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The fusion between echinoderm microtubule-associated protein-like 4 (EML4) and anaplas-
tic lymphoma kinase (ALK) has recently been identified in a subset of non-small cell lung
cancers (NSCLCs). EML4-ALK is most often detected in never smokers with lung cancer and
has unique pathologic features. EML4-ALK is oncogenic both in vitro and in vivo and ALK
kinase inhibitors are quite effective in pre-clinical model systems. More recently ALK inhib-
itors have entered clinical development and remarkably clinical efficacy has been observed
in NSCLC patients harbouring EML4-ALK translocations. This review will focus on the biol-
ogy, clinical characteristics, diagnosis and treatment of EML4-ALK NSCLC.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Non-small cell lung cancer (NSCLC) is a major cause of death
worldwide, with most of the patients being diagnosed with
disease in advanced stage, when treatment is only palliative.’
Chemotherapy represents the standard of care for patients
with advanced disease but conventional cytotoxic agents
has reached a plateau in terms of efficacy in the last few
years, encouraging the investigation of new compounds
which target proteins that are selectively expressed and/or
that undergo genomic alterations in cancer cells.? In the past
several years an increase in the molecular understanding of
lung cancer has led to a change in the treatment of the dis-
ease. This is highlighted by somatic mutations in EGFR where
treatment with an EGFR kinase inhibitor (gefitinib) in EGFR

mutant NSCLC patients leads to a superior response rate, a
prolonged progression free survival and an improved quality
of life compared to cytotoxic chemotherapy.®

The fusion of the anaplastic lymphoma kinase (ALK) with
the echinoderm microtubule-associated protein-like 4 (EML4)
was identified in 2007 in Japanese non-small cell lung cancers
(NSCLCs).* Additional studies, mostly involving East Asian pa-
tients, have reported that between 3% and 13% of lung tu-
mours harbour EML4-ALK fusions.*! By extrapolation this
would suggest that approximately 5% of all NSCLC cases con-
tain an EML4-ALK translocation, equivalent to over 70,000 pa-
tients diagnosed annually worldwide.

Since the ALK tyrosine kinase activity is necessary for its
transforming activity and oncogenicity, several ALK kinase
inhibitors have been identified and are being evaluated in
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pre-clinical models in vitro and in vivo as potential clinical
therapies.”*>'? ALK inhibitors lead to apoptosis in vitro and
tumour shrinkage in vivo thus demonstrating the phenome-
non of ‘oncogene addiction’.” This is further confirmed by
the dramatic clinical studies to date. In the phase I trial of
PF-02341066, a remarkable 60% radiographic response rate
has been observed specifically in EML4-ALK NSCLC patients.'*
This is a remarkably short period of time from the initial iden-
tification of the EML4-ALK translocation as an oncogene to
validation as a clinical target in NSCLC.

In this review, we highlight the clinical, biological and
molecular feature of EML4-ALK NSCLC patients and discuss
the use of ALK inhibitors as therapies for this patient
population.

2. Clinical and molecular features of EML4-ALK
NSCLC

EML4-ALK NSCLC occurs most commonly in a unique clinical
subgroup of NSCLC patients. These patients share many of
the clinical features of NSCLC patients likely to harbour EGFR
mutations.'®*® However, for the most part, apart from rare
exceptions, EML4-ALK and EGFR mutations are mutually
exclusive.®”'*'2 EML4-ALK translocations tend to occur in
younger patients and those with more advanced NSCLC while
this relationship has not been reported for EGFR mutant
NscLc.5™

2.1.  Smoking history

Initially, the EML4-ALK fusion gene was identified in a smoker
with lung cancer; however, the accumulating evidence re-
veals that this genetic alterations is much more common in
never/former light (often defined as <10 pack years and quit
>1year ago) smokers with NSCLC.*”'® As shown in Fig. 1A
and Table 1, among the NSCLC patients that were never or for-
mer light smokers 9.4% of the tumours contained EML4-ALK
translocations while the frequency was only 2.9% in current

smokers (p < 0.0001).*™* In this clinical population, never or
former light smokers, EGFR mutations still account for the
vast majority of patients while a minority contain either KRAS
or ERBB2 mutations (Fig. 1B).'*?% Of note, genetic alterations
have been identified in approximately 25% of never/former
light smokers (Fig. 1B).

