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/ABSTRACT

The discovery of chromosomal rearrangements involving the
anaplastic lymphoma kinase (ALK) gene in non-small cell lung
cancer (NSCLC) has stimulated renewed interest in oncogenic
fusions as potential therapeutic targets. Recently, genetic al-
terations in ROS1 and RET were identified in patients with
NSCLC. Like ALK, geneticalterationsin ROS1and RETinvolve
chromosomal rearrangements that result in the formation
of chimeric fusion kinases capable of oncogenic transfor-
mation. Notably, ROS1 and RET rearrangements are rarely
found with othergeneticalterations, suchas EGFR, KRAS, or
ALK. This finding suggests that both ROS1 and RET are inde-
pendent oncogenic drivers that may be viable therapeutic

targets. In initial screening studies, ROS1 and RET rear-
rangements were identified at similar frequencies (approx-
imately 1%—2%), using a variety of genotyping techniques.
Importantly, patients with either ROS1 or RET rearrange-
ments appear to have unique clinical and pathologic fea-
tures that may facilitate identification and enrichment
strategies. These features may in turn expedite enrollment
in clinical trials evaluating genotype-directed therapies in
these rare patient populations. In this review, we summa-
rize the molecular biology, clinical features, detection, and
targeting of ROS1 and RET rearrangements in NSCLC. The
Oncologist 2013;18:865—-875

Implications for Practice: Treatment approaches for non-small cell lung cancer (NSCLC) have been advanced in recent years by
the identification of distinct, molecularly-defined subsets of patients that derive benefit from targeted therapies. As a result, the
field has placed greater focus on identifying new molecular targets. Recently, ROS1 and RET fusions were independently identi-
fied in 1%—2% of patients with NSCLC. Preclinical data and early clinical findings suggest that both may be viable therapeutic tar-
gets. In this review, we summarize this data as well as the clinical and pathologic features associated with these fusions. This may
in turn inform screening strategies and the development of clinical trials evaluating genotype-driven therapies in these patient

populations.

INTRODUCTION

The 2004 discovery that somatic mutations in the epidermal
growth factor receptor (EGFR) confer sensitivity to EGFR ty-
rosine kinase inhibitors (TKls) established a new treatment
paradigm in non-small cell lung cancer (NSCLC) [1-3]. This dis-
covery also placed greater focus on identifying new molecular
subsets of NSCLC that may benefit from targeted therapies. In
particular, emphasis has been placed on finding new “driver”
oncogenes, so named because these genes are central to the
growth and viability of cancer cells (e.g., mutant KRAS, BRAF,
or HER2). Until recently, genetic alterations in NSCLC driver
oncogenes were presumed to occur predominantly through
point mutations or small insertions or deletions. Chromo-
somal translocations were thought to be infrequent events in
solidtumors[4, 5].In 2007, however, Soda and colleagues dis-
covered a novel fusion gene generated by a chromosomal re-
arrangement involving the anaplastic lymphoma kinase (ALK)
gene in NSCLC [6]. ALK rearrangements have since been iden-
tified in approximately 3%—5% of patients with lung cancer,
defining a distinct molecular subset of NSCLC with unique clin-

icopathologic features and marked sensitivity to the ALK in-
hibitor crizotinib [7, 8].

The success of crizotinib in ALK-positive patients has
prompted efforts to find new oncogenic fusions in NSCLC. Fa-
cilitated by advances in cytogenetic and molecular tech-
niques, these efforts have identified novel oncogenic fusions
involving ROS1 and RET. In this review, we summarize the mo-
lecular biology of these rearrangements, outline current de-
tection methods, and introduce treatment approaches for
these newly identified oncogenic drivers.

ROS1

Biology: Native ROS1

Initially identified in the early 1980s, ROS1 is located on chro-
mosome 6, where it encodes an orphan receptor tyrosine ki-
nase [9-11]. ROS1 consists of (a) a glycoprotein-rich
extracellular domain, (b) atransmembrane domain, and(c)an
intracellular tyrosine kinase [12]. To date, no ROS1 ligand has
beenidentified, and insightsinto the normal function of native
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ROS1 in humans are limited. In murine models, ROS1 tran-
scripts are temporally and spatially expressed in epithelial
cells of the kidney, lung, heart, intestine, and testis [12—14]. It
has been speculated that ROS1 may be involved in epithelial-
mesenchymal transitions in these organs; however, ROS1
knockout mice are viable and appear healthy, with the excep-
tion of infertility among male knockout mice [15]. The latter
has been attributed to abnormalities in epididymal differenti-
ation causing defective sperm maturation.

