding the use, benefits 
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(response and durability) and risks (adverse effects) associated with 
a particular medical product.

Stakeholders involved in the development of drugs for rare can-
cers have placed a premium on RWE generation. Academic investiga-
tors have formed global registries for rare-oncogene-driven NSCLCs 
(such as GLORY184 for RET fusions and eNRGy1 (ref. 67) for NRG1 fusions). 
Patient-powered research networks leverage social media, websites 
and/or applications to collate patient-reported outcomes. Commercial 
stakeholders have aggregated large, anonymized RWE datasets.

Health-care agencies have signalled an increase in the adoption of 
RWE to support regulatory decision making185, owing to movements 

such as the 21st Century Cures Act. In rare-oncogene-driven NSCLCs for 
which initiating a randomized trial is challenging, data from single-arm 
targeted therapy trials might be compared to synthetic standard-of-
care cohorts in a molecularly enriched population. The digitalization of 
structured health-care data, natural language processing and artificial 
intelligence are all likely to accelerate these efforts.

Conclusions
Lung cancer remains an archetypal example of a tumour type that is 
enriched for rare oncogenes. These molecular subtypes of lung cancer 
have challenged our conceptions of mechanisms of oncogenesis and 
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Fig. 7 | Stakeholder cooperation. a, In the field of rare cancer research, multiple 
stakeholders have come together to generate an increasing amount of data. 
These stakeholders include patients and their advocates, cancer care providers, 
pharmaceutical and diagnostic companies, and groups with an interest in 
artificial intelligence (AI) and real-world evidence (RWE). Efforts to improve 
model development, tissue and/or plasma sampling, trial accrual, and ultimately 
promote timely global targeted therapy approvals are critical. b, Left panel: 

factors that are poised to increase the speed with which molecularly matched 
therapeutics are approved are shown above. Right panel: time to the approval of 
various targeted therapies in oncogene-driven lung cancers is shown relative to 
the date that the first phase I trial of that agent was launched. The pink and blue 
arrows represent fusion- and mutation-targeted therapies, respectively. The 
basket symbol indicates targeted therapies that have been explored using 
basket trials.
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reshaped our approach to molecular diagnostics. Importantly, multiple 
stakeholders have responded to the increasing clinical identification of 
these rare alterations by placing a premium on advocacy, expanded data 
generation, rational drug discovery and global regulatory openness to 
expediting therapeutic approvals.

Published online: 20 February 2023
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