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Abstract: Rearrangements of ROS1 and RET have been recently described as new driver mutations in

lung adenocarcinoma with a frequency of about 1% each. RET and ROSI rearrangements both represent

unique molecular subsets of lung adenocarcinoma with virtually no overlap with other known driver

mutations described so far in lung adenocarcinoma. Specific clinicopathologic characteristics have been

described and several multitargeted receptor kinase inhibitors have shown in vitro activity against NSCLC
cells harbouring these genetic alterations. In addition, the MET/ALK/ROS inhibitor crizotinib has already

shown impressive clinical activity in patients with advanced ROS1-positive lung cancer. Currently, several

early proof of concept clinical trials are testing various kinase inhibitors in both molecular subsets of lung

adenocarcinoma patients. Most probably, personalized treatment of these genetically defined new subsets of

lung adenocarcinoma will be implemented in routine clinical care of lung cancer patients in the near future.
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Introduction

Recent genomic characterization of lung adenocarcinoma
led to the discovery of several key genetic alterations
involved in the induction of proliferation and metastatic
spread as well as in prevention of apoptosis in lung
adenocarcinoma cells. Nearly all of these driver mutations
are mutually exclusive thus accounting for the classification
of lung adenocarcinoma in several genetically defined
subgroups. The dependency of the tumors on these driver
mutations in the distinct subgroups is underlying their
pharmacological vulnerability for specific inhibitors. The
identification of specific activating mutations in the EGFR
gene and specific rearrangements of the ALK gene have
already been successfully translated into clinical routine with
the use of in the meantime approved targeted therapeutic
agents (erlotinib, gefitinib and crizotinib). Treatment
with these targeted therapeutics results in a remarkably
increased response rate, progression free survival time and
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overall survival compared to standard chemotherapy in
these molecularly defined subgoups (1-4) thus overcoming
for the first time the therapeutic nihilism in advanced
adenocarcinoma based on median overall survival times of
less than 1 year with chemotherapy unchanged for decades.

Unfortunately, although driver mutations can be identified
in over 50% of lung adenocarcinoma (5,6) by now, only
15% of patients with lung adenocarcinoma, i.e. those
with EGFR mutations or ALK aberrations, benefit from
personalized treatment in clinical routine, while in the other
patients either the driver mutations so far have not been fully
clinically validated or no driver mutations are known at all.

Recently, two new receptor tyrosine kinase gene
rearrangements affecting together up to 3% of lung
adenocarcinoma patients were discovered and, based on the
observations described in this review, may soon extend the
spectrum of effective personalized treatment options in lung
cancer.
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The rearranged during transfection (RET) gene was
found to be rearranged in lung adenocarcinoma patients
(1%) for the first time in 2012 by four independent
groups (7-10) and preliminary studies demonstrated
sensitivity of lung cancer cell lines harboring a RET
rearrangement to RET-kinase inhibitors like vandetanib (9).

The ROSI rearrangement was first discovered in lung
adenocarcinoma in 2007 (11). In 2012 a study determined
a frequency of ROSI rearrangements in a large lung
adenocarcinoma cohort (n=1,073) of 2% (12). In addition,
first results of a phase I trial investigating the use of
crizotinib in patients harboring ROS1 rearrangements
showed promising results (13).

Both kinases are involved in rearrangements resulting in
fusion of their kinase domains to different partners. The fusion
partners are responsible for the homo-dimerization underlying
the oncogenic potency of the gene fusion products.

This review will focus on RET- and ROS1 kinases,
their physiological role in the cell and their function as
an oncogenic driver especially in lung adenocarcinoma.
Furthermore, we will give an overview on current RET- and
ROSI kinase inhibitors and current clinical trials evaluating

specific RET- and ROS1 inhibitors.