ROS1 in Human Malignancy

ROS1 rearrangements were initially identified in a human gli-
oblastoma cell line [16]. Further characterization of this cell
linerevealedthatthisrearrangement generatesanovelfusion
gene involving FIG (fused in glioblastoma; also known as
GOPC) at the 5’ end and a portion of ROS1 at the 3’ end [17—
19]. The entire ROS1 kinase domain is retained in this rear-
rangement. FIG-ROS1 arises through an intrachromosomal
deletion, producing a constitutively active kinase [19, 20]. Re-
cently, ROS1 rearrangements have been identified in several
other malignancies, including cholangiocarcinoma [21], ovar-
ian carcinoma [22], gastric carcinoma [23], and NSCLC [24—
34].

ROS1 rearrangements in NSCLC were first identified in
2007 [24]. In this initial report, Rikova and colleagues charac-
terized tyrosine kinase signalingin 41 NSCLC cell lines and 150
NSCLC tumors. Within one cell line, HCC78, the authors iden-
tified a novel ROS1 rearrangement involving SLC34A2 and
ROS1. Like previously identified ROSI rearrangements,
SLC34A2-R0OS1 retains the entire kinase domain of ROS1. The
authors also identified a separate ROS1 rearrangement in a
patient-derived NSCLC specimen [24]. In this sample, CD74,
which encodes a type 2 transmembrane protein, was fused
with ROS1, generating a novel CD74-R0OS1 transcript. Subse-
quently, multiple ROS1 fusion partners have beenidentifiedin
NSCLC: SDC4 [27, 33], EZR [29, 33, 34], KDELR2 [30], CCDC6
[31], TPM3 [33], LRIG3 [33], and FIG (Fig. 1) [28, 32]. In total,
nine different ROS1 fusion partners have been identified, with
CD74 being the most common. With the exception of FIG and
EZR, ROS1 fusion partners are located on different chromo-
somes than the native ROS1 gene [32]. Despite a diversity of
fusion partners, ROS1 rearrangements involve conserved
ROS1 break points that preserve the tyrosine kinase domain
[33].

ROS1 fusions are potent oncogenic drivers. Indeed, ex-
pression of ROS1 fusionsinvitroandin vivo leads to oncogenic
transformation [20, 21, 33, 35, 36]. This is thought to occur
through constitutive kinase activation [24, 37]. The exact
mechanism by which ROS1 rearrangements lead to dysregu-
lated kinase activity remains unclear. In the setting of ALK and
RETrearrangements, coiled-coil domainsinthe 5’ fusion part-
ners mediate ligand-independent homodimerization, leading
to kinase activation [6, 38]. In contrast, a majority of ROS1
partner proteins lack dimerization domains (Fig. 1) [33, 39].
Nevertheless, ROS1 rearrangements are believed to promote
signal transduction programs, leading to upregulation of
SHP-1 and SHP-2 (also known as PTPN6 and PTPN11, respec-
tively) and to activation of the phosphoinositide-3 kinase
(PI3K)/AKT/mTOR, JAK/STAT (also known as SOAT1), and
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MAPK/ERK pathways [12]. Together, these downstream sig-
nals promote cell survival and proliferation.

Detection of ROS1 Fusions

ROS1 rearrangements have been identified in approximately
1%—-2% of patients with NSCLC by using diverse genotyping
techniques (Table 1) [24—-34]. Several recent studies have
used whole-genome and whole-transcriptome sequencing to
identify ROS1 rearrangements, including several novel fusion
partners [29, 30, 32]. Such approaches are not readily gener-
alizable to widescale clinical testing at present. Consequently,
ROS1 screening strategies have been largely informed by ex-
periences with ALK testing, for which the three most com-
monly used methods of detection are fluorescent in situ
hybridization (FISH), reverse transcription polymerase chain
reaction (RT-PCR), and immunohistochemistry (IHC) [40].

FISH is the gold standard assay for detection of ALK rear-
rangements [7, 40, 41]. Consequently, many early ROS1
screening studies used FISH as the predominant testing tool
[25, 27, 33]. Several different ROS1 FISH assays have been de-
veloped. These assays generally use red and green fluorescent
probes to hybridize with sequences adjacent to or including a
portion of the ROS1 gene. Inthe absence of a ROS1 rearrange-
ment, the overlapping probes produce a fused or yellow sig-
nal. When a ROS1 gene rearrangement is present, however,
the two probes become separated, resulting in a “split” signal
(Fig. 2). Isolated red 3’ signals can also be observed in the set-
ting of ROS1 rearrangements [27, 33, 34]. Specimens are
deemed positive if more than 15% of tumor cells demonstrate
split orisolated 3’ signals.