2.2.  Outcomes with current NSCLC therapies

Limited data exist to date on the efficacy of currently available
therapies in patients with EML4-ALK NSCLC. In a study by
Shaw and colleagues, 12 patients with ALK genomic altera-
tions were treated with platinum-based chemotherapy. The
response rate, time to progression and overall survivals were
similar to NSCLC patients harbouring EGFR mutations or
those that were wild for both EML4-ALK and EGFR.® In con-
trast, patients with EML4-ALK did not benefit from EGFR tyro-
sine kinase based therapy; their outcome was similar to
patients that lacked EGFR mutations.'® These findings are also
mirrored in pre-clinical studies where erlotinib is ineffective
in a murine model harbouring of EML4-ALK NSCLC.”

2.3.  Morphologic profile of ALK-rearranged NSCLC

A variety of histological features are reported to be associated
with ALK-rearranged lung adenocarcinomas including acinar
(ranging from well-differentiated tubulopapillary and cribri-
form patterns) to mostly signet-ring cell nests with mucin
production.®'%?%3% Other histological types such as squa-
mous cell carcinoma and mucoepidermoid carcinoma also
rarely contain EML4-ALK translocations.*'® The acinar pat-
tern is mostly reported to be associated with ALK-rearranged
lung adenocarcinomas in Asian populations,®*® whereas the
signet-ring cell histology was reported mostly in the Western
patients.®?® The majority of Western patients showed tu-
mour cells with a solid or sheet-like pattern easily distin-
guishable from the acinar, papillary or bronchioloalveolar
patterns. Occasionally, a predominantly acinar pattern and
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Fig. 1 - Frequency of somatic genetic changes in NSCLC. (A) EML4-ALK translocations, EGFR, KRAS and ERBB2 mutation
frequencies broken down by smoking history. (B) Frequency of somatic mutations in never or former light (<10 pack years;
quit >1 year ago) smokers. Data obtained from.*®?% Of note the somewhat higher EGFR mutation frequency is likely a
reflection of the predominance of studies from East Asian countries. The EGFR mutation frequency in Caucasian never/former

light smokers is ~35%.%*
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Table 1 - Frequency of EML4-ALK translocations broken down based on smoking history.

No. of smokers No. of never EML4-ALK+ EML4-ALK+ p-Value Reference
smokers (smokers) (%) (never smokers) (%)

Soda et al. 24 9 8.3 111 1.0 4
Inamura et al. 84 65 2.4 46 0.65 >
Inamura et al. 147 105 3.4 5.7 0.53 6
Koivunen et al. 184 69 1.1 8.5 <.01 7
Shinmura et al. 41 22 49 0 0.54 8
Martelli et al. 101 16 7.9 6.3 1.0 °
Wong et al. 125 141 0.8 8.5 <.01 1
Shaw et al. 56 85 0 22.4 <.0001 10
Total 762 514 2.9 9.4 <.0001
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Fig. 2 - Pathologic characteristics of EML4-ALK NSCLC. EML4-ALK NSCLC demonstrates a signet cell features (arrow). (A) 40x

magnification, (B) 1000x magnification.

bronchioloalveolar patterns could also be seen.?® Even more
striking were the cytologic features of tumours harbouring
ALK-rearrangements. ALK-rearranged tumours showed at
least focally tumour cells with abundant intracellular mucin
and small, marginalised nuclei (Fig. 2A). In majority of cases,
cells with abundant intracellular mucin comprised >10% of
the overall tumour cellularity.?® This distinct cytologic charac-
teristic, unusual for lung carcinoma, is reminiscent of the
‘signet-ring’ cells more commonly seen in gastric, colonic
and breast adenocarcinomas (Fig. 2B). The majority of ALK-
rearranged tumours (>60%) demonstrate a solid growth pat-
tern with >10% signet-ring cells. In contrast only a small
minority of EML4-ALK wild type tumours, including those
with EGFR mutations, demonstrate a solid growth pattern
with >10% signet-ring cells.

2.4. Variants of EML4-ALK and non-EML4 translocation
partners

The inversion on chromosome 2 p, leading to the formation of
the EML4-ALK fusion oncogene, is most commonly found in
lung cancer patients and lung cancer cell lines. A few reports
have also identified EML4-ALK in other cancers including
breast and colorectal cancers.* The chromosomal inversion
does not always occur in the same location and multiple
EML4-ALK variants have been identified (Fig. 3A). All involve
the intracellular tyrosine kinase domain of ALK beginning at
the portion encoded by exon 20. EML4, however, is variably
truncated and gives rise to various variants of EML4-ALK.