RET discovery and mechanism of action

The RET proto-oncogene was first described as an
oncogene activated through DNA rearrangement in the
NIH-3T3 cell model in 1985 (14). RET is located on
chromosome 10q11.2 and spans 21 exons. It encodes for
a receptor tyrosine kinase with an extracellular domain
(containing four cadherin-like repeats, a calcium binding
site, and a cystein rich region), a transmembrane region
and an intracellular kinase domain (15). There are three
common isoforms of RET, the long (RETS51), intermediate
(RET43), and short (RET9) form, which arise through
alternative splicing of the mRNA at the carboxyterminal
cytoplasmic tail. They are named after the number of
amino acids that follow the point of divergence. RET51
and RET9 are the best characterized isoforms (16). The
main ligands of the RET protein belong to the glial-derived
neurotrophic factor (GDNF) family, which include GDNE,
artemin, neurturin and persephin. The RET-Receptor is
part of a cell surface complex, it binds a member of the
GDNF family in conjunction with GDNF-family receptor
alpha (GFR) co-receptors. After a ligand has bound to the
RET-Receptor, it is activated through the formation of a
RET-homodimer with subsequent activation of the kinase
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domain leading to autophosphorylation of intracellular
domains (17). Multiple downstream signaling pathways are
activated through the activation of the RET protein, these
include the RAS/RAF/ERK, the PI3K/AKT and the JNK
pathways (18). RET is expressed in neuronal subsets of the
central and peripheral nervous system, the Wolffian duct,
the budding ureter, the nephric duct and spermatogonia.
RET kinase null mice are born alive, but die within one
day because of renal aplasia or dysplasia. They also do not
develop enteric nervous plexuses, which is in line with the
development of Hirschprung’s disease caused by loss-of-
function mutations in RET (19).

The first link between RET and human cancer was
established by the discovery of somatic rearrangements
of RET in papillary thyroid carcinoma (RET/PTC). These
rearrangements lead to a constitutive activation of the
tyrosine kinase (18). Up to 30% of sporadic and up to 70%
of radiation induced papillary thyroid carcinomas (PTC)
show a somatic rearrangement of the RET gene (20). So
far 12 different 5’-fusion partner genes of RET have been
described. Germline activating point mutations of RET
are associated with the multiple endocrine neoplasia type
2 (MEN 2) syndrome. The MEN 2 syndrome is divided
into three distinct phenotypes: MEN 2A [medullary
thyroid carcinoma (MTC), pheochromacytoma (PC)
and hyperparathyroidism], MEN 2B (M'TC and PC) and
Familial Medullary Thyroid Cancer (FMTC). Each phenotype
has a strong association with specific mutation sites within the
RET gene. Somatic mutations in RET are also associated with
50% of sporadic medullary thyroid cancer (21).

RET in NSCLC

In 2012 four independent groups identified independently
the presence of a new rearrangement involving the RET-
kinase domain in NSCLC. These groups screened a
total of 2,650 lung cancer patients (22) and described
a frequency of 1% RET rearrangements (7-9). RET
expression in the lung is under normal conditions very low,
but is significantly increased with the presence of the RET
fusion gene (7). The transforming ability of the KIF5B-
RET fusion gene could be shown in preclinical models
using Ba/F3 cells, which were shown to grow interleukin-3
independent after expression of the fusion protein and in
NIH 37T3 cells, which showed anchorage-independent
cell proliferation after the expression of the RET fusion
protein (7). The artificial cell systems showed sensitivity to
the treatment with the multi-kinase inhibitors vandetanib,
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Figure 1 ret (A) and ROSI (B) FISH assays. Rearrangements in