Bergethon and colleagues recently screened 1,073
NSCLCs using ALK and ROS1 FISH and detected ROS1 rear-
rangements in 18 specimens (1.7%) [25]. Takeuchi et al. simi-
larly examined 1,476 lung cancer specimens using FISH and
identified 13 ROS1 rearrangements (0.9%) [33]. One advan-
tage of FISH is that it can be performed on formalin-fixed, par-
affin-embedded (FFPE) tissues. In contrast to RT-PCR, FISH is
also capable of detecting rearrangements without prior
knowledge of 5’ fusion partners [25]. Nevertheless, FISH has
several limitations. This technically challenging technique is
not uniformly available in all laboratories. Furthermore, cer-
tain ROS1 rearrangements may not be detected by currently
available break-apart FISH assays. The native FIG gene, for ex-
ample, is located only 134 kilobase pairs upstream of ROS1;
therefore, intrachromosomal deletions generating FIG-ROS1
fusions may not create a sufficient change in FISH signal pat-
ternsto allow identification [32]. Lastly, FISH does not provide
information on specific ROS1 fusion partners; however, it re-
mains unclear whether thisis biologically or clinically relevant.

Data on using RT-PCR alone in the detection of ROS1 rear-
rangements are limited at present. Potential advantages of
RT-PCR as a screening tool include rapid turnaround time and
limited tissue requirements. RT-PCR also permits identifica-
tion of specific fusion partners, but standard RT-PCR requires
that fusion-specific primers be included during testing; there-
fore, this technique is unable to identify rearrangements in-
volving unknown fusion partners. Another drawback of RT-
PCRisthatresults depend onthe quality of RNA, which is often
degraded in FFPE tissues.
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Figure 1. Schematic diagram of ROS1 fusions in non-small cell lung cancer. (A): ROS1 tyrosine kinase domain (dark green), ROS1 trans-
membrane domain (blue), and coiled-coil domains (pink) in ROS1 fusion partners; KDELR2-ROS1 is not shown. (B): Reported frequencies
of different ROS1 fusion partners. Not all studiesincluded reverse transcription polymerase chain reaction primers against all fusion part-

ners listed.
Abbreviation: E, exon.

In addition to FISH and RT-PCR, IHC has also been used to
screen for ROS1 rearrangements. Rimkunas et al. recently de-
veloped a novel ROS1 IHC assay (Cell Signaling, Danvers, MA;
clone D4D6) [28]. Screening 556 NSCLC specimens, they iden-
tified ROS1 expressionin 9 cases (1.6%). In eight of these spec-
imens, confirmatory ROS1 FISH was positive. The ninth sample
could not be assessed because of high background signal in-
tensity. Interestingly, several different ROS1 staining patterns
were observed: diffuse cytoplasmic staining, membranous lo-
calization, vesicular localization, and perinuclear aggregates.
These patterns did not correlate with specific ROS1 fusion
partners. Although prior studies identified ROS1 mRNA ex-
pression in normal lung [12], Rimkunas et al. did not observe
ROS1 staining in adjacent normal lung tissue using the D4D6
antibody [28]. However, non-neoplastic cells, such as macro-

Despite similar clinicopathologic features, ROS1 rear-
rangements do not overlap with mutations in other
oncogenic drivers, such as EGFR or ALK. In one study
of 1,073 tumor specimens, ROS1 and ALK rearrange-
ments were mutually exclusive across the entire
study population. In a separate study using ROS1 and
ALK IHC, there was no evidence of coexpression
among 556 tumors tested.
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phages and bronchial cells, exhibited positive staining in rare
cases. No ROS1 staining was observed among 138 ROS1 FISH-
negative cases.

Additional studies are needed to validate ROS1IHC. Imple-
mentation will also require development of standardized
scoring criteria as well as additional assessments of antibody
selectivity [42]. Nonetheless, these early findings by Rimkunas
etal.suggestthat ROS1IHC may be a promising screeningtool.
In general, advantages of IHC include rapid turnaround time
and the widespread availability of testing in most pathology
laboratories. Finally, although our discussion has focused on
IHC, RT-PCR, and FISH, future directions include use of chro-
mogenicin situ hybridization and next-generation sequencing
[39,43].

ROS1 Fusions: Clinical and Pathologic Features

ROS1 rearrangements define a distinct molecular subtype of
NSCLC with unique clinicopathologic features. Patients with
ROS1 rearrangements share many features in common with
ALK-positive patients. In one multi-institutional series, ROS1
rearrangements were associated with younger age, never-
smoking history, Asian ethnicity, and advanced stage [25].
Furthermore, all 18 ROS1-positive patients in this series had
adenocarcinoma histology. Additional studies have con-
firmed adenocarcinoma as the predominant histologic pat-
tern, although ROS1 rearrangements have also been

©AlphaMed Press 2013
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Table 1. Prevalence of ROS1 rearrangements in non-small cell lung cancer screening studies

Study

Screening/validation techniques

Prevalence of ROS1 fusions

Rearrangements identified by

fusion partner (no.)

