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Abstract

The proto-oncogene ROS1 encodes a receptor tyrosine kinase with an unknown physiological role 

in humans. Somatic chromosomal fusions involving ROS1 produce chimeric oncoproteins that 

drive a diverse range of cancers in adult and paediatric patients. ROS1-directed tyrosine kinase 

inhibitors (TKIs) are therapeutically active against these cancers, although only early-generation 

multikinase inhibitors have been granted regulatory approval, specifically for the treatment of 

ROS1 fusion-positive non-small-cell lung cancers; histology-agnostic approvals have yet to be 

granted. Intrinsic or extrinsic mechanisms of resistance to ROS1 TKIs can emerge in patients. 

Potential factors that influence resistance acquisition include the subcellular localization of the 

particular ROS1 oncoprotein and the TKI properties such as the preferential kinase conformation 

engaged and the spectrum of targets beyond ROS1. Importantly, the polyclonal nature of resistance 

remains underexplored. Higher-affinity next-generation ROS1 TKIs developed to have improved 
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intracranial activity and to mitigate ROS1-intrinsic resistance mechanisms have demonstrated 

clinical efficacy in these regards, thus highlighting the utility of sequential ROS1 TKI therapy. 

Selective ROS1 inhibitors have yet to be developed, and thus the specific adverse effects of ROS1 

inhibition cannot be deconvoluted from the toxicity profiles of the available multikinase inhibitors. 

Herein, we discuss the non-malignant and malignant biology of ROS1, the diagnostic challenges 

that ROS1 fusions present and the strategies to target ROS1 fusion proteins in both treatment-naive 

and acquired-resistance settings.

The first ROS1 gene fusion was identified in the U118MG glioblastoma cell line in 

1987 (REFS1–3). Subsequently, the oncogenic potential of this fusion (FIG–ROS, now 

called GOPC–ROS1) in gliomagenesis and the signalling pathways that it activates were 

characterized in a series of elegant studies4–6. In 2007, an unbiased phospho-tyrosine 

proteomic screen revealed ROS1 fusions in a small subset of non-small-cell lung cancers 

(NSCLCs)7. Diverse ROS1 fusions have since been identified across various cancer types 

occurring in adults and/or children.

The clinical activity of ROS1-directed tyrosine kinase inhibitors (TKIs) was first 

prospectively explored in patients with NSCLC. The kinase domains of ALK and ROS1 

share ~70% homology and adopt similar conformations when inhibited by the ALK, ROS1 

and MET TKI crizotinib; therefore, an expansion cohort comprising patients with ROS1-

rearranged NSCLC was added to the phase I PROFILE 1001 trial, in which the activity 

of crizotinib had previously been explored in patients with ALK-rearranged NSCLC8 (a 

cohort of patients with MET-dependent NSCLC would subsequently also be added to this 

trial). Substantial activity was observed in this expansion cohort8, leading to the FDA and 

EMA approvals of crizotinib for the treatment of advanced-stage ROS1-rearranged NSCLC 

in 2016.

Subsequently, other ROS1 TKIs entered clinical testing. The ROS1, TRK and ALK TKI 

entrectinib was approved by the FDA and by the Ministry of Health, Labour and Welfare 

of Japan9 for the treatment of ROS1-rearranged NSCLC in 2019 and 2020, respectively. 

Notably, the activity of entrectinib was concurrently explored in patients with other ROS1 
fusion-positive cancers using a histology-agnostic approach. In parallel, the discovery of 

ROS1-intrinsic mechanisms of resistance to crizotinib resulted in the rational design of 

next-generation ROS1 inhibitors to overcome this issue.

In this Review, we discuss ROS1 biology within the contexts of normal physiology and 

oncogenesis. We also describe the evolving science of molecularly targeted therapy for 

ROS1-dependent cancers.

ROS1 biology

ROS1 in non-malignant tissues

Evolutionary conservation.—The tyrosine kinase activity of ROS1 was first discovered 

in 1982 as the oncogenic component of the UR2 avian sarcoma retrovirus v-ros10,11. 

Specifically, p68gag–ros (also known as v-ros) was found to have tyrosine kinase activity, 

was homologous to transforming proteins of other retroviruses known at the time (such as 
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v-src, v-yes, v-erbB, v-fgr and v-abl), and robustly transformed chicken embryo fibroblasts 

and neuroretinal cells10–14. Hybridization studies combining v-ros complementary DNA 

with human placental genomic DNA led to the cloning of the gene encoding cellular ROS 

(c-ROS), a receptor tyrosine kinase (RTK)15. Subsequent years saw the cloning of c-ROS 
complementary DNA from other vertebrates and invertebrates as well as from human cancer 

cells3,16,17. Although previously known as c-ROS or ROS, ROS1 is now the standardized 

gene name. Analyses have confirmed that ROS1 encodes an evolutionarily conserved RTK 

that is phylogenetically related to the well-characterized Drosophila melanogaster protein 

sevenless (encoded by sev) and the Caenorhabditis elegans protein roller-3 (rol-3)18.

Structure.—The ROS1 gene is located on chromosome 6 (region 6q22.1) and generates 

two dominant splice variants of ROS1 encoded by either 43 or 44 exons (FIG. 1a). Shorter 

ROS1 isoforms with unknown functional relevance have also been identified19. Exons 1–34 

encode the largest extracellular N-terminal domain of any protein within the human RTK 

family. Structurally unique among human RTKs, this extracellular domain is composed of 

nine fibronectin type III repeats and three β-propeller domains20. Deduced by homology to 

other RTKs, the N-terminal region of ROS1 is connected to intracellular tyrosine kinase and 

C-terminal domains via a single transmembrane domain (FIG. 1b). Considerable homology 

exists between the tyrosine kinase domains of mammalian ROS1 and members of the insulin 

receptor family of RTKs, particularly ALK21,22.

Signalling.—In June 2020, Kiyozumi et al.23 discovered that the extracellular domain of 

the mouse ROS1 receptor binds to neural epidermal growth factor–like like 2 (NELL2), a 

testicular germ cell-secreted lumicrine factor. Functional activation of human ROS1 receptor 

via NELL2 can be presumed from these studies in mice but remains to be tested; additional 

or alternate ligands or co-receptors in human tissues or organs other than the testes cannot 

be ruled out at this stage. The cellular signalling pathways that are coupled to ROS1 

catalytic activation have largely been extrapolated from experiments with oncogenic ROS1 

fusion proteins that lack most of the ROS1 extracellular domains, UR2 virus v-ros, or 

chimeric receptor constructs (such as TRK–ROS1 or EGFR–ROS1) stimulated with their 

cognate ligands4,6,24–28. Evidence from these studies indicates that ROS1 activation results 

in autophosphorylation of specific tyrosine residues in the intracellular domain that serve 

as docking sites for various adaptor proteins. The recruitment of SH2 domain-containing 

and other canonical adaptor proteins stimulates signalling via the RAS–RAF–MEK–ERK, 

PI3K–AKT–mTOR and JAK–STAT3 pathways, which broadly regulate cell survival, growth 

and proliferation4,6,18,25,28 (FIG. 1c). Non-receptor tyrosine phosphatases, including SHP1 

and SHP2, also interact with and are substrates of ROS1. SHP2 is a pleiotropic signalling 

protein29 and is probably an important transducer of ROS1 signalling during normal 

physiological development as well as tissue physiology and oncogenesis. By contrast, 

SHP1 dephosphorylates ROS1 and thereby downregulates effector pathway activation by 

this RTK24.

ROS1 in cancer

Overexpression.—A variety of cancers aberrantly express ROS1. Initially, 30–56% of 

primary brain tumours, including low-grade gliomas, glioblastomas and meningiomas, were 
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reported to express ROS1 (REFS30–33) secondary to promoter demethylation34. However, 

transcriptomic analyses included in The Cancer Genome Atlas and the Ivy Glioblastoma 

Atlas projects subsequently showed that deregulated ROS1 expression occurs in only 0.5–

1% of glioblastomas35–38. ROS1 overexpression is observed in 80−100% of metastatic oral 

squamous cell carcinomas and has been functionally linked to an invasive disease phenotype 

in one study39. In mouse models of Kras-mutant lung cancer, expression of Ros1 is 

upregulated, suggesting that ROS1 and RAS signalling can cooperate in tumorigenesis40,41. 

Finally, ROS1 is upregulated in E-cadherin-deficient breast cancers, and ROS1 inhibition 

has a synthetic lethal effect in preclinical models of these cancers42. The ongoing phase 

II ROLO trial of crizotinib plus fulvestrant in patients with E-cadherin-negative, oestrogen 

receptor (ER)-positive lobular breast cancer43 was designed on the basis of these findings.

Splice variants.—Systematic reverse transcription PCR (RT-PCR) and ROS1 5´ sequence 

analyses identified aberrant expression of six fetal ROS1 transcripts in NSCLC specimens44. 

Five of these splice variants have exon skipping in the extracellular N-terminal region, 

with four resulting in frameshifts that produce premature stop codons and thus truncated 

protein isoforms containing only extracellular sequences of variable lengths. The four 

isoforms lacking the catalytic domain probably function similarly to secreted EGFR splice 

variants (soluble EGFR), which contain only the extracellular domain and operate in a 

dominant-negative manner; these variants lacking the kinase domain are unlikely to support 

tumorigenesis45. However, computational algorithms predict that alternate translation start 

sites downstream of a newly gained stop codon exist in exons 21, 23 and 30. Translation 

from these sites might generate novel N-terminally truncated, kinase domain-containing, 

constitutively active ROS1 variants.