both genes are indicated by split-off of orange and green signals

sunitinib and sorafenib, which are able to inhibit the
kinase activity of RET (9). Current data suggests, that RET
rearrangements occur mutually exclusive with other known
driver alterations in NSCLC, which further supports its
role as a driving oncogene in NSCLC (9,22). The most
common RET fusion protein is comprised of the first 15
exons of the KIFSB gene and the exons 12-20 of the RET
gene. Exon 1-15 of KIF5B contains a kinesin motor and
coiled-coil domains that mediate homodimerization of the
fusion proteins (9). The KIF5SB exon 15 fusion site was also
shown to be present in the KIF5B-ALK fusion protein in
NSCLC (23). Exons 12-20 of the RET gene contain the
RET kinase domain allowing downstream kinase signaling
and activation of the PI3K/Akt and/or the RAS/MAPK
pathway (24). Up till now 7 variants of the KIFSB-RET
fusion gene have been described and besides KIFSB two
other fusion partner have been detected, i.e. the CCDC6
gene and the NCOA4 (nuclear receptor coactivator 4)
gene (8,25). CCDC6 and NCOA#4 have been described before
in PTC as RET/PTC1 and RET/PTC3, respectively.
They both also contain coiled-coil domains, which are
able to mediate dimerization of the oncoproteins (26).
Concerning the correlation between NSCLC harboring
RET fusion and clinical characteristics, Wang and
colleagues screened 936 patients with NSCLC and could
identify 13 RET fusion positive patients (1.4%) in their
population. They suggested specific clinicopathologic
characteristics for RET fusion positive patients, including
younger age (<60 years), never-smoker status, early
lymph-node metastases, poor differentiation of the tumor
and a solid predominant subtype (25). The detection of
fusion genes can be conducted using RT-PCR, FISH
and IHC. Interesting data have been published showing
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a sensitivity of 90% and specifity of 97.8% for IHC
testing for ALK translocations, when compared to FISH
in NSCLC (27). So far, however, IHC has not been
established for RET detection and thus was not used
in trials screening for RET fusions in NSCLC (9,25).
Therefore FISH, although cost and labor intensive, still
seems to be the gold standard for the detection of RET
fusions (Figure 1) in NSCLC. In addition, the use of RT-
PCR might miss new fusion partners (25). However, given
the necessity of simultaneous pretherapeutic assessment
of numerous driver mutations in lung cancer, it seems
reasonable that next generation based multiplex sequencing
will substitute distinct single gene assays involving RET in
the near future (28).

RET inhibitors

So far no clinical trials using RET inhibitors in NSLCL
harbouring RET fusion genes have been published. Since
RET fusions and activating mutations are present in
differentiated thyroid carcinomas (DTC) and medullary
thyroid carcinoma (MTC) (20) we will thus start to
summarize data from clinical trials studying tyrosine kinase
inhibitors with anti-RET activity in patients with DTC and
MTC. However, these results may only be of limited value
for the understanding of RET inhibition in NSCLC, since
the spectrum of RET mutations and RET fusions in thyroid
carcinoma differs from what so far is known for RET in
NSCLC.

Specific aberrations in RET present in thyroid
carcinoma can be assigned to specific subgroups of the
disease. RET fusions are mostly present in PTC, which
closely resemble the fusions present in NSCLC (8,26).
Preclinical studies have shown that different tyrosine
kinase inhibitors with anti-RET activity show different
activity against the various aberrant RET forms present
in thyroid carcinomas (29). For instance, cabozantinib
showed greater activity compared to vandetanib in
cells harboring the RET/PTCI fusion gene (29),
a fusion gene which is also present in NSCLC. These
observations should be considered in planning trials with
anti-RET tyrosine kinase inhibitors also in lung cancer.

Anti-RET tyrosine kinase inhibitors have already been
evaluated in NSCLC, however, not focusing of patients
harbouring RET fusion genes in their tumors (30-32). Thus,
these trials do not add valuable information concerning the
use of these drugs in RET positive lung cancer patients only.
Furthermore, the drugs used in these trials (vandetanib,
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sunitinib, sorafenib) are no specific RET inhibitors, but rather
multi kinase inhibitors. This fact further complicates the
interpretation of RET-inhibition in thyroid carcinoma (24).
For a list of multi-kinase inhibitors with anti-RET activity
refer to Table 1.

Vandetanib

In April 2011 the FDA approved vandetanib, a RET,
VEGEF 2, VEGF 3 and EGF receptor tyrosine kinase
inhibitor for the treatment of patients with metastatic MTC
who were ineligible for surgery and had progressive or
symptomatic disease. The approval followed the results from
an open label single arm phase II study testing vandetanib
in patients with hereditary MTC. This phase II study
conducted by Wells er al. showed that 83% of the patients
treated with vandetanib had a reduction in tumor size at
their first assessment and 11 out of 30 patients responded
with an initial decrease in tumor size >30% of which 6
(20%) had confirmed partial responses (PR) according
to RECIST. Disease control rate at 24 weeks was 78%
and the duration of response in patients with confirmed
PR was durable with a median of 10.2 months (33).
Following the phase II data a large phase III trial was
initiated showing a significantly improved efficacy
and prolongation of PFS for vandetanib compared
to placebo in patients with sporadic and hereditary
MTC with a hazard ratio of 0.46 (95% CI, 0.31-0.69;
P<0.001) (34). Preclinical studies suggest that vandetanib
has superior activity in MEN2B cell lines compared
to cabozantinib (29). The predominant mutation in
MEN?2B is the activating M918T point mutation in the
RET kinase domain, which is also the most frequent
mutation in sporadic MTC (35). Vandetanib also showed
activity against RET/PCT in vitro and in vivo (36).