Araietal.[29]
Bergethon etal.[25]

Davies etal.[27]

Govindan et al.[30]

Lietal.[26]
Rikova et al.[24]

Rimkunas et al.[28]

Transcriptome sequencing, RT-PCR
FISH, RT-PCR

FISH, RT-PCR

Whole-genome and transcriptome
sequencing

RT-PCR, direct sequencing
Phosphoproteomics screen, RT-PCR

IHC, RT-PCR, FISH

4/569 (0.7%)
18/1073 (1.7%)

5/428 (1.2%)

(4) EZR

(5)CD74

(1) SLCc34A2

(8) Unknown partner
(4) Insufficient tissue
(2) cD74

Seoetal.[31] Whole-transcriptome sequencing,

RT-PCR

Suehara et al.[32]
Takeuchietal.[33]

Messenger RNA screen, RT-PCR
FISH, RT-PCR

Yoshida et al.[34] RT-PCR, FISH

(2) SLC34A2
(1) SDC4
1/48 (2.1%) (1) SDc4
1/17 (5.9%) (1) KDELR2
2/202 (1%)? (2) cD74
1/150 (0.7%) (1) cD74
(1) SLC34A2°
9/556 (1.6%) (4) CD74
(2) SLC34A2
(1) FIG

(1) Unknown partner
(1) Insufficient tissue
(1) cD74

(1) SLC34A2

(1) ccpes

(1) FIG

(3)cD74
(3)SDc4
(2) TPM3
(2) EZR
(
(
(

3/200 (1.5%)

1/69 (1.4%)°
13/1476 (0.9%)

1) SLC34A2

1) LRIG3

1) Unknown partner
(10) cD74
(4) EZR
(1) SLC34A2

15/799 (1.9%)

aScreened specimens consisted entirely of resected adenocarcinomas from never-smokers who were negative for alterations in EGFR, KRAS, HER2,

ALK, and BRAF.
b|dentified in cell line.

“Screened specimens consisted of “pan-negative” adenocarcinomas (negative for alterations in EGFR, KRAS, BRAF, MEK1, HER2, and ALK).
Abbreviations: FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; RT-PCR, reverse transcription polymerase chain reaction.

infrequently observed in large cell and squamous cell carcino-
mas [27, 28].

Despite similar clinicopathologic features, ROS1 rear-
rangements do not overlap with mutationsin other oncogenic
drivers, suchas EGFRor ALK [24-26, 28]. In one study of 1,073
tumor specimens, ROS1 and ALK rearrangements were mutu-
ally exclusive across the entire study population [25]. In a sep-
arate study using ROS1 and ALK IHC, there was no evidence of
coexpression among 556 tumors tested [28]. In this latter re-
port, however, two ROS1-positive tumors also stained posi-
tive for EGFR mutations (EGFR L858R and E746-A750del) using
mutation-specific IHC (and confirmed by sequencing). Itis un-
known whether both alterations were present in the same
cells.

©AlphaMed Press 2013

Targeting ROS1

In their initial report of ROS1 rearrangements in NSCLC, Rikova and
colleagues demonstrated that cell lines containing ROS1 rearrange-
ments undergo apoptosis on treatment with ROS1-specific smallin-
terfering RNAs, suggesting that ROS1-positive tumors are oncogene
addicted [24]. Subsequently, it was recognized that ROS1 and ALK
share a high degree of homology within their respective tyrosine ki-
nase domains, prompting hypotheses that ALK TKIs may also inhibit
ROS1 [39, 44]. McDermott et al. demonstrated that the HCC78 cell
line, which contains SLC34A2-ROS1, is sensitive to treatment with
the ALK inhibitor TAE684 [44]. More recently, crizotinib was shown
to suppress ROS1 activity and downstream signaling in vitro, leading
to growth inhibition [25, 27, 45].

O%ecologist“
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Figure 2. A ROS1 break-apart fluorescent in situ hybridization
(FISH) assay. FISH reveals separation of the 5’ ROS1 probe (green)
fromthe 3’ ROS1 probe (red), indicative of a ROS1 rearrangement
in a patient with non-small cell lung cancer. Size bar = 10 um. Re-
printed from [25] with permission [Bergethon, K et al: J Clin Oncol
2012;30:863— 870 © 2013 American Society of Clinical Oncol-
ogy. All rights reserved].