Mutation and amplification.—Examination of the tumour genome sequencing datasets 

curated in the cBioPortal46,47 reveals numerous missense mutations in ROS1 that do not 

cluster in a particular domain of the protein. These mutations are currently variants of 

unknown significance. By contrast, ROS1 kinase domain mutations are crucial mediators of 

the resistance of ROS1 fusion-positive cancers to ROS1 TKIs (as discussed later relevance 

of these amplifications as predictive biomarkin this Review). Data from the cBioPortal also 

revealers remains unknown. Indeed, functional studies on the ROS1 amplifications in several 

tumour types, including effects of ROS1 amplification or mutation (in cancers breast cancers 

and soft-tissue sarcomas, although the without ROS1 fusions) on pathogenesis are lacking.

ROS1 fusions Fusion biology

Partner diversity and structure.—At least 55 different 5´ gene partners have 

been identified in fusion with the 3´ regions of ROS1 (FIG. 2a, Supplementary Table 

1). Considerable interpatient partner-gene heterogeneity has been observed in adult 

glioblastomas, paediatric gliomas, NSCLCs, Spitzoid neoplasms and in inflammatory 

myofibroblastic tumours (IMTs). Furthermore, the frequency of individual fusion partners 

varies between cancer types (FIG. 2b), which probably reflects variations in the intrinsic 

levels of genome stability, susceptible loci and transcriptional activation of upstream partner 

genes in the cell of origin. In NSCLCs, CD74–ROS1 is the most common ROS1 fusion 

(~44%), followed by EZR–ROS1 (16%), SDC4–ROS1 (14%) and SLC34A2–ROS1 (10%) 
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(FIG. 2b). By contrast, GOPC–ROS1 is the most common (~75%) ROS1 fusion in adult 

glioblastoma, and the spectrum of fusion partners is narrower in this malignancy. Similarly, 

GOPC is the only ROS1 fusion partner identified in cholangiocarcinomas to date48,49.

ROS1 fusions are formed via intrachromosomal or interchromosomal mechanisms. In adult 

glioblastomas, ROS1 fusions arise largely through intrachromosomal 6q microdeletions50, 

whereas the majority of recurrent ROS1 fusions in NSCLCs result from interchromosomal 

translocations8,51–58 (Supplementary Table 1). These observations suggest that differences 

in chromatin architecture or dynamics exist between tumour types. The common structural 

theme of functional ROS1 fusions is the loss of the majority of the ROS1 extracellular 

domain and in-frame fusion of the N-terminal portion of a partner gene with the intracellular 

kinase domain-containing region of ROS1 (FIG. 2c).

Oncogenesis.—In contrast to ROS1 overexpression, splice variants, mutations or 

amplifications, a wealth of data support the notion that ROS1 fusions are bona fide drivers 

of oncogenesis4,6,50,59–63. ROS1 fusions exhibit ligand-independent, constitutive catalytic 

activity. These fusions activate canonical cell survival and growth signalling pathways, 

including the aforementioned RAS– MEK–ERK, JAK–STAT3, PI3K–AKT–mTOR and 

SHP2 cascades. The subcellular localization conferred by the 5´ fusion partner (FIG. 2d) 

seems to influence downstream signalling. Endosome-localized ROS1 fusions (SDC4–ROS1 

and SLC34A2–ROS1) have a greater capacity to activate the MAPK (ERK) signalling 

pathway than the endoplasmic reticulum-localized fusion CD74–ROS1 despite the fact that 

all three fusions activate STAT3 signalling to a similar extent62. Regardless, all activating 

ROS1 fusions tested to date induce neoplastic transformation of cells in vitro and in vivo 

in animal models4,6,48,57,60. For example, transgenic mice expressing CD74–ROS1, SDC4–

ROS1 or EZR–ROS1 in Tp53 wild-type, type II alveolar cells develop numerous lung 

adenomas and adenocarcinomas64.

The co-occurrence of ROS1 fusions with other oncogenic alterations has been observed54,65; 

however, ROS1 fusions tend to be mutually exclusive with other driver mutations66, 

including ALK, RET and NTRK fusions in NSCLCs, IMTs67,68 and Spitzoid neoplasms69, 

FGFR2 and IDH alterations in cholangiocarcinomas70, and EGFR, IDH and PDGFRA 
alterations in gliomas71. ROS1 fusions alone are sufficient to induce tumorigenesis in model 

systems, although cooperation with other aberrant oncogene or tumour suppressor pathways 

can promote disease that is more aggressive. In a genetically engineered mouse model of 

glioblastoma, for example, combining dual deletion of p16INK4a and p19ARF (both of which 

are encoded by Cdkn2a) with GOPC–ROS1 expression results in highly aggressive tumours 

with a reduced latency and increased penetrance compared with expression of GOPC–ROS1 

alone6. Additionally, loss of CDKN2A and CDKN2B or aberrations that activate PI3K–

mTOR signalling (for example, PTEN loss-of-function mutations) co-occur in most ROS1-

rearranged glioblastomas in adult patients6,50. Finally, concurrent expression of KrasG12D 

and GOPC–ROS1 increases lung metastasis in a mouse model of cholangiocarcinoma 

relative to that observed with either oncogene alone61.
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Clinicopathological features

Associated tumour types.—ROS1 fusions have been identified in 22 diverse adult and 

paediatric malignancies (Supplementary Table 1) at variable frequencies (including some 

only identified in a single patient to date). Larger cohort studies have revealed that ROS1 
rearrangement occurs recurrently in a subset of cancers, including NSCLC (1–2%) and 

gastrointestinal cancers (including 1–9% of cholangiocarcinomas)48,49 as well as in less 

common cancers such as Spitzoid neoplasms (17%), IMTs (10%), gliomas (0.5–1%) and 

anaplastic large cell lymphomas63 (4%) (FIG. 2a, Supplementary Table 1). Thus, ROS1 
fusions seem to have transformative propensities in cells of different lineages, including cells 

of epithelial, astroglial, neuroendocrine and mesenchymal origin.

ROS1 fusion-positive NSCLCs are the most common of these cancers owing to the high 

incidence of NSCLCs in general. In NSCLCs, ROS1 fusions occur predominantly in 

lung adenocarcinomas in younger (median age of 50 years) never smokers (~80%)72–74. 

Interestingly, ROS1-rearranged NSCLCs are associated with a higher rate of venous 

thromboembolism75 than that observed in unselected patients with NSCLCs76 or in those 

with tumours harbouring other oncogenic drivers77. Mechanistically, cancer-related mucins 

that are present extracellularly and/or intracellularly in signet-ring cells78 within ROS1 
fusion-positive tumours potentially ligate P-selectin and/or L-selectin, which can activate 

platelets and subsequent embolization79.

The clinicopathological features of other ROS1 fusion-positive cancers are less well 

defined. ROS1 fusion-positive gliomas, many of which are identified in children, can 

be low or high grade71,80,81. ROS1-rearranged IMTs, which also predominantly occur in 

children, are mainly found in the lungs and/or abdomen and have a fascicular spindle 

cell growth pattern67. ROS1-rearranged Spitzoid tumours, which have no distinguishing 

histopathological features, are observed in both adult and paediatric patients82.

Responsiveness to chemotherapy.—The activity of chemotherapy has been 

systematically studied in patients with ROS1 fusion-positive NSCLCs (Supplementary 

Table 2). Pemetrexed, as monotherapy or in combination with a platinum-based agent 

(with or without bevacizumab), was predominantly used in these studies; objective 

response rates (ORRs) of 45–60% and median progression-free survival (PFS) durations 

of 5–23 months were observed with such treatments56,83–90. In the first-line setting, the 

median PFS durations were longer with pemetrexed-based versus non-pemetrexed-based 

chemotherapy88,90. Notably, pemetrexed-based chemotherapy is more active in patients with 

ROS1 fusion-positive NSCLC than in those with ROS1 wild-type NSCLC or NSCLCs 

harbouring other drivers (such as KRAS mutations). In one study83, the ORR was 58% 

and the median PFS duration was 77.5 months among patients with ROS1 fusion-positive 

NSCLC, compared with 30% and <6 months, respectively, for patients with EGFR-mutant, 

EML4–ALK fusion-positive or ROS1, EGFR, ALK and KRAS wild-type NSCLCs. Low 

levels of thymidylate synthase mRNA in ROS1 fusion-positive cancers (relative to ROS1 
wild-type cancers) might underlie this benefit from pemetrexed. Indeed, even among ROS1 
fusion-positive NSCLCs, lower thymidylate synthase mRNA levels were associated with 

increased PFS (184 days versus 110 days in patients with low versus high levels of 
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thymidylate synthase mRNA)90. Counterintuitively, thymidylate synthase protein levels, as 

determined by immunohistochemistry (IHC) H-s core, were not associated with PFS in 

another series, although only 18 patient samples were analysed83.

Immune-checkpoint inhibition.—The immunophenotype of ROS1 fusion-positive 

NSCLC has been described in multiple reports91–93. Among ten patients across three 

studies, three had a PD-L1 tumour proportion score of 0%, four of 1–49% and 

three of ≥50%91–93. Tumour mutational burdens are generally low (0–5 mutations per 

megabase) across fusion-positive cancers94, although tumour mutational burden has not been 

characterized in a large series of ROS1 fusion-positive cancers thus far. Seven patients with 

ROS1 fusion-positive NSCLCs included in the Immunotarget registry were treated with 

single-agent immune-checkpoint inhibitors (ICIs); five of these patients had progressive 

disease, one had an objective response and data were missing for the remaining patient 

(median PFS was not estimated)93. ROS1 TKIs or pemetrexed-based chemotherapy should 

thus be considered prior to single-agent ICI in patients with ROS1-rearranged NSCLC. 