The amino-terminal coiled-coil domain within EML4 is neces-
sary and sufficient for the transforming activity of EML4-ALK,
probably through dimerisation of the fusion proteins and
hence is contained in all the variants (Fig. 3A).* At least 11
variants have been reported to date and most of them are
oncogenic as assayed in NIH-3T3 cells or in Ba/F3 cells.
411305236 The most common variants were E13;A20 (the
nomenclature refers to the exons in EML4 (E) that are fused
to ALK (A)) and E6a/b;A20, which are also referred to as vari-
ants 1 and 3a/b, respectively. These two are the most common
variants of EML4-ALK and have been detected in 33% and 29%
of NSCLC patients, respectively (Fig. 3B). The NSCLC cell lines,
H3122 and DFCI032, contain the E13;A20 variant while H2228
contains the E6a/b;A20 variant.” The clinical significance, if
any, of the different variants is currently not defined.

In ALK translocated NSCLC, EML4 does not appear to be
the exclusive fusion partner with ALK. Two other fusions have
been described, TFG and KIF5B, and both were identified as an
ALK-fusion partner from NSCLC tumour samples®*?” these
two proteins also fuse with intracellular domain of ALK.
Intriguingly TFG-ALK has also been described in anaplastic
large cell lymphoma.*® The presence of these non-EML4 fu-
sion partners for ALK has implications for the method used
for clinical detection of ALK translocated NSCLC.

3. Diagnosis of EML4-ALK NSCLC

ALK-rearrangements in a subset of anaplastic large cell lym-
phomas (ALCLs) have been recognised for over 15 years and
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Fig. 3 - Different variants of EML4-ALK and non-EML4 fusion partners. (A) Different variants of EML4-ALK are depicted. The
nomenclature refers to the exon in EML4 translocated to the exon in ALK. (B) Frequency of different EML4-ALK variants. The
most common variants are E13;A20 (variant 1) and E6a/b; A20 (variant 3). Data obtained from.***3%32-36 of note not all

studies list the specific EML4-ALK variant.

a variety of diagnostic techniques, currently employed in clin-
ical practice, have been validated as sensitive and specific for
detecting the genetic lesions characteristic of this tumour
type.*® However, there is currently no standard method for
detecting EML4-ALK NSCLC. Several methods including poly-
merase chain reaction (PCR), immunohistochemistry (IHC)
and fluorescence in situ hybridisation (FISH) are currently
being evaluated.

3.1.  PCR-based identification of EML4-ALK

Reverse transcriptase (RT)-PCR is a potentially rapid diagnos-
tic method for identifying ALK translocated NSCLCs. A theo-
retical advantage of this technique is its extreme sensitivity
for detecting mutant transcript and the presence of any
amplification product implies an ALK rearrangement. How-
ever in practice, the technique faces several challenges. First,
the RT-PCR analysis must be multiplexed. As mentioned
above there are at least 11 variant EML4-ALK fusions, and
non-EML4 translocation partners, therefore any PCR-based

strategy must incorporate validated primer pairs for all
known ALK fusions. Second, the vast majority of patient
biopsy specimens from lung cancer patients are stored as for-
malin-fixed paraffin embedded (FFPE) tissues. RNA extracted
from FFPE is highly degraded and, in general, more difficult
to PCR relative to non-fixed, fresh-frozen tissue. Third, there
is published evidence indicating that RT-PCR based detection
of EML4-ALK can yield positive results in the absence of
detectable ALK-rearrangements in both tumour, and non-tu-
mour tissues.’ Although the interpretation of these findings
is still open to debate, it suggests a propensity for false posi-
tive results. Despite these disadvantages, there are advocates
for using RT-PCR based screening methods.?> However, this
method may be difficult to implement in a routine clinical
diagnostic laboratory.