Cabozantinib

Cabozantinib, a potent inhibitor of RET, VEGFR2 and
MET tyrosine kinases, received FDA approval for its use
in MTC in November 2012. Early signals of activity in
MTC were seen in a phase I dose escalation trial, which
led to the testing of cabozantinib in patients with MTC
in an expansion cohort of the phase I study. Of the 35
patients with MTC and measurable disease included into
the study 17 patients (49%) experienced a 30% or greater
reduction in the sum of tumor diameters at first assessment.
Disease control of at least 6 months was present in 68%
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of the patients (37). Following the positive data from the
phase II study a large phase III study was started, which
tests cabozantinib vs. placebo in patients with progressive,
unresectable, locally advanced or metastatic MTC. First
data were presented at ASCO 2012, which showed that the
primary objective of significant PFS prolongation was met
(HR 0.28 95% CI, 0.19-0.40; P<0.0001) (38).

In July 2012 a phase II study testing cabozantinib in
KIF5B/RET positive NSCLC patients has been initiated at
Memorial Sloan-Kettering Cancer Center (NCT01639508)
and is thus to our knowledge the first study investigating
a personalized treatment approach for this newly defined
subgroup of NSCLC. Interestingly, i vitro studies showed
a greater activity of cabozantinib compared to vandetanib in
cell lines harboring the RET/PTCI fusion gene, which also
has been found in NSCLC (29).

Sorafenib

Sorafenib is a multi-tyrosine kinase inhibitor targeting
VEGFR1, VEGFR2, KIT, RET, BRAF and CRAF (39).
In vitro sorafenib was shown to inhibit RET in the low
nanomolar range and exerted anti-tumor activity in RET-
driven xenografts (40). Sorafenib has been tested in several
phase II studies in patients with DTC, anaplastic thyroid
carcinoma and MTC (41-43). In an open-label phase II
study of 41 patients with PTC, 6 patients (15%) showed a
PR and 23 (56%) patients had a stable disease for longer
than 6 months. The PRs seen in the patients were durable
with a median duration of 7.5 months. The authors
concluded that sorafenib is an active drug in metastatic
PTC. Genetic testing was included into the trial and the
great majority of PTCs harbored an activating BRAF
mutation whereas none was positive for RET/PTC1 or
RET/PTC3. These observations render translation into
the RET driven NSCLC setting difficult (43). In another
phase II study sorafenib was tested in locally advanced or
metastatic MTC. Of 15 evaluable patients with sporadic
MTC, one patient had a PR and more than 50% of the
patients had SD >15 months. The majority of tumors in
the tested population had activating mutations in the RET
gene (42) The phase II study from Gupta-Abramson ez
al. demonstrated in 30 (27 out of 30 being D'T'C) patients
with metastatic, iodine-refractory thyroid carcinoma a PR
rate of 23% (7 patients). The median PFS was stated with
19.75 months. Data of specific genetic testing were not
presented in this paper. Given the PR rate of 23% and
the PFES of 19.25 months the sorafenib treatment may be
considered superior to chemotherapy in these patients (41).
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Table 1 Multikinase inhibitors with anti-RET and anti-ROS1
activity

Drug Targets Provider

anti-RET acitivity

VEGF2
VEGF3
EGFR
RET
VEGFR Pfizer
Flt-3
c-Kit
RET
VEGFR1
VEGFR2
c-Kit
RET
BRAF
CRAF
VEGFR
PDGFR
c-Kit
RET
RET Exelixis
VEGFR2

MET

AstraZeneca

Vandetanib

Sunitinib

Bayer
Onyx pharmaceuticals

Sorafenib

Amgen

. Takeda
Motesanib

Cabozantinib

anti-ROS1 activity
Crizotinib ALK Pfizer
MET
ROS1
AP26113 ALK Ariad
EGFR
ROSH1
ASP3026 ALK
MET
ROS1*
*trial including ROS1 patients running, no preclinical data
found