The activity of chemoimmunotherapy combinations (for example, platinum, pemetrexed and 

pembrolizumab) in patients with ROS1 fusion-positive cancers has not yet been described.

Molecular diagnostics

Single-gene assays.—ROS1 fusions can be detected using several tests, none of which 

is without limitations95,96. Fluorescence in situ hybridization (FISH) is predicated on 

the use of fluorescently labelled, paired ‘break apart’ probes that bind to the 5´ and 3´ 

ends of ROS1. A split 5´/3´ pattern of fluorescence or isolated 3´ signals in ≥15% of 

tumour cells constitutes a positive test72. The sensitivity and specificity of this approach 

is difficult to ascertain, largely because early studies used this assay as a diagnostic gold 

standard97. Notably, false-positive results (non-functional fusions or those with isolated 3´ 

signals98) and false-negative results (fusions with complex staining patterns or those formed 

by intrachromosomal microdeletions such as GOPC–ROS1) can occur99, necessitating 

confirmation using alternative assays.

RT-PCR only enables the detection of specific fusions, which limits its use100. The AmoyDx 

RT-PCR assay, which identifies select ROS1 fusions involving CD74, SLC34A2, SDC4, 

EZR, TPM3, LRIG3 or GOPC, was used as the diagnostic platform in a phase II trial of 

crizotinib for patients with ROS1 fusion-positive NSCLC conducted in Asia101, resulting 

in its approval as a companion diagnostic for crizotinib in Taiwan, China, Japan and South 

Korea as well as in European Union certification102. The sensitivity and the specificity of 

this assay were 100% and 85%, respectively, in one series97.

Next-generation sequencing.—Next-generation sequencing (NGS) can enable the 

detection of genomic alterations in up to hundreds of genes and can identify ROS1 fusions, 

such as GOPC–ROS1, that are not detectable using FISH103. Tumour DNA enrichment 

can be achieved through amplicon-based (for example, with Oncomine Dx Target Test) or 

hybrid capture-based approaches (as used in the FDA-approved FoundationOne CDx that 

has received pre-marketing authorization for ROS1 fusion detection or the FDA-authorized 

MSK-IMPACT assay that has received New York State Department of Health validation for 
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ROS1 fusion detection). Hybrid capture is better suited to the detection of ROS1 fusions, 

owing partly to the ability to interrogate broader regions of the genome and to better 

identify the fusion partner gene104. NGS can be performed on tumour tissue-derived DNA 

or plasma circulating cell-free DNA (cfDNA). ROS1 fusions have been detected through 

plasma cfDNA profiling105, although this approach can be challenging owing to variations 

in disease extent, tumour location and DNA shedding rates that determine the concentration 

of tumour-derived DNA within the blood. Thus, the failure to detect a ROS1 fusion in 

plasma cfDNA should prompt confirmatory tumour tissue-based sequencing, when feasible.

However, DNA-based NGS can fail to detect certain ROS1 fusions owing to the inability to 

fully cover intronic breakpoints containing numerous repetitive elements. Targeted or whole-

transcriptome RNA-based sequencing can overcome this limitation. In NSCLCs in which 

DNA-based NGS failed to detect an oncogenic driver, RNA-based anchored multiplex PCR 

using the ArcherDX assay (with FDA Breakthrough Device designation94,106) identified 

actionable drivers in 14% of tumours, including ROS1 fusions in 4%94. Indeed, mRNA is 

used for the identification of gene fusions with Oncomine Dx, which is the only companion 

diagnostic test for ROS1 fusions with FDA pre-market approval107.

Immunohistochemistry.—IHC can be used as a screening tool for ROS1 fusions108: 

diffuse ROS1 staining of moderate to strong intensity is closely associated with the presence 

of a ROS1 fusion109. However, ROS1 staining patterns vary by fusion and antibody type 

(for example, D4D6 versus SP384)110. In one study, an H-score of ≥150 or the presence of 

≥70% of cells with ≥2+ staining was determined as the optimal threshold for the IHC-based 

detection of ROS1 fusions (using break-apart FISH as the gold standard), with similar levels 

of sensitivity and specificity observed with both the SP384 (93% and 100%, respectively) 

and D4D6 (91% and 100%, respectively)111 antibodies. However, D4D6 yielded better 

accuracy in a separate study that used two cut-offs (including ≥1+ staining in any percentage 

of tumour cells)110. Unfortunately, test cut-offs are not standardized (for example, SP384 

≥2+ staining in >30% of cells was used in another series)112. Furthermore, non-neoplastic 

tissues, including reactive pulmonary epithelial proliferations, type II alveolar pneumocytes 

and osteoclast-type giant cells, can stain positive for ROS1 (REFS108,110). Thus, although 

IHC can be used to screen for ROS1 fusions in resource-challenged environments, nucleic 

acid-based testing should be considered for orthogonal confirmation in IHC-positive cases. 

In environments with sufficient payer coverage, DNA-based and/or RNA-based NGS should 

be considered as the primary testing modality.

ROS1 inhibitors

Binding modes

The ROS1 kinase domain exists in dynamic equilibrium between two main conformations 

that affect ATP and TKI binding. In the active, type I kinase conformation of ROS1, 

the phenylalanine of the aspartic acid–phenylalanine–glycine (DFG) motif immediately 

preceding the kinase domain activation loop is oriented into a hydrophobic pocket (‘DFG-in’ 

state) enabling access to the catalytic site and its coordination of magnesium and ATP 

binding. Most ROS1 TKIs, including crizotinib, entrectinib, ceritinib, ensartinib, brigatinib, 
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lorlatinib, repotrectinib and taletrectinib, are type I inhibitors that preferentially bind to the 

DFG-in conformations of their targets113–120.

In the inactive, type II, ‘DFG-out’ kinase domain conformation, the DFG motif and 

activation loop are drawn towards the kinase surface to favour substrate obstruction and thus 

autoinhibition121,122. The type II ROS1 inhibitors, such as cabozantinib and foretinib, bind 

favourably to the DFG-out conformation. While cabozantinib and foretinib are multikinase 

inhibitors, the rational design of novel type II inhibitors has the potential for greater 

selectivity than type I inhibitors because different kinases adopt less similar conformations 

in their inactive versus active states. Unfortunately, crystallographic structures of the DFG-

out conformation are lacking for most kinases, hampering rational type II TKI discovery 

efforts.

Generations

Early-generation ROS1 TKIs (crizotinib, ceritinib and entrectinib) are clinically active, 

predominantly in patients with ROS TKI-naive disease. For example, early clinical testing 

of entrectinib revealed that responses were not achieved in patients previously treated with 

ROS1 TKIs123 (TABLE 1). Next-generation TKIs are defined in this Review as drugs that 

are clinically active against ROS1 fusion-positive cancers following disease progression 

on an early-generation ROS1 TKI and, accordingly, have substantial intracranial activity 

(lorlatinib) and/or activity in the setting of recalcitrant ROS1 kinase domain resistance 

mutations (such as repotrectinib and taletrectinib).

Spectrum of kinase inhibition

All ROS1 TKIs developed to date are multikinase inhibitors that can also inhibit ALK 

(crizotinib, ceritinib, entrectinib, ensartinib, brigatinib, lorlatinib and repotrectinib), TRKA, 

TRKB and/or TRKC (entrectinib, repotrectinib, taletrectinib and cabozantinib), MET 

(crizotinib and cabozantinib) and/or other kinases (such as EGFR, FLT3, SRC, JAK2, ACK, 

LTK and others) with equivalent or lower potency. Notably, not all ALK inhibitors can 

inhibit ROS1 (REF.124). Modelling of alectinib in complex with DFG-in ALK revealed 

nuanced differences between the structures of ALK and ROS1 kinases, even in their type 

I states, thus explaining why alectinib does not effectively bind to ROS1 (REF.124). These 

studies also showed that the type II inhibitor cabozantinib inhibits ROS1 but not ALK124.

ROS1 inhibition in TKI-naive cancers

Preclinical activity

The earliest studies examining the activity of crizotinib against ROS1 fusions used 

the SLC34A2–ROS1-containing NSCLC cell line HCC78 (REFS72,100,125), with more 

extensive investigations being hampered by the dearth of established cell lines or patient-

derived xenograft models. Thus, most preclinical studies of ROS1 TKIs involved the 

transformed Ba/F3 CD74–ROS1 model119,120,124,126–130. These cell-based dose–response 

assessments showed that crizotinib and brigatinib have equivalent inhibitory activity (half-

maximal inhibitory concentration (IC50) of 15.4 nM and 15.5 nM, respectively) and are 

approximately fourfold more potent inhibitors of cell growth than ceritinib (IC50 68 nM) 
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(Supplementary Figure 1). Entrectinib, foretinib and cabozantinib, with IC50 values of 2–

6 nM, are more effective inhibitors of cell growth than crizotinib. The next-generation 

inhibitors lorlatinib, repotrectinib and taletrectinib are ~20–100-fold more effective than 

crizotinib for cell growth inhibition (IC50 0.4 nM, 0.1 nM and 0.8 nM, respectively). 