3.2.  FISH-based methods for identification of EML4-ALK

More specific detection of ALK-rearrangements can be
achieved by the fluorescence in situ hybridisation (FISH) of
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probes flanking the ALK breakpoint with tumour cell nuclei.’®
A big advantage of FISH is that a commercially available probe
set, developed for the diagnosis of ALK-rearranged ALCLs, is
applicable for the diagnosis of ALK-rearranged lung adenocar-
cinomas. The test employs one probe 5’ of the ALK locus and
one probe within the ALK gene, which when hybridised
against normal nuclei, yield a merged (green-orange fluores-
cent) signal that is easily visualised microscopically. However,
when the probe set is hybridised against nuclei with a rear-
rangement involving the 5’ portion of the ALK locus the result
is a ‘split’ (green and orange fluorescent) signal (Fig. 4). In the-
ory, any inter-chromosomal or intra-chromosomal lesion
involving ALK (including cancers harbouring non-EML4 fusion
partners) will be detected by this test. However a cautionary
finding is that the ‘split’ signal characteristic of an EML4-
ALK fusion can be subtle, due to the loss and inversion of only
a small amount of genetic material on chromosome 2. Also
the 5’ probe occasionally fails to hybridise, presumably due
a loss of the target locus in the tumour. These patterns con-
trast the widely split, dual hybridisation pattern found in tu-
mours with an inter-chromosomal rearrangement of the ALK
locus such as ALK-rearranged ALCLs. An additional compli-
cating factor with FISH is the destruction of tissue morphol-
ogy when formalin-fixed, paraffin embedded (FFPE) biopsy
specimens are analysed in this manner. Thus, although FISH
is a sensitive and specific means to detect ALK-rearrange-

ments in lung adenocarcinoma, it is not infallible. In fact, in
a recent study, an ALK-rearranged lung adenocarcinoma by
immunohistochemical testing for ALK protein expression
that was, initially, mistakenly diagnosed as ALK wild type by
prior FISH analysis.” Furthermore, unlike PCR, FISH cannot
distinguish between the different EML4-ALK fusion variants.
It is currently not clear whether there are any functional or
therapeutic differences amongst the different variants to war-
rant more specific knowledge. FISH is the diagnostic method
used as an eligibility criterion in the current clinical trials of
PF-02341066. Current studies use >15% split nuclei as indica-
tive of an ALK rearrangement.** However, the therapeutic
implications, if any, of the frequency of split signals and the
number of nuclei evaluated remains to be determined.

3.3.  IHC detection methods for EML4-ALK

Immunohistochemical (IHC) analysis of FFPE tissue speci-
mens remains a mainstay of routine surgical pathology prac-
tice. The major advantage of this approach is an ability to
assay for tumour-specific antigen expression without loss of
the cytologic and architectural features that distinguish nor-
mal from pathologic tissue. Several antibodies specific for
the human ALK protein have been developed and a few vali-
dated in IHC tests that are widely used to diagnose ALK-rear-
ranged ALCLs today.*® The sensitivity and specificity of the

Fig. 4 - Diagnostic methods for EML4-ALK NSCLC. (A) FISH analysis using the ALK split apart probe. The arrows depict the
split signals indicative of a chromosome 2 inversion. The tumour is heterozygous - the signals remain together on the other
allele. (B) IHC analysis for ALK using the D5F3 (Cell Signalling Technology®') antibody. Shown are examples of low (left) and

high (right) ALK expressing tumours.
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IHC test are such that genetic testing is considered unneces-
sary and redundant when it is employed during the routine
evaluation of an ALCL of unknown ALK status. However the
IHC tests used to diagnose ALK-rearranged ALCLs in clinical
laboratories worldwide are inadequate for the detection of
the majority of ALK-rearranged lung adenocarcinomas. This
is due to the lower level of ALK expression in ALK-rearranged
NSCLCs compared with ALK-rearranged ALCLs. In an initial
survey of 10 FISH-confirmed, ALK-rearranged lung adenocar-
cinomas, Rodig and colleagues found that only four stained
positively for ALK protein expression by the standard clinical
test.?” They and others have been able to increase the number
of positive staining cases using an additional, non-traditional
amplification step in the immunostaining protocol.?**° How-
ever, not all cases stained positive even by this method. These
findings initially raised the question of whether a subset of
ALK-rearranged lung adenocarcinomas fail to express the
ALK protein, or whether the levels of ALK protein expression
in these cases were simply too low to be detected using stan-
dard reagents.

More recently Mino-Kenudson and colleagues reported on
an IHC test based on novel antibodies with increased sensitiv-
ity and specificity for detecting ALK protein expression in
FFPE (Fig. 