Astellas

Sunitinib

Sunitinib is a multi-tyrosine kinase inhibitor targeting
VEGFR, Flt-3, c-Kit and RET (40) and has proven to
be a potent inhibitor of RET/PTC oncoproteins in vitro
and in vivo (36). In a phase II study in iodine refractory

DTC and MTC from 33 evaluable patients one patient
showed a complete response (3%), ten patients had a PR
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(28%) and 16 patients demonstrated stable disease (46%).
There was also a significant association seen between
decreased "FDG-PET uptake and RECIST response (44).
Intermediate results of two studies testing sunitinib in
patients with thyroid carcinoma were presented at ASCO
2008 (45,46). The study of Cohen et al. presented data of 31
evaluable patients with DTC treated for at least two cycles
with sunitinib. Of these patients 13% showed a PR and 65%
of patients a SD. In M'T'C there have been no PRs reported,
but a SD rate of 85% (45) In a mixed patient cohort with
MTC, DTC and anaplastic thyroid carcinoma Ravaud ez 4l.
demonstrated in 15 evaluable patients a PR rate of 7% (n=1)
and a SD rate of 80% (n=12) (46). In addition two case
reports have been published, one reporting a PR in a patient
with MTC and one in a patient with PTC treated with
sunitinib (47,48).

Motesanib

The multi-tyrosine kinase inhibitor motesanib inhibits
VEGFR, PDGFR, Kit and RET and demonstrated activity
in T'T tumor cell xenografts expressing the RET C634W
protein (49). But there have also been reports indicating
the ineffectiveness of motesanib in inhibiting the C634W
mutant form of RET and being only active in wild type
RET (50). Motesanib was tested in two phase 1I studies
involving patients with thyroid cancer. One study which
included 93 patients with confirmed locally advanced
metastatic DT'C or MTC yielded a 14% PR rate and a 68%
SD rate. However none of the patients genetically analyzed
showed a RET mutation or RET rearrangement in their
tumor (51). Another phase II trial studying motesanib in
MTC included 91 patients. In this trial only 2% of the
patients were reported to have achieved a PR and 81% of
the patients had a SD. The objective response rate for RET-
mutation negative (n=10) and for RET-mutation positive
(n=28) was 10% and 0%, respectively (50).

ROS1 discovery and mechanism of action

ROS was first described as an oncogene product of the avian
sarcoma RNA tumor virus UR2 (University of Rochester
tumor virus 2) in 1982 and v-ROSI was identified in the same
year as the distinctive oncogenic sequence in UR2 (52,53).
In the UR 2 virus v-ROST is fused to the gag-gene and the
product of the fusion gene gag-ros was identified to have
tyrosine kinase activity (54). In 1984 the 73 gene, which
later was discovered to be similar to -ROSI, was reported
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to induce malignant transformation of NIH3T3 cells (55).
ROST (v-ros avian UR2 sarcoma virus oncogene homolog 1)
has been mapped to chromosome 6ql16-6q22 (56).
The region is involved in nonrandom chromosomal
rearrangements in different malignancies including, glioblastoma,
cholangiocarcinoma and lung adenocarcinoma (8,57,58). The
ROSTI receptor tyrosine kinase consists of an extracellular
domain, a hydrophobic transmembrane region and an
intracellular kinase domain. ROS is a unique receptor
which is remotely related to the ALK and Insulin
receptor family (59,60). The extracellular domain of
ROSI1 contains a YWTD -propeller domain that folds
into three -propeller domains and nine fibronectin type
III domains. Although ROS1 has a large extracellular
domain no ligand has been found so far. The presence
of fibronectin III domains is a common feature of cell
adhesion molecules (CAMs), therefore the combination
of fibronectin III domains in the extracellular domain of
ROSI coupled with the intracellular kinase activity might
be a way of direct translating adhesion engagements to
intracellular signaling pathways (60). Multiple downstream
signaling pathways are activated through the activation of
ROSI1, these include the STAT?3, PI3K/AKT and RAS/
MAPK/MEK pathway, although it is important to notice
that the transforming ability of the chimeric EGFR-
ROS on chicken embryo fibroblasts or NIH3T3 cells
was not hindered through the application of the MEK
inhibitor PD98059 (61). ROSI was shown to be expressed
in mouse, rat and chicken kidneys and intestine (60).
In mice the expression of ¢-ROS seems to play a role in
the development of the kidneys, especially in stages which
involve epithelial-mesenchymal interactions. In adult mice
with mature kidneys c-ROS expression is low (62). In the
testicles expression of ¢-ROS was detected in mice and
is limited to epithelial cells of the caput epididymis. The
importance of ROS for the maturation of the epithelial
cells of the epididymis was seen in ROS-null mice. These
mice lost the ability of reproduction due to deficient
sperm function, which was most likely due to improper
capacitation supporting the significance of a functional
epididymis for maturation of the spermatocytes. Besides
from infertility c-ROS knockout mice were healthy (63). In
humans ¢-ROS has also been detected in the epididymis,
although the spatial distribution was different from what
was seen in mice (64). Expression of c-ROS was also
detected in other human tissues, such as lung, placenta and
skeletal muscle tissue (60).