Based on this preclinical data, a phase | trial of crizotinib
(ClinicalTrials.gov identifier NCT00585195) was amended to
include a ROS1-positive cohort. Preliminary results from this
trial were presented at the 2012 American Society of Clinical
Oncology annual meeting and updated at the 2012 European
Society for Medical Oncology congress [46, 47]. Twenty ROS1-
positive NSCLC patients were evaluable at the time of report-
ing. All ROS1 rearrangements were detected by FISH. In these
patients, crizotinib was associated with an objective response
rate (ORR) of 50%, including one complete response and nine
partial responses. The disease control rate was 70% after 8
weeks of treatment. These results are similar to those seen
with crizotinib in ALK-positive patients. Additional clinical tri-
als evaluatingfirst-and second-line crizotinib in ROS1-positive
patients are being planned in Japan, China, Taiwan, and South
Korea.

Several additional clinical trials are ongoing for ROS1-pos-
itive patients (Table 2). Given the homology between ALK and
ROS1, many of these trials are evaluating structurally distinct,
next-generation ALK TKIs, with separate cohorts for ALK- and
ROS1-positive patients. Data from these ROS1-positive co-
horts have not been reported to date. Several ongoing studies
are also examining TKls in combination with either chemo-
therapy or heat shock protein 90 (HSP90) inhibitors. The use of
HSP90 inhibitors in this setting is based on preclinical models
demonstrating synergy between crizotinib and HSP90 inhibi-
tion [48].

At present, guidelines from the National Comprehensive
Cancer Network (NCCN) note that clinicians may use crizotinib
in patients known to harbor a ROS1 rearrangement (grade 2A
recommendation) [49]. Although commercial testing is avail-
able, formal screening recommendations for ROS1 fusions
have not been established, and ROS1 testing is not a universal
standard. Testing should be considered in select patients,
such as those with nonsquamous histology and negative EGFR

www.TheOncologist.com

and ALK testing. If ROS1 fusions are identified, such patients
should be directed toward participation in clinical trials of
ROS1-directed therapies.

RET

Biology: Native RET

The RET (rearranged during transfection) proto-oncogene
was initially identified in 1985 through transfection of NIH3T3
cells with human lymphoma DNA [50]. RET was subsequently
mapped to chromosome 10g11.2, where it encodes a recep-
tor tyrosine kinase [51]. RET is normally expressed in neurons,
sympathetic and parasympathetic ganglia, thyroid C cells, ad-
renal medullary cells, urogenital tract cells, and testis germ
cells [52-54]. RET plays an important role in renal organogen-
esis and development of the enteric nervous system [55, 56].
RET consists of three domains: (a) an extracellular domain, (b)
atransmembrane domain, and (c) an intracellular tyrosine ki-
nase [57]. RET activation requires formation of a multimeric
protein complex [58]. Thisinvolves binding of the glial cell line-
derived neurotrophicfactor (GDNF) family of ligandsand a cell
membrane-bound coreceptor, GFR-« [58 —61]. On activation,
RET undergoes autophosphorylation and engages down-
stream signaling pathways (RAS/MAPK/ERK, PI3K/AKT, and
phospholipase C-v), leading to cellular proliferation, migra-
tion, and differentiation [62]. Gain-of-function alterations in
RET have been implicated in human malignancy. In contrast,
loss-of-function RET mutations are associated with congenital
absence of enteric ganglia, or Hirschsprung’s disease [63, 64].

RET in Human Malignancy

In 1990, Grieco et al. reported chromosomal rearrangements
involving the RET proto-oncogene in papillary thyroid cancer
(PTC) [65]. These rearrangements generate fusion transcripts,
pairing the 3’ end of RET, which encodes the tyrosine kinase
domain, with the 5’ end of a separate gene (CCDC6, NCOA4,
PRKARI1A, TRIM24, GOLGA5, TRIM33, KTN1, ERC1, MBD1, and
TRIM27) [57, 66]. In general, RET fusions are identified in ap-
proximately 5%—40% of PTCs [52]. Notably, RET rearrange-
ments in PTC are associated with ionizing radiation treatment
or environmental radiation exposure, as has been observed
among survivors of the atomic bombings in Japan and the
Chernobyl nuclear power plant accident [67—69].

In addition to PTC, genetic alterations in RET are observed
in medullary thyroid cancer (MTC). Instead of rearrange-
ments, however, MTC is associated with gain-of-function
point mutations in RET [70]. Specifically, germ-line mutations
in RET are present in nearly all inherited forms of MTC, includ-
ing multiple endocrine neoplasia 2 [71-73]. In sporadic MTC,
RET mutations are identified in up to 50% of patients [70, 74,
75].