Comprehensive comparisons of the activity of these inhibitors against different ROS1 

fusions in a consistent isogenic cell-based model are lacking; however, anecdotal data 

suggest that early-generation and next-generation inhibitors each have modestly different in 

vitro activity in Ba/F3 cells expressing CD74–ROS1, GOPC–ROS1, EZR–ROS1, CEP85L–

ROS1 or SLC34A2–ROS1 (REFS50,60,124,128,129). Overall, preclinical efficacy is in the 0.1–

75 nM range for all ROS1 TKIs; thus, these differences might not be meaningful in a clinical 

setting for drugs that achieve plasma concentrations well above the levels required for ROS1 

inhibition (Supplementary Figure 1).

ROS1 inhibitors are active against ROS1 fusion-containing cancers in animal models. 

Activity has been demonstrated with crizotinib in genetically engineered CD74–ROS1-

driven and SDC4–ROS1-driven mouse models of lung adenocarcinoma131, foretinib in 

a GOPC–ROS1-driven mouse cholangiocarcinoma allograft model60, entrectinib in a 

mouse Ba/F3 TEL–ROS1-d riven allograft tumour model132, repotrectinib in a mouse 

Ba/F3 CD74–ROS1-driven allograft tumour model119 and taletrectinib in a patient-derived 

xenograft model of CD74–ROS1-driven NSCLC120.

Clinical activity

NSCLC.—ROS1 TKI therapy is the current standard of care for patients with treatment-

naive advanced-stage ROS1 fusion-positive NSCLCs133. Crizotinib has been extensively 

studied in prospective and retrospective clinical studies (TABLE 1, Supplementary Table 

3) and is approved for this indication by multiple regulatory agencies (including those 

of the USA134, Europe135, China136, Japan, Taiwan137, South Korea138, Israel139 and 

Australia140). ORRs with this agent were consistently high, at 65–80%.

In the two largest prospective studies of crizotinib in patients with ROS1 fusion-positive 

NSCLCs101,141, the median PFS durations of 16 months and 19 months exceeded the 

11-month median PFS duration reported with this agent in patients with treatment-naive 

advanced-stage ALK fusion-positive NSCLCs142. Thus, crizotinib might provide more 

durable disease control in patients with ROS1 fusions versus those with ALK fusions. 

Findings of a retrospective case series have confirmed this observation, and the longer PFS 

duration in patients with ROS1 fusion-positive disease was hypothesized to be secondary 

to the higher potency of crizotinib against ROS1 compared with ALK, rather than due 

to differences in natural history, given that overall survival was similar in the ROS1 fusion-

positive and ALK fusion-positive populations143.

The results of one retrospective study indicate that PFS with crizotinib is longer in 

patients with non-CD74–ROS1 versus CD74–ROS1 fusions144, but this was not the case 

in a separate series of patients54 (Supplementary Table 4). Comparisons in retrospective 

series indicate that crizotinib is more active than chemotherapy in terms of ORR and 

PFS in patients with ROS1-rearranged NSCLC (Supplementary Table 5). Patients with 

ROS1-rearranged NSCLC treated with crizotinib in PROFILE 1001 (REF.141) had one of the 
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longest median overall survival durations (4 years and 3 months) achieved in any prospective 

trial of targeted therapy for metastatic oncogene-driven NSCLCs.

Entrectinib has been studied in three large multicentre trials (ALKA-372–001, STARTRK-1 

and STARTRK-2)8,145, the combined results of which led to FDA approval of this 

drug for the first-line treatment of advanced-stage ROS1-rearranged NSCLC. Thus, both 

crizotinib and entrectinib have received regulatory approval for this indication and consensus 

guidelines do not specify a preferred agent. However, the regulatory dataset of entrectinib 

included a high proportion of patients (>40%) with baseline central nervous system (CNS) 

metastases; the pivotal PROFILE 1001 trial of crizotinib did not include patients with 

untreated CNS metastases, and only 18% of patients had baseline CNS metastases in the 

largest trial of crizotinib8,101,145. Despite enrichment for patients with this poor prognostic 

factor, outcomes with entrectinib remained similar to those with crizotinib (ORR 77% and 

median PFS 19 months). Bearing in mind the caveats of cross-t rial comparisons, entrectinib 

could potentially be considered over crizotinib for patients with intracranial disease and 

might delay the development of brain metastasis in patients without intracranial disease.

Other early-generation ROS1 TKIs, including ceritinib and brigatinib, have documented 

clinical activity (TABLE 1). Ceritinib is listed in the NCCN guidelines as a first-line 

treatment option for patients with advanced-stage ROS1-rearranged NSCLC133 based on 

data from a phase II study (ORR 67% and median PFS 19 months)146, but its use has been 

limited by the lack of regulatory approval in this setting and substantial gastrointestinal 

toxicities at the full dose.

Importantly, next-generation TKIs have also been explored in patients with TKI-naive 

ROS1-rearranged NSCLC. These agents include lorlatinib (ORR 62% and median PFS 

21 months)147, repotrectinib (ORR 91%)148 and taletrectinib (ORR 67%)149. Of all three 

TKIs, only repotrectinib has FDA Fast Track Designation (granted in 2020) for the treatment 

of patients with ROS1 TKI-naive disease150. Recognizing that these data are preliminary, 

the median PFS achieved with lorlatinib is similar to those of early-generation TKIs. This 

observation implies that, unlike in patients with EGFR-m utant151 or ALK fusion-positive142 

NSCLCs, next-generation agents have yet to achieve longer durations of disease control than 

early-generation TKIs. Further data are needed to determine if next-generation TKIs will 

replace early-generation TKIs as a standard of care in the treatment-naive disease setting.

Other cancers.—ROS1 TKIs are active in other ROS1 fusion-positive cancers; however, 

these drugs have yet to be approved in a histology-agnostic fashion or even for any cancer 

other than NSCLC. In case series or reports (Supplementary Table 6), activity has been 

observed against cancers in both children and adults: in atypical meningioma (with a 

TFG–ROS1 fusion)152 or pulmonary blastoma (CD74–ROS1)153 with crizotinib, and in 

ER+PR+HER2− breast cancer (GOPC–ROS1)154 or IMT (TFG–ROS1)68,155 with ceritinib. 

The clinical development programme of entrectinib continues to explore the histology-

agnostic activity of this drug, with responses observed in patients with IMT (with a 

TFG–ROS1 fusion)156, melanoma (GOPC–ROS1)123 or high-grade glioma (EEF1G–ROS1 
or GOPC–ROS1)157. In cohorts of the adult and paediatric NCI-MATCH trials, patients 
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with ROS1 fusion-positive cancers are being treated with crizotinib158 and ensartinib159, 

respectively.

Intracranial activity

Activity in the CNS is an important requirement for ROS1 TKIs because ROS1 fusions are 

found in both primary brain cancers and brain-metastatic solid tumours. In trials involving 

patients with advanced-stage NSCLC, the incidence of brain metastases ranges from 20% 

to 40% in the treatment-naive setting and from 30% to 50% in patients pre-treated with 

TKIs160,161. The incidence of leptomeningeal disease has not been reported160. Earlier 

reports indicate that brain metastases were less common in patients with ROS1-rearranged 

than in those with ALK-rearranged or RET-rearranged NSCLCs 143,161, although this 

difference has not been observed in subsequent studies162. Brain metastases were more 

frequent in patients with NSCLCs harbouring CD74–ROS1 than in those with non-CD74–
ROS1 fusions (32% versus 0%; P = 0.02) in one series, implying that fusion type might 

influence the predilection for intracranial metastases144. Indeed, a preclinical study revealed 

that CD74–ROS1 (but not SLC34A2–ROS1 or GOPC–ROS1) activates an invasiveness 

pathway involving synaptotagmin-1 (E-Syt1), which might confer increased metastatic 

potential to cancer cells59.

The CNS activity of early-generation ROS1 TKIs in patients with ROS1-rearranged NSCLC 

is best characterized for entrectinib, with an intracranial ORR of 55%, a median intracranial 

duration of response of 12.9 months and a median intracranial PFS duration of 7.7 

months163 (TABLE 1). Preclinically, this drug accumulates at substantial concentrations 

in the CNS, is active in a mouse model of NTRK fusion-positive glioblastoma and 

results in increased survival relative to that observed with crizotinib in a mouse orthotopic 

CNS xenograft model of brain-metastatic ALK fusion-positive NSCLC145. By contrast, 

the intracranial ORR with ceritinib has been reported to be low (29%)146, and the CNS 

activity of cabozantinib has only been described in one retrospective report of data 

from four patients previously treated with crizotinib and ceritinib164. Cerebrospinal fluid 

concentrations of crizotinib are typically low, and the intracranial ORR with this agent was 

33% in one study165–167 (TABLE 1). Intracranial progression frequencies in patients treated 

with crizotinib range from 47% to 83%162,167. Furthermore, the CNS activity of this drug 

is suboptimal compared with that of next-generation ALK TKIs in ALK fusion-positive 

cancers168.

Substantial intracranial activity has been demonstrated with the next-generation TKIs 

lorlatinib (intracranial ORR 64%)147 and repotrectinib (intracranial ORR 100%)169 in 

patients with treatment-naive ROS1-rearranged NSCLC (TABLE 1). With lorlatinib, a 

complete intracranial response was achieved in a patient with leptomeningeal disease147. 

The incidence of CNS progression at 2 years was 29% and 19% in patients who were TKI 

naive and in those pre-treated with crizotinib, respectively147. The intracranial activity of 

lorlatinib has also been demonstrated in a genetically engineered mouse model of GOPC–

ROS1-driven glioblastoma118 and a mouse xenograft model of human GOPC–ROS1-driven 

glioblastoma50.
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ROS1 inhibitor resistance

ROS1-intrinsic mechanisms

Preclinical and clinical studies have identified ROS1 kinase domain point mutations that 

result in the resistance of ROS1 fusion-positive cancers to ROS1 TKIs143,170 (FIG. 3a,b). 