The first link between human cancer and ROS1
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was established in 1987 by the discovery of somatic
rearrangements involving ROSI in glioblastoma cell lines,
although the partner of ROS1 was not identified (65).
The fusion of the FIG (Fused in Glioblastoma)-gene with
ROST was elucidated by Charest et 4/ in 2003. It was shown
that the FIG-ROSI fusion protein was created through a
small intra-chromosomal deletion and was therefore the
first example of a receptor tyrosine kinase fusion protein,
which did not occur from a translocation or inversion (57).
Furthermore it was shown that the FIG-ROS fusion protein
was able to transform NIH3T3 cells in vitro and to enable
tumor formation in immunocompromised nude mice (58).
The expression of the FIG-ROS fusion protein in the CNS
in vivo was able to induce the formation of glioblastomas (66).
FIG-ROS fusion proteins were also discovered in
cholangiocarcinoma cell lines and patient derived
tumors (58).

ROS1 in NSCLC

Rearrangements in NSCLC involving ROS1 (Figure 1)
were first described by Rikova ez /. in 2007.

In a phosphoproteomic screen of 41 NSCLC cell lines
and 150 NSCLC tumors 2 ROSI1 fusions (SLC34A42-
ROSI and CD74-ROS1) were detected (11). SLC34A2-
ROST was discovered in the HCC78 cell line. SLC34A42 is
part of the solute carrier family and is expressed in many
different organs such as lung, mammary glands, testis and
liver. It is believed that the gene product of SLC34A42 the
protein NaPi-IIb is involved in the reabsorbtion of Pi in the
surfactant of lung alveolars. The protein is supposed to span
the cell membrane in 8 loops (67). Mutations of SLC34A2,
which abrogate the normal protein function, are associated
with pulmonary alveolar microlithiasis (68). In the fusion
gene 2 variants exist, either a fusion between exon 4 of
SLC34A2 and exon 32 of ROS or exon 4 of SLC34A2 and
exon 34 of ROS. In both cases the fusion gene expresses a
protein with two transmembrane domains (11). The CD74-
ROSI1 fusion was discovered in a tumor from a female
never-smoker with adenocarcinoma. In this tumor exon
6 of CD74 was found to be fused with exon 34 of ROSI.
CD74 codes for a type II membrane protein. The protein
functions as a receptor for the macrophage migration
inhibitory factor and as a chaperon for MHC class II
proteins (69). The transforming ability of SLC34A2-
ROS was shown in the ability of the fusion gene to cause
anchorage-independent growth and tumor formation
in nude mice of 3T3 cells transduced with a retrovirus
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containing SLC34A2-ROS (58). The oncogenic ability of
the CD74-ROS1 fusion gene has also been validated in
fibroblasts and NSCLC cells were the ectopic expression
of the CD74-ROSI fusion gene induced high invasiveness
in vitro (Matrigel Boyden chamber invasion assay) and the
formation of metastases in vivo (70).