Chromosomal rearrangementsinvolving RET were also re-
cently found in NSCLC [31-33, 38, 76—83]. In late 2011
through early 2012, four independent groups of investigators
used different screening strategies to discover RET rearrange-
ments in approximately 1%—2% of NSCLCs [33, 38, 76, 77]. In
one earlyreport, Ju et al. performed massively parallel whole-
genome and transcriptome sequencing of a lung adenocarci-
noma from a 33-year-old never-smoker [38]. Prior genotyping
of this patient’s tumor revealed no ALK rearrangement or mu-
tations in EGFR or KRAS. Sequencing of this specimen and
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Table 2. Current clinical trials for patients with ROS1 rearrangements

ClinicalTrials.gov identifier Study agent

Trial description

NCT00585195 Crizotinib

NCT01284192 ASP3026

NCT01449461 AP26113

NCT01548144 Crizotinib, Pazopanib,

Pemetrexed

NCT01712217 AT13387 Crizotinib

NCT00754923 Sorafenib

Phase | study evaluating safety, dose, and pharmacodynamics
of crizotinib; includes ROS1-positive expansion cohort

Phase | study of ASP3026 in patients with advanced
malignancies to assess safety and tolerability; ROS1-
positive patients eligible

Phase I/l study of AP26113 to determine the recommended
phase Il dose and objective response rate; ROS1-positive
patients eligible for expansion cohort

Two-step, phase | trial of crizotinib with either pazopanib or
pemetrexed or triplet therapy (crizotinib, pazopanib, and
pemetrexed); expansion cohortincludes ROS1-positive
patients

Three-part, phase I/1l trial of AT13387 alone or in combination
with crizotinib; primary endpoints are number of dose-
limiting toxicities and objective response rate; restricted to
ALK-positive patients or other potentially crizotinib-
sensitive NSCLCs

Phase Il study of sorafenib in NSCLC patients who never
smoked or who are former light smokers; no ROS1-specific
cohort; primary endpoint is 6-month progression-free
survival rate

Abbreviations: NSCLC, non-small cell lung cancer.

paired normal tissue identified a novel fusion gene involving
the 5" end of KIF5Band the 3’ portion of RET within the tumor.
In this study, two additional KIF5B-RET fusions were identified
among 20 lung adenocarcinomas.

Inaseparatereport, Kohno et al. identified a KIF5B-RET fu-
sion using whole-transcriptome sequencing during a screen-
ing study for new oncogenicdriversin NSCLC[76]. The authors
subsequently screened 433 lung adenocarcinoma specimens
using RT-PCR and confirmatory FISH, identifying six additional
KIF5B-RET fusions. In a contemporaneous report, Lipson et al.
used targeted next-generation sequencing to screen for can-
didate oncogenicdriversand alsoidentified KIF5B-RET fusions
in a subset of tested specimens [77]. Takeuchi and colleagues
relied on an alternative approach, using a FISH-based screen
with confirmatory RT-PCR [33]. Among 1,529 specimens, 14
RET rearrangements (0.9%) were identified.

Importantly, preclinical models demonstrate that RET re-
arrangements are transformingin vitro and in vivo [33, 77]. To
date, four different RET fusion partners have been identified
in NSCLC: KIF5B, CCDC6, TRIM33, and NCOA4 [79, 84, 85]. In-
terestingly, CCDC6 (also known as PTC), NCOA4 (also known as
PTC3) and TRIM33 (also known as PTC7) are also known RET
fusion partners in PTC. With the exception of TRIM33, all of
thesegenesarelocated onchromosome 10; therefore, RET fu-
sionsin NSCLCappeartoarise predominantly throughintrach-
romosomal rearrangements. KIF5B is the most common
fusion partner in NSCLC. Seven different KIF5B-RET variants
have been recognized; each differs with respect to KIF58 and
RET break points (Fig. 3) [86]. Notably, the RET tyrosine kinase
is preservedin all fusions. Moreover, in contrast to ROS1, each
RET partner protein contains a coiled-coil domain, which is be-
lieved to promote ligand-independent dimerization and con-
stitutive activation of RET (Fig. 4) [33, 38, 76, 77]. This is
analogous to the mechanism of oncogenic activation in the
setting of ALK rearrangements [6].
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Detection of RET Rearrangements

As noted, RET rearrangements in NSCLC were discovered us-
ing several different genomic screening strategies [33, 38, 76,
77]. Like ROS1 and ALK rearrangements, however, broad
screening efforts have focused largely on three testing tech-
niques: FISH, RT-PCR, and IHC. Each test has advantages and
disadvantages, many of which have already been reviewed in
our discussion of ROS1 testing. To date, no screening tech-
nique has emerged as a gold standard, and most screening
studies have incorporated multiple testing techniques for ini-
tial detection and validation of RET fusions (Table 3).