Mutations resulting in substitutions at solvent-front residues (G2032, D2033 and L1951) 

or the ‘gatekeeper’ residue (L2026) of ROS1 have been identified in tumour specimens 

from patients (FIG. 3b). Several of these mutations are paralogous to ALK, RET and/or 

NTRK resistance mutations that emerge with targeted therapy for ALK, RET or TRK 

fusions171; however, paralogous mutations that result in substitutions involving the xDFG 

motif of ROS1 (particularly the G2101 residue) have not yet been observed. Furthermore, 

two or three co-occurring mutations have been identified in the same cancer. Substitutions 

engendering resistance of ROS1 fusion-driven cancers to type I TKIs include E1935G, 

L1947R, L1951R, G1971E, L1982F, S1986F/Y, L2026M, G2032R, D2033N, C2060G, 

V2098I and L2155S for crizotinib60,127–129,143,170,172, E1990G and F1994L for ceritinib129, 

F2004C/I and G2032R for entrectinib173, and S1986F (co-occurred with L2000V in one 

patient), G2032K/R (G2032R occurred with S1986F and L2086F in one patient) and 

L2086F for lorlatinib174,175. Although overlap exists, the spectrum of type II TKI resistance 

can differ from that of type I TKIs (FIG. 4a): substitutions observed with type II ROS1 TKIs 

include E1974K, F2004V/C, E2020K, V2089M, D2113N/G, M2134I and F2075V/C124,176, 

none of which involves solvent-front or gatekeeper residues. Notably, concurrent ROS1 
kinase domain mutations (S1986F and S1986Y, and L2026M and L1951R in trans) have 

been reported128,170. This evidence of emergent polyclonal ROS1 kinase domain mutations 

indicates that clonal heterogeneity in the resistant-disease setting might pose challenges for 

second-line, single-agent TKI therapy.

The functional and steric consequences of several ROS1 mutations are known. ROS1G2032R, 

the most common resistance substitution observed in patients to date143, permits continued 

ATP binding but leads to steric clash with the piperidine ring of crizotinib and prevents 

effective binding of this TKI. These findings come from a study that provided the first 

reported crystal structure of the ROS1 kinase domain in complex with crizotinib (PDB 

3ZBF)113. ROS1G2032R has also been shown to induce epithelial–mesenchymal transition 

and to increase the migratory and invasive capacities of ROS1 fusion-driven cancer cells 

via upregulation of Twist1 (REF.177). ROS1L1951R, analogous to the ALKL1196M resistance 

substitution, also creates steric hindrance to crizotinib binding129. Similarly, ROS1S1986Y/F 

hinders crizotinib binding, albeit by inducing a positional change in the αC helix rather 

than affecting the solvent front128. The lorlatinib-resistant ROS1L2086F substitution175, 

analogous to the previously described ALKL1256F lorlatinib-resistant substitution, creates 

steric interference with lorlatinib, crizotinib and entrectinib binding, although sensitivity to 

cabozantinib might be retained.

ROS1-extrinsic mechanisms

Progression of ROS1-rearranged cancers during TKI therapy can occur through 

ROS1-extrinsic resistance mechanisms (FIG. 3c). Bypass or downstream mediators 

implicated in this process include KRAS, NRAS, EGFR, HER2, MET, KIT, BRAF and 
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MEK127,128,143,170. In the clinical setting, KRASG12D and BRAFV600E mutations have 

emerged with crizotinib treatment178, and NRASQ61K has emerged with entrectinib173,179. 

Hotspot mutations affecting β-catenin (for example, CTNNB1S45F) and activating PIK3CA 
mutations have also been identified post-progression in patients treated with ROS1 

TKIs105,170. The spectrum of other kinases inhibited by a particular ROS1 TKI seems to 

influence the extrinsic resistance mechanisms acquired. For example, MET amplification (a 

resistance mechanism observed in other fusion-positive cancers180) was not reported as a 

mediator of ROS1 TKI (lorlatinib) resistance until 2020 (REF.175). This delay might have 

been because most of the earliest patients with ROS1 fusion-positive cancers treated with 

a ROS1 TKI received crizotinib; therefore, the evolutionary constraints of concurrent MET 

inhibition by this agent might have suppressed the acquisition of MET-mediated resistance.

Combination therapy is active preclinically in cancers with ROS1-extrinsic resistance to 

ROS1 TKIs; however, clinical responses have yet to be reported. First, adaptive EGFR 

activation was observed in TKI-resistant SLC34A2–ROS1-expressing HCC78 cells181, 

and co-treatment with gefitinib re-sensitized these cells to ROS1 inhibition182. Data from 

another study demonstrated the synergistic activity of crizotinib and afatinib or dacomitinib 

in crizotinib-resistant HCC78 cells172. In neither study was an EGFR alteration identified 

in the resistant cells. Clinically, EGFR mutations rarely co-occur with ROS1 fusions de 

novo54,65; however, ROS1 fusions do emerge (2% of all acquired fusions) as resistance 

mechanisms to EGFR TKI therapy in EGFR-mutant NSCLCs183, implying potential 

signalling reciprocity or feedback between EGFR and ROS1. Second, increased HER2 

phosphorylation has been detected in a patient-derived, crizotinib-resistant CD74–ROS1-

expressing NSCLC cell line (CUTO23); afatinib co-treatment restored crizotinib sensitivity 

in this cell line170. Third, transducing KITD816G into HCC78 or CUTO-2 cells promoted 

crizotinib resistance182. Co-treatment with the KIT inhibitor ponatinib re-sensitized these 

cells to crizotinib184. Finally, in a series of 75 patients with ROS1 fusion-positive NSCLCs 

treated with ROS1 TKIs, eight (11%) were found to have concurrent MAPK alterations, 

including two patients with MEK1delE41_L54 or MEKK1delH907_C916 mutations and 

two with loss-of-function mutations in NF1 (REF.185). In subsequent in vitro modelling 

experiments, MEK1 or MEKK1 deletion or NF1 knockdown conferred resistance to ROS1 

TKIs and combined ROS1 and MEK inhibition suppressed the growth of these cells185.

Heterogeneity of resistance

The contribution of intratumour and intertumour heterogeneity to specific patterns of ROS1 

TKI resistance in individual patients remains underexplored. Intertumour heterogeneity 

has been identified in one report105 that described a patient with disease progression on 

crizotinib, in whom a ROS1G2032R mutation was identified in plasma cfDNA but not in 

a biopsy sample obtained from a growing liver lesion. This patient subsequently received 

combination chemotherapy (carboplatin and pemetrexed) plus crizotinib, resulting in clinical 

benefit, but with eventual disease progression. On progression, the ROS1G2032R mutation 

was identified in DNA from pleural fluid. In a separate report147, a patient with disease 

progression on crizotinib had a ROS1G2032R mutation identified in tumour tissue and 

a ROS1L2026M mutation detected in plasma cfDNA. Finally, concurrent high-level MET 
amplification co-occurred with ROS1G2032R post lorlatinib resistance in a third report175. 
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Collectively, these findings imply that the pressures that drive resistance can result in spatial 

and/or temporal heterogeneity. Ultimately, genomic heterogeneity can inform therapeutic 

choices. In particular, when both ROS1-intrinsic and ROS1-extrinsic resistance are detected, 

reliance solely on next-generation TKIs might not be sufficient. Depending on the nature 

of the resistance mechanisms in an individual patient, combinations of ROS1-targeted TKIs 

and/or other standard-of-care therapies (for example, chemotherapy) should be considered.

ROS1 inhibition in TKI-treated cancers

Preclinical activity

Several type I or II inhibitors are active against cancers with ROS1 fusions harbouring 

resistance mutations60,118–120,124,127–130,186. The ROS1G2032R solvent-front substitution 

is largely insensitive to the early-generation inhibitors crizotinib, ceritinib, entrectinib 

and brigatinib (FIG. 4a). However, repotrectinib and taletrectinib retain inhibitory 

activity against ROS1G2032R. Specifically, in Ba/F3 CD74–ROS1G2032R cells, the IC50 

of repotrectinib is 0.1 nM for the wild-type kinase and 3.3 nM for the ROS1G2032R 

variant; these values are 0.8 and 13.5 nM, respectively, for taletrectinib. Thus, CD74–

ROS1G2032R might remain sensitive to these inhibitors in the clinical setting, given that the 

modestly increased IC50 values for the mutant protein remain below the achievable plasma 

concentrations for these agents. By contrast, the potency of lorlatinib against ROS1G2032R is 

reduced 595-fold: the cell-based IC50 is increased from an average of 0.4 nM for wild-type 

ROS1 fusions to an average of 238 nM for ROS1G2032R fusions119,120,126–128.

Lorlatinib is active against cells with ROS1S1986F or ROS1S1986Y substitutions (IC50 1 nM 

and 1.6 nM, respectively)128 that alter the conformation of the αC-helix, which contains 

residues that are essential for stabilizing the catalytically active conformation of the kinase 

domain via interactions with residues in the activation loop and the activation site (FIG. 3b). 

ROS1L1951R confers resistance to crizotinib, ceritinib and brigatinib, whereas entrectinib, 

taletrectinib and lorlatinib all have potent activity against cells with this substitution (IC50 

<5 nM for all three inhibitors) (FIG. 4a). Repotrectinib has not been tested in ROS1L1951R-

containing cells but might be active in this context based on its potency against ROS1G2032R. 