Recently, two large studies screening together more
than 2000 patients with NSCLC for the presence of
ROSI rearrangements found the frequency of ROS1
rearrangements in NSCLC to be approximately 2% (8,12).
The clinical characteristics of patients with a ROSI fusion
were very similar to patients with an ALK translocation. It
was found that patients with a ROSI fusion positive tumor
were more commonly light smokers (<10 pack years) or
never-smokers and ROS1 fusions were associated with
younger age and adenocarcinoma histology (12). The
study conducted by Takeuchi er /. and Govindan er al.
discovered additional fusion partners of ROSI in NSCLC:
tropomyosin 3 (TPM3), syndecan 4 (SDC4), leucine-
rich repeats and immunoglobulin-like domains (LRIG3),
ezrin (EZR) and endoplasmic reticulum protein retention
receptor 2 (KDELR 2) (8,71). The kinase activity of ROSI
is retained in the known fusion proteins (72) and ROS1
rearrangements were not overlapping with other known
oncogenic events in NSCLC, like KRAS mutations, EGFR
mutations or ALK fusions (12). A transgenic mouse model
expressing the EZR-ROSI fusion protein in lung alveolar
epithelial cells has been developed and could demonstrate the
formation of adenocarcinoma in both lungs at an early age (73).

ROS1 inhibitors

Although ROSI has been known to play a role as an
oncogene in glioblastoma for a long time (65), selective
ROSI inhibitors have not yet been clinically tested. Given
that the ROS1 kinase shares high sequence homology
with ALK, which is reflected in an amino acid sequence
homology of 77% at the adenosine triphosphate (ATP)-
binding site (74), the activity of ALK-kinase inhibitors
were tested in cell lines and tumors harboring ROSI fusion
proteins (58). The ALK-inhibitor TAE684 showed activity
in the lung cancer cell line HCC78, which harbors the
SLC34A42-ROS1 fusion gene and in BaF3 cells expressing
the FIG-ROS fusion protein (58,75). Crizotinib, the
approved ALK/MET inhibitor for NSCLC patients
harboring an ALK-translocation also showed activity in the
HCC78 cell line (12,76). Following these signals the phase
I trial of crizotinib (NCT00585195) was amended for the
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inclusion of patients with solid tumors harboring a ROSI
rearrangement. Preliminary results presented at ASCO and
ESMO 2012 demonstrated promising results of crizotinib in
ROSI rearranged NSCLC with an objective response rate
of 57% and a disease control rate of 80% after 2 months (13).
Our group also recently published a case of a heavily
pretreated NSCLC patient whose tumor harbored a ROS1
rearrangement and showed a compete metabolic response in
"FDG-PET/CT after 4 weeks of treatment with crizotinib
which is maintained now for more than 4 months (77).
Currently there are also two trials ongoing testing second-
generation ALK inhibitors in ROS1 fusion positive
tumors. These trials are evaluating the safety and activity of
AP26113 (NCT01449461) and ASP3026 (NCT01284192).
For a list of multi-kinase inhibitors with anti-ROS1 activity
refer to Table 1.

Conclusions

The identification of RET- and ROSI rearrangements in
NSCLC is a consequence of our increasing knowledge
of the genomic basis of malignant transformation in lung
cancer resulting in the identification of an increasing
number of distinct and therapeutically tractable molecular
subgroups. Tyrosine kinase inhibitors with anti-RET
activity have shown promising preclinical and clinical
activity in thyroid carcinomas. However, up till now most
of the trials conducted were entity driven and did not
distinguish between the molecular subtypes which are
present in thyroid carcinomas and NSCLC. Thus, although
these trials provide some evidence that aberrant RET may
serve as a target for kinase inhibitor therapy, the translation
of these observations to NSCLC seems to be problematic.
Therefore, prospective trials RET translocated NSCLC are
needed, although their realization may be a challenge given
the low incidence of RET rearrangements in NSCLC.
The ongoing trial of cabozantinib in KIFSB-RET fusion
positive NSCLC (NCT01639508) is a first step in the right
direction. In the case of ROSI an impressive activity of
the ALK/MET/ROS inhibitor crizotinib has already been
reported as result of a still ongoing phase I trial in heavily
pretreated NSCLC patients with ROS rearrangements in
their tumors. Based on these results approval of crizotinib
for the treatment of ROS positive NSCLC in the near
future seems probable. Other clinical trials evaluating the
safety and activity of second generation small molecule
inhibitors with anti-ROS1 activity are also currently tested
in ROSI fusion positive patients, but no results have been
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presented so far. Furthermore, it remains to be elucidated
how new selective RET- and ROS-inhibitors will perform
clinically (78). Given the low frequency of these two new
driver mutations the execution of clinical trials addressing
the efficacy of RET- and ROS-inhibitors is in particular
challenging and requires the establishment of large and
effective molecular screening networks providing real time
molecular diagnostics of high quality (28).
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