In general, FISH is an effective tool for detection of chro-
mosomal rearrangements. In the largest screening study to
date, FISHand RT-PCR were used in combination to identify 14
RET-positive cases among 1,529 specimens [33]. In more re-
cent studies, FISH has been used as a confirmatory tool rather
than a screening tool [32, 76, 79].

RT-PCR has been incorporated into a majority of RET
screening studies. Because RT-PCR cannot identify rearrange-
ments involving novel fusion partners, this technique has typ-
ically been combined with other testing modalities, such as
IHC or FISH. In one study using RT-PCR alone, however, KIF5B-
RET fusions were identified in 6 of 392 patients (1.5%) [82].
Notably, the multiplexed RT-PCR assay in this study did not as-
sess for CCDC6-RET or NCOA4-RET, consequently, the preva-
lence of RETrearrangements may have been underestimated.

Despite low RET expression in normal lung tissue [87], RET
IHC has been disappointing as a screening tool. Lipson et al.,
for example, identified moderate-intense RET stainingin 22 of
117 NSCLC specimens (18.8%); however, only 1 of these spec-
imens harbored a RET rearrangement using RT-PCR [77]. Sim-
ilarly, Wang et al. found no significant differences between
RET IHC staining patterns among RET-positive and RET-nega-
tive specimens identified by RT-PCR [79]. The experience of
using RET IHCin PTC has been similarly disappointing because
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Figure3. Schematicdiagram depicting RET fusionsidentified in non-small cell lung cancer. The RET tyrosine kinase domain (blue) is pre-
served in all fusions. Four different RET fusion partners are depicted: KIF58, CCDC6, TRIM33, and NCOA4. KIF5B is the most common fu-
sion partner, with seven different KIF5B-RET fusion variants described to date.

Abbreviation: TM, transmembrane.

of variable staining patterns and weak immunoreactivity [88].
At present, RET IHC does not appear to be a reliable screening
technique for detection of RET rearrangements.

RET Fusions: Clinical and Pathologic Features
RET rearrangements represent a distinct molecular subset of
NSCLC, with specific clinicopathologic features and an esti-
mated prevalence of 1%—2% (Table 3). Importantly, RET rear-
rangements are mutually exclusive with mutations in EGFR,
KRAS, ALK, HER2, and BRAF, suggesting that RET fusions are in-
dependent oncogenic drivers in NSCLC [33, 38, 76, 77, 79].
Initial reports of RET rearrangements in NSCLC suggested
that these alterations were more commonly found among

Several preclinical studies suggest that RET fusions
are viable targets in NSCLC. In cell line models ex-
pressing KIF5B-RET, for example, treatment with
multitargeted TKls with anti-RET activity (sunitinib,
sorafenib, and vandetanib) leads to growth inhibi-
tion. Conversely, treatment of these cells with ge-
fitinib or crizotinib, which do not possess anti-RET
activity, is ineffective at suppressing growth.

www.TheOncologist.com

never-smokers with adenocarcinoma histology [33, 38, 76,
77]. Additional insights into the clinicopathologic features of
RET rearrangements were recently reported [79]. In this
study, 13 RET-positive patients were identified among 936
surgically resected NSCLC patients using RT-PCR and quantita-
tive real-time polymerase chain reaction. Confirmatory FISH
testing was positive in all patients. Among RET-positive pa-
tients, adenocarcinoma histology was observed in 11 of 13
(85%). Two patients had adenosquamous histology. Patients
with RET-positive adenocarcinomas were mostly never-smok-
ers (81.8%), were relatively youngerin age (72.7%, <60 years
of age), and had roughly equal sex distribution, although none
of these features reached statistical significance compared
with RET-negative patients. Furthermore, patients with RET-
positive adenocarcinomas tended to have small primary tu-
mors (100%, =3 c¢m), solid-predominant histology (63.6%), N2
disease (54.4%), and more poorly differentiated tumors
(63.6%). Interestingly, 36.4% of RET-positive adenocarcino-
mas had signet ring cells in =10% of tumor cells. No RET-posi-
tive patients reported prior radiation exposure.

Targeting RET

RET plays a central role in several thyroid malignancies, pro-
viding a basis for RET-directed therapies. Two agents, vandet-
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Figure 4. Models of RET rearrangements. (A): Schematic representation of the RET proto-oncogene (left). RET activation typically in-
volves ligand binding, interactions with a coreceptor, and homodimerization leading to formation of a multiprotein complex (right). (B):
Schematic representation of a KIF5B-RET fusion (left). The coiled-coil domain of KIF5B promotes ligand-independent homodimerization
of RET, leading to constitutive activation of downstream growth signaling.