The lack of activity of early-generation agents against recalcitrant ROS1 kinase domain 

substitutions explains, in part, the lack of benefit observed in patients following disease 

progression on prior ROS TKI therapy (TABLE 1).

TKI type switching

The ROS1-intrinsic resistance liabilities imposed by ROS1 TKIs vary by binding mode 

(type I versus type II) (FIG. 4); therefore, TKI type switching is a compelling concept 

for mitigating resistance. For example, the ROS1D2033N resistance substitution disrupts 

the interaction between the negatively charged D2033 residue and the positively charged 

piperidine ring of crizotinib. By contrast, ROS1 binding by cabozantinib, which achieves 

optimal type II conformation docking scores in molecular dynamics simulation studies124, 

does not involve interaction with this residue. The type I TKI repotrectinib retains activity 

against ROS1D2033N, but this alteration decreases the activity of most other type I inhibitors 

(crizotinib, brigatinib, ceritinib, entrectinib, ensartinib and taletrectinib) and, interestingly, 
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results in hypersensitization to the type II TKIs cabozantinib and foretinib119,127 (FIG. 4a). 

As a clinical proof of concept, switching to cabozantinib resulted in a confirmed objective 

response in a patient with NSCLC with ROS1D2033N-mediated resistance to crizotinib127. 

Similarly, the solvent front ROS1L2086F substitution conferred resistance to type I inhibitors 

lorlatinib, crizotinib and entrectinib but remains at least partially sensitive to the type II 

inhibitor cabozantinib (with stable disease observed during 10.8 months of treatment in one 

patient)175. Conversely, ROS1 fusions with certain type II TKI-resistance mutations remain 

sensitive to type I TKIs such as crizotinib, ceritinib and brigatinib124 (FIG. 4a), underscoring 

the potential role of type II to type I TKI switching in this context. Moreover, treatment 

with combinations of type I and II TKIs might increase the durability of disease control by 

preventing the emergence of subclonal resistant populations.

Clinical activity

The activity of next-generation TKIs against ROS1 fusion-positive cancers has only been 

explored in patients with NSCLC; ORRs of 33–39% have been demonstrated with these 

agents in patients with disease progression on a prior TKI (FIG. 5a, Table 1), recognizing 

that the data are preliminary and have yet to mature. These ORRs imply that ROS1-extrinsic 

resistance might occur in a substantial proportion of cancers following treatment with 

an early-generation TKI. This situation would be unlike that in EGFR-mutant or ALK 
fusion-positive NSCLCs, for which next-generation agents consistently achieve high ORRs 

(>60%) post-progression on early-generation TKI therapy (for example, with osimertinib 

post-erlotinib or alectinib post-crizotinib, respectively).

Nevertheless, next-generation TKIs are active in a subgroup of TKI pre-treated patients, 

and durable responses can be achieved. This highlights the utility of sequential TKI therapy 

(FIG. 5b). For example, lorlatinib has been associated with an ORR of 35% and a median 

PFS of 8.5 months in patients pre-treated with crizotinib, although no responses were 

achieved in patients who received two or more prior TKIs. The intracranial ORR was 

50%147. Responses were observed in patients with cancers harbouring ROS1K1991E or 

ROS1S1986F but no responses were achieved in those with ROS1G2032R or ROS1L2026M. 

In one patient with ROS1L2026M detected in both tumour tissue-derived DNA and cfDNA, 

disease regression was achieved with lorlatinib but disease control only lasted 2.7 months. 

Considering that lorlatinib has preclinical activity against ROS1L2026M, this finding 

implicates occult factors such as concurrent ROS1-extrinsic resistance, again highlighting 

the influence of tumour heterogeneity on the extent of clinical benefit. Lorlatinib is listed 

in the NCCN guidelines as a treatment option after progression on crizotinib, entrectinib or 

ceritinib133; however, whether regulatory approval will be pursued in this context remains 

unclear.

Data on repotrectinib and taletrectinib are less mature and come from small numbers of 

patients treated at a range of doses (TABLE 1, fig. 5a). In a phase I/II trial, repotrectinib 

achieved an ORR of 39% at a variety of doses in patients who had received one prior TKI, 

with an ORR of 57% at the recommended dose in patients pre-treated with crizotinib187. 

The overall intracranial ORR was 75% in patients pre-treated with TKIs. Importantly, 

in contrast to lorlatinib, responses were achieved in patients who received two or more 
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prior TKIs and in cancers with ROS1G2032R (ORR 43%, disease regression occurred in 

all patients)169. In a phase I trial149, taletrectinib resulted in an ORR of 33% in patients 

pre-treated with crizotinib. ROS1 mutation status was not determined and, thus, the clinical 

activity of this agent in the setting of ROS1-instrinsic resistance is currently unknown. In 

a phase II trial127, cabozantinib resulted in an objective response in one patient with ROS1-

rearranged NSCLC that had progressed after 26 months on crizotinib treatment. Additional 

patients with post-crizotinib responses to cabozantinib have been reported separately126,188. 

Of four patients in one retrospective series164, one had a partial response and three had 

stable disease, with PFS durations that ranged from 4.9 to 13.8 months.

In summary, given its higher intracranial versus extracranial ORR but its lack of activity 

against ROS1G2032R, lorlatinib can re-establish durable disease control in ROS1-rearranged 

cancers with pharmacokinetic intracranial failure and/or a limited spectrum of resistance 

mutations. By contrast, repotrectinib is active both intracranially and against a wider 

spectrum of ROS1-intrinsic resistance mechanisms, including recalcitrant ROS1 solvent-

front substitutions such as ROS1G2032R. No next-generation TKI has yet received regulatory 

approval for the treatment of ROS1 fusion-positive cancers, although repotrectinib has been 

granted FDA Fast Track Designation in patients who previously received one ROS1 TKI and 

platinum-doublet chemotherapy150.

Consequences of ROS1 inhibition

Effects on native ROS1

The expression of native ROS1 has been examined in preclinical models189 and in human 

tissues. In non-human vertebrates (including chickens, rats and mice), Ros1 expression is 

spatiotemporally controlled in a cell lineage-specific manner in the kidneys, small intestines, 

lungs, heart and testis during development, with persistent expression in the lung and 

testes in adults16,18,19. Interrogation of RNA sequencing data from the Genotype–Tissue 

Expression (GTEx) Project190 using the GTEx Portal reveals expression of human ROS1 in 

the lung, forebrain, kidney and testis (FIG. 6a). The LungMAP Consortium confirmed ROS1 
expression in non-malignant human lung tissues: single-cell RNA sequencing identified 

ROS1 as a signature gene expressed in lung alveolar type II cells191.

ROS1 has an indispensable role in murine testicular maturation. Specifically, transgenic 

mouse models with ROS1 loss have male-specific infertility without overt anatomical or 

functional deficits reported in any other organ, under homeostatic conditions23,192–200. 

In these models, either the loss of expression of ROS1 or its ligand, NELL2, leads to 

developmental aberrations of epididymal regionalization resulting in infertility; however, 

acute post-pubertal pharmacological inhibition of ROS1 does not affect fertility in mature 

male mice200. Evolutionary divergence in organ-specific ROS1 expression between humans 

and rodents can be deduced by examining data from a transcriptomic study201 in which 

expression was evaluated in seven organs across developmental time points in eight 

vertebrate species. In humans, ROS1 is most highly expressed in the lungs and only 

modestly in the testes. Furthermore, whether NELL2 functions as a ligand for human ROS1 

or is the sole ligand in all human organs in which ROS1 is expressed remains unknown. 

Thus, caution should be exercised when assigning functional roles of human ROS1 based 
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only on findings in mice. The dearth of knowledge regarding the cellular functions of ROS1 

in non-malignant tissues continues to limit our understanding of its physiological role in 

humans.

Adverse effects in patients

Identifying the clinical consequences of ROS1 inhibition is challenging because a highly 

selective ROS1 inhibitor has not been developed to date. All prospectively tested ROS1 

TKIs potently inhibit other kinases and, thus, the contribution of ROS1 inhibition to 

toxicities cannot easily be deconvoluted. In addition, a clear increase in the incidence of 

any adverse event (AE) has not been seen with more potent, next-generation ROS1 TKIs 

such as lorlatinib, repotrectinib or taletrectinib. Thus, no singular AE has been definitively 

associated with ROS1 kinase inhibition in non-neoplastic tissues. Hence, the safety profile 

of multitarget TKI therapy in patients with ROS1-rearranged cancers is largely characterized 

by AEs of three categories: (1) those observed across TKI classes, (2) those attributable 

to the concurrent inhibition of kinases other than ROS1 and (3) unique additional AEs 

associated with particular TKIs (FIG. 6b). AEs of all three categories have been shown to 

affect dose modification rates (Supplementary Figure 2).

Cross-class AEs of ROS1 TKIs occurring in ≥10% of patients include fatigue and 

gastrointestinal toxicities. Importantly, high-grade and sometimes fatal liver toxicities have 

been observed in patients with NSCLC who received crizotinib sequentially or concurrently 

with ICIs202,203. Less common AEs (affecting <5% of patients) include pulmonary 

toxicities, such as pneumonitis and/or interstitial lung disease204, and QTc prolongation.

The second category includes toxicities mediated by TRK and/or MET inhibition. Inhibition 

of the TRK family of kinases, which have roles in nervous system homeostasis, can result in 

dizziness and/or ataxia, paresthesias, neuropathy, weight gain and cognitive dysfunction; 

TRK inhibitor withdrawal can also cause pain flares171. MET inhibition can result in 

peripheral oedema205.

Finally, unique toxicities are associated with certain TKIs, for which a clear mechanism 

is poorly described. These toxicities include ophthalmological AEs (for example, 

photopsia, impaired dark adaptation and/or floaters in the eyes) with crizotinib, brigatinib, 

entrectinib and lorlatinib206,207, hypercholesterolaemia and/or hypertriglyceridaemia with 

lorlatinib208, hypertension with brigatinib209 and central adult male hypo gonadism with 

crizotinib (secondary to hypothalamic–pituitary axis dysfunction and not to the epidydimal 

dysfunction noted with developmental ROS1 loss in mice)210.

Conclusions

More than three decades since the discovery of the first ROS1 fusion, a wealth of knowledge 

is available on ROS1-targeted therapies for patients with ROS1 fusion-positive cancers. At 

least nine TKIs have been investigated211, two of which have regulatory approval across 

various countries. Several major resistance mechanisms have been characterized and the 

activity of next-generation TKIs highlights the possible utility of sequential TKI therapy.
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Clinical investigations will be faced with ongoing challenges. For example, conducting 

randomized phase III trials is difficult given the low frequency of ROS1 fusion-positive 

cancers. Furthermore, the utility and ethics of randomizing patients to a control arm 

with historically lower response rates and shorter survival durations are questionable. 

Interrogating real-world evidence in multicentre cohorts and global trial registries could 

help elucidate the activity of standard-of-care therapies in homogeneous cohorts of patients 

with ROS1 fusion-positive cancers. This approach could provide ‘synthetic’ control groups 

sufficient to meet the needs of select regulatory environments.

The future of ROS1 research should now turn towards underexplored questions. 

Preclinically, the functional role of native ROS1 in non-malignant human cells and tissues 

remains an enigma and should be studied further, including efforts to validate the role of 

NELL2, the very recently identified murine ROS1 ligand, in human cells or tissues. The 

oncogenic potential of ROS1 mutations and/or amplifications and deregulated or ectopic 

ROS1 expression requires additional characterization and might unveil opportunities to 

expand the benefits of ROS1-targeted therapies. Furthermore, the contributions of fusion 

heterogeneity and subcellular localization to cancer biology remain unknown for most of 

the fusion subtypes. A deeper understanding of ROS1 fusion biology might inform future 

synthetic lethal or other combination targeting strategies.

In the clinic, the activity of chemoimmunotherapy and combinations of TKIs with 

chemotherapy and/or immunotherapy in patients with ROS1-rearranged cancers needs to 

be determined. Beyond the singular identification of a ROS1 fusion, assays that capture 

spatiotemporal genomic heterogeneity might help direct decisions on therapeutic sequencing 

(FIG. 5b). Lastly, histology-agnostic approval of a ROS1 TKI for any ROS1 fusion-positive 

cancer would increase patient access and would therefore be welcomed by many patients 

and health-care providers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

• The proto-oncogene ROS1 encodes the receptor tyrosine kinase roS1 with an 

unclear physiological role in humans.

• Chromosomal rearrangement resulting in ROS1 fusion is the main mechanism 

underlying roS1-driven oncogenesis. most ROS1 mutations have unknown 

significance, and deregulated roS1 expression is probably, at most, a 

secondary oncogenic mediator.

• ROS1 fusions can be challenging to detect. Whereas no diagnostic assay 

is without limitations, the use of complementary Dna-based and rna-based 

sequencing assays can maximize the identification of ROS1 fusions; 

immunohistochemistry is a proposed screening assay.

• Cancers with diverse cellular origins can be driven by ROS1 fusions in 

both adults and children; however, roS1 inhibitors are only approved for 

ROS1 fusion-positive non-small-cell lung cancers and have yet to receive a 

histology-a gnostic indication.

• The spectrum of roS1-dependent and/or roS1-independent resistance can be 

influenced by the subcellular localization of the fusion protein, the mode 

of drug binding (type I versus type II) and the profile of non-roS1-kinase 

inhibition. The contribution of polyclonality to roS1 inhibitor resistance 

remains underexplored.
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Fig. 1 |. ROS1 gene, structure and signalling.
a | ROS1 is located on the minus strand of chromosomal region 6q22.1 (upper part), 

although the plus strand orientation is depicted here for simplicity and consists of 43 

exons (lower part). The first 32 exons encode the extracellular region of ROS1, exon 

33 encodes the single transmembrane (TM) domain and exons 36–41 encode the kinase 

domain (KD). b | The ROS1 receptor domain structure, predicted on the basis of homology 

with other proteins, consists of nine fibronectin type III motifs, three β-propeller (YWTD 

repeat) domains, a single TM domain and an intracellular tyrosine KD. In mice, neural 

epidermal growth factor–like like 2 (NELL2) has been shown to bind with mouse ROS1 

in the epididymis and is presumed to mediate ROS1 homodimerization (as shown) or 

oligomerization, resulting in activation of the KD and autophosphorylation and thus in 

ROS1 signalling. Whether human NELL2 binds to the cognate ROS1 receptor in relevant 

tissues, such as the human lungs or testes, currently remains unknown. c | Cell signalling 

pathways induced by ROS1 catalytic activity include the RAS–RAF–MEK–ERK (MAPK), 

PI3K–AKT–mTOR, JAK–STAT3 and VAV3–RHO pathways. Autophosphorylation occurs 

at various tyrosine residues (Y1923, Y2110, Y2114, Y2115, Y2274 and Y2334) in the 

ROS1 intracellular domain, as detected by mass spectrometry. The precise docking sites for 

GRB2, SHC, SOS and p110 (PI3K) have not been clearly defined; however, phosphorylated 

Y2274 is a known docking site for the non-receptor tyrosine phosphatases SHP2 (PTPN6) 

and SHP1 (PTPN11). Phosphorylation of SHP2 on the canonical Y542 and Y580 sites by 

ROS1 enhances the catalytic activity of this phosphatase and facilitates the recruitment of 
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additional SH2 domain-containing adaptor proteins, including GRB2 and SHIP1. VAV3, a 

guanine exchange factor for the small G protein RHO, is recruited to and phosphorylated 

by ROS1, resulting in RHO-mediated actin cytoskeletal remodelling215. These pathways 

induce various cellular processes that generally promote cell survival, growth, proliferation, 

migration and invasiveness, all of which are implicated in oncogenesis.
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Fig. 2 |. ROS1 fusion structure and cellular location.
a | ROS1 fusions have been identified in several cancer types that occur in adults and/or 

children (shown on a body map). Upstream gene partners of ROS1 fusions found in specific 

cancer types are listed. Among these, CLIP1, KIF21A, ST13, TRIM24 and SLC6A17 
(blue font) were identified within the cBioPortal database but have not been reported in 

peer-reviewed publications. In terms of the absolute number of patients affected, ROS1 
fusions are most often found in non-small-cell lung cancers (NSCLCs) given the substantial 

global burden of this disease relative to that of other malignancies. According to data from 

the cBioPortal, 78% of patients found to have a ROS1 fusion in their cancer had lung 

adenocarcinoma, with other cancers accounting for the remaining 22%. The prevalence 

of ROS1 fusions is higher among certain rare cancers such as Spitzoid neoplasms and 

inflammatory myofibroblastic tumours (IMTs), which affect a smaller total number of 

patients as compared with NSCLC. The reported prevalence of ROS1 fusions is indicated 
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for certain cancers in parentheses in the Figure. b | ROS1 fusion partner frequencies in 

ROS1-rearranged NSCLCs, adult glioblastomas, IMTs and Spitzoid neoplasms are shown 

in circular plots (percentages shown). Large-cohort studies are lacking for other cancer 

types, and frequency data are thus unavailable. See Supplementary Table 1 for data on 

median or aggregate frequencies for each cancer type. c | The locations of four major 

intronic breakpoints (within introns 31, 33, 34 or 35) that generate ROS1 fusions are 

indicated by arrows in the upper panel. The domain organization of recurrent ROS1 fusions 

in NSCLC, glioblastoma, IMT and Spitz tumours is shown in the lower panel. An intact 

ROS1 tyrosine kinase domain (KD) and the C-terminal domain (corresponding to exons 

36–43) are included in all fusions. However, ROS1 fusions can also include a portion 

of the last fibronectin type III (FN) motif repeat (exon 32), the transmembrane (TM) 

domain (exon 33) and/or a portion of the juxtamembrane domain (exons 34 and 35) of 

ROS1; retention of portions of these domains does not seem to affect oncogenicity. The 

majority of NSCLC-associated ROS1 fusion partners lack dimerization motifs, suggesting 

that canonical dimerization might not be required for oncogenic activation. Distinct from the 

native receptor, ROS1 fusions might be activated simply by conformational changes induced 

by the removal of most of the extracellular domain and redirection of this activity to novel 

subcellular locations. d | The subcellular localizations of select ROS1 fusion proteins are 

depicted. CC, coiled-c oil domain; FERM, band 4.1 homology and ezrin–radixin–moesin 

domain; PDZ, PSD95, Dlg1 and ZO-1 domain.
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Fig. 3 |. Mechanisms of resistance to ROS1 TKIs.
a | The frequencies of ROS1-intrinsic and ROS1-extrinsic crizotinib resistance observed 

in clinical studies143,170 (left) and in preclinical discovery experiments124,129 (right) are 

plotted. Data on primary resistance to ROS1 tyrosine kinase inhibitor (TKI) therapy and 

the precise frequency of ROS1 mutations in patients pre-treated with TKIs are not well 

defined. In one series (Series A)170, only 1 of 12 patients (8%) with crizotinib-resistant 

cancers had a detectable ROS1 kinase domain (KD) mutation; however, in another series 