Abbreviations: CC, coiled-coil domain; GFL, glial cell line-derived neurotrophic factor family ligand; GFRa, GDNF family receptor «;
KIF5B, kinesin family member 5B; P, phosphorylated tyrosine residue; RET, rearranged during transfection; TK, tyrosine kinase; TM,
transmembrane.

Table 3. Prevalence of RET rearrangements in non-small cell lung cancer screening studies

Study Screening/validation techniques Prevalence of RET rearrangements
Caietal.[82] RT-PCR, direct sequencing 6/392 (1.5%)
Juetal.[38] Whole-genome sequencing, transcriptome sequencing, 3/21 (14.3%)°
RT-PCR
Kohnoetal.[76] Whole-transcriptome sequencing, RT-PCR, FISH 7/433 (1.6%)°
Lietal.[78] Exon array analyses, RT-PCR 2/202 (1%)°
Lipsonetal.[77] Next-generation sequencing, IHC, RT-PCR 12/667 (1.8%)°
Seoetal.[31] Whole—transcriptome sequencing, whole-exome 4/200 (2%)°
sequencing
Sueharaetal.[32] Messenger RNA screen, RT-PCR, FISH 1/69 (1.4%)°
Takeuchietal.[33] FISH, RT-PCR 14/1529 (0.9%)
Wangetal.[79] RT-PCR, IHC, FISH 13/936 (1.4%)
Yokota et al. [80] RT-PCR, direct sequencing 3/371 (0.8%)

2All screened specimens were adenocarcinomas with prior negative testing for alterations in EGFR or ALK.

PAll screened specimens were adenocarcinomas.

“All screened specimens were adenocarcinomas derived from never-smokers.

4Subset of screened specimens derived from individuals of European ancestry (n = 121) or Asians (n = 405) who were never or limited former
smokers.

¢Screened specimens were adenocarcinomas with prior negative testing for alterations in EGFR, ALK, KRAS, BRAF, MEK1, and HER2.
Abbreviations: FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; RT-PCR, reverse transcription polymerase chain reaction.
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anib and cabozantinib, recently received regulatory approval
for the treatment of advanced MTC on the basis that each sig-
nificantly prolongs progression-free survival (PFS) compared
with placebo [89, 90]. Both agents possess activity against
RET, but each also inhibits several other kinases believed to be
importantin MTC (e.g., vascular endothelial growth factor re-
ceptor). It remains unclear whether the antitumor effects of
these agents result from RET inhibition alone [91].

Several preclinical studies suggest that RET fusions are vi-
able targets in NSCLC [33, 76, 77]. In cell line models express-
ing KIF5B-RET, forexample, treatment with multitargeted TKIs
with anti-RET activity (sunitinib, sorafenib, and vandetanib)
leads to growth inhibition [33, 77]. Conversely, treatment of
these cells with gefitinib or crizotinib, which do not possess
anti-RET activity, is ineffective at suppressing growth [33, 77].
More recently, a CCDC6-RET fusion was identified in the hu-
manlungcancercellline LC-2/ad [92]. Consistent with findings
from other in vitro models, these cells are also highly sensitive
to treatment with vandetanib.

Several agents with anti-RET activity (e.g., sunitinib,
sorafenib, and vandetanib) have been evaluated previously in
NSCLC clinical trials. These agents were associated with rela-
tively low response rates (0%—10%); however, all were evalu-
ated in unselected patient populations [93—96]. Clinical trials
enriching for RET rearrangements are clearly needed. Indeed,
clinical trials using the RET inhibitors ponatinib (ClinicalTrials.
gov identifier NCT01813734) and cabozantinib (ClinicalTrials.
gov identifier NCT01639508) are currently being pursued in
this patient population. Drilon and colleagues recently re-
ported preliminary data from an ongoing trial using cabozan-
tinib [85]. Among three RET-positive patients treated with
cabozantinib, confirmed partial responses were observed in
two patients, and a third has experienced prolonged stable
disease (31 weeks). All patients were still on therapy at the
time of reporting. Subsequently, Gautschi and colleagues de-
scribed one patient with RET-positive NSCLC who responded
to treatment with vandetanib [97]. Although the number of
patients in these initial reports is small and follow-up is lim-
ited, such data offer early proof-of-principle that RET is a po-
tentially targetable oncogenic driver in NSCLC.

SUMMARY

The success of targeted therapy in ALK-positive NSCLC has
prompted additional gene discovery efforts geared toward
the identification of novel oncogenic fusions. In this setting,
ROS1 and RET fusions have emerged as independent and po-
tentially targetable oncogenic drivers in NSCLC. Although the
prevalence of each alteration is low (approximately 1%—-2%),
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