(Series B)143, 9 of 17 patients (53%) had KD mutations. The overall frequency and diversity 

of acquired ROS1 KD resistance mutations observed in preclinical studies is larger than 

those reported in clinical studies. In addition, within preclinical studies, limited overlap 

has been observed between the resistance mutations discovered in the context of the GOPC–
ROS1 versus CD74–ROS1 fusions. With CD74–ROS1, the L1982F substitution occurred 

concurrently with M2128V and L2026M co-occurred with K2003I (not shown). Neither 
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of these two pairs of co-mutations were functionally tested for their resistance potential 

when engineered in cis as compound mutations; however, both L1982F and L2026M confer 

crizotinib resistance as single mutations. Additional preclinical and clinical studies are 

needed to ascertain whether resistance mutation profiles vary by specific ROS1 fusion types 

owing to subtle conformational differences between them. b | The amino acid substitutions 

that were observed in the aforementioned clinical studies143,170 (left) and preclinical 

saturated mutagenesis experiments124,129 (right) are mapped onto the crystal structure of 

the ROS1 KD. Both S1986F and S1986Y substitutions have been reported, although only 

the S1986F substitution is shown. L2155S substitution (right panel) has been identified 

but has not been functionally validated. The ribbon diagram depicting the crystal structure 

of the ROS1 KD, in complex with crizotinib (orange), is adapted from PDB 3ZBF. The 

solvent front substitutions (G2032R, D2033N and L1951R) and other substitutions in the 

drug binding pocket (V2098I and L2026M) introduce steric hindrance and diminish high-

affinity crizotinib binding. The reduced crizotinib affinity for S1986F/Y, L1947R, G1971E, 

E1935G and C2060G is either confirmed or likely to reflect other conformational changes 

within the kinase domain structure. c | Mechanisms of ROS1-extrinsic resistance include 

mutations and/or copy number increases involving other receptor tyrosine kinases (RTKs) or 

downstream MAPK pathway effectors (indicated in red), thus establishing MAPK pathway 

reactivation as a convergent mechanism of resistance. An activating PI3KCA mutation 

(blue) has been reported in a patient with ROS1 TKI resistance. CTNNB1 (β-catenin) 

mutations have also been discovered in patients but are not shown in this figure. LOF, loss of 

function.
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Fig. 4 |. Preclinical activity and binding modes of ROS1 TKIs.
a | A heatmap comparing the activity of type I and type II ROS1 tyrosine kinase 

inhibitors (TKIs) against ROS1 kinase domain (KD) substitution variants. Cell-based half 

maximal inhibitory concentration (IC50) values were obtained from eight studies that 

tested the activity of indicated ROS1 TKIs in CD74–ROS1-transformed Ba/F3 cells118–

120,124,126,127,129,186 and from one study each for GOPC–ROS1-expressing60 or EZR–

ROS1-expressing Ba/F3 cells128. ΔIC50 was calculated as follows: IC50 (with the mutant 

fusion protein) – IC50 (with the wild-type fusion protein in the same study). Averages values 

of ΔIC50 were taken across studies that tested the same TKI in Ba/F3 cells transformed 

with the same ROS1 fusion (that is, separate averages for studies with CD74–ROS1 and 

those with GOPC–ROS1). Based on the correlation between preclinical inhibitory activity 

and the known clinical activity of a given inhibitor for the specific resistance mutation, we 

classified the changes in IC50 as follows: ΔIC50 ≤5 nM equates to a modestly altered TKI 

affinity but no resistance; ΔIC50 of 5–25 nM equates to intermediate resistance to the TKI; 

and ΔIC50 >25 nM equates to resistance. Negative ΔIC50 values indicate varying degrees 

of TKI sensitization to ROS1 substitutions. See Supplementary Figure 1 for comparative 

IC50 values of ROS1 inhibitors tested against different ROS1 fusions in the Ba/F3 cell 

model system. b | Structural model showing that crizotinib (red) preferentially binds to the 

active, type I (aspartate–phenylalanine–glycine (DFG)-in) conformation of the ROS1 KD 

(adapted from PDB 3ZBF). The atoms of the DFG motif are shown in stick configuration 

in purple. In the type I state, the aspartate of the DFG motif is optimally positioned to bind 

magnesium ions and coordinate the β and γ phosphates of ATP in order to facilitate transfer 
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of the γ phosphate (type I inhibitors compete with ATP binding), and the phenylalanine 

is tucked into a hydrophobic pocket; the activation loop (A-loop, shown in purple) has 

an open and extended conformation. c | Molecular model showing ensemble docking of 

cabozantinib (black) to the type II (DFG-out) conformation of ROS1 KD, generated using 

computational chemistry as previously described124,127. Atoms of the DFG residues are 

shown in yellow (stick configuration). In the type II conformation, the phenylalanine (of 

DGF) is displaced from the hydrophobic pocket, leading to reorientation of the aspartate and 

causing steric hindrance to ATP binding. The A-loop (green) is collapsed onto the surface 

of the kinase. d | Superimposed structures of type I and type II ROS1 KD conformations 

docked with crizotinib and cabozantinib, respectively, were generated using MatchMaker 

analysis (Chimera). Expanded views to the right show steric incompatibility within the 

binding pocket of the DFG-in (type I) conformation for cabozantinib (upper inset panel) and 

of the DFG-out (type II) conformation for crizotinib (lower inset panel).
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Fig. 5 |. Clinical activity of ROS1 TKIs and potential treatment algorithm for ROS1-rearranged 
cancers.
a | A plot summarizing the activity of various ROS1 tyrosine kinase inhibitors (TKIs) 

tested in prospective trials involving patients with ROS1 fusion-positive non-small-cell lung 

cancer (NSCLC). The activity of early-generation and next-generation TKIs is compared in 

terms of objective response rate (ORR) and median progression-free survival (PFS). With 

TKIs for which only the ORR from a single trial is known based on preliminary data 

and the median PFS has not been reported, a dotted line indicates the preliminary ORR. 

For crizotinib, four separate studies (PROFILE 1001, OxOnc, EUCROSS and METROS) 

are shown. One outlier trial (AcSe) that had a much lower median PFS duration (5.5 

months) than all reported prospective and retrospective (TABLE 1, Supplementary Table 3) 

studies has been excluded; the reason for the much shorter median PFS observed is unclear. 

b | A putative treatment algorithm for patients with ROS1 fusion-positive cancers. This 

begins with upfront ROS1 TKI therapy, which is the current standard of care for patients 
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with advanced-stage ROS1-rearranged NSCLCs. Therapeutic choices for patients who are 

treatment naive with other ROS1-rearranged cancers should reflect known and emerging 

data. In patients treated upfront with a ROS1 TKI, sanctuary site distribution (for example, 

related to intracranial plasma concentration), other pharmacokinetic characteristics, binding 

mode and the spectrum of targets beyond ROS1 present competing evolutionary pressures 

that vary between different TKIs. Resistance to ROS1 TKIs can take the form of 

one or more of the following: sanctuary site progression, ROS1-intrinsic resistance (for 

example, a ROS1 kinase domain mutation) or ROS1-extrinsic resistance (for example, 

bypass signalling pathway activation). The presence and degree of intratumoural and 

intertumoural heterogeneity in resistance mechanisms might inform therapeutic choices. 

Current and potential future treatment strategies include TKI generation or type switching, 

the administration of chemotherapy and/or immunotherapy, and the combination of a ROS1 

TKI with other types of therapy. In patients with ROS1-rearranged NSCLC that is resistant 

to an approved ROS1 TKI, chemotherapy and/or immunotherapy is the current standard of 

care treatment; however, sequential TKI therapy is being explored in trials. The combination 

of targeted therapy with chemotherapy has yet to be explored in prospective trials. This 

algorithm applies only to advanced-stage cancers, and the delineation of strategies for 

earlier-stage ROS1-rearranged disease will require additional study. Indeed, the role of 

neoadjuvant or adjuvant therapy that includes a ROS1 TKI has not been elucidated thus 

far, although this paradigm has received regulatory approval in certain other oncogene-d 

riven cancers (for example, adjuvant dabrafenib and trametinib for BRAF V600E/K-mutant 

melanomas).
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Fig. 6 |. ROS1 expression and ROS1 inhibitor safety profile.
a | A heat-map of mRNA expression shows that ROS1 is highly expressed in the human lung 

and, to a lesser degree, in the brain, kidney and testes. In addition to ROS1, levels of ALK, 

MET, NTRK1, NTRK2 and NTRK3 mRNA expression are shown for reference, given that 

all current ROS1 tyrosine kinase inhibitors (TKIs) also target one or more proteins encoded 

by these genes. Expression levels are shown in transcripts per million (TPM) values. These 

publicly available RNA sequencing (RNA-seq) data were obtained from the GTEx Portal216. 

b | A Venn diagram (centre) depicting the spectrum of kinase inhibition of several ROS1 

TKIs. Some of the adverse effects of selective TRK or MET inhibitors are known, whereas 

the profile of toxicities that are specifically mediated by ROS1 or ALK inhibition remains 

largely unknown. This knowledge gap is secondary to the fact that selective ROS1 or ALK 

inhibitors have not been developed (current inhibitors of these kinases have multiple other 

targets). By contrast, selective TRK or MET TKIs and monoclonal antibodies targeting MET 

have been tested in clinical trials. Beyond toxicities mediated by the inhibition of TRK 
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or MET, adverse events observed across various TKI classes (left) and unique additional 

toxicities associated with certain TKIs (right) are listed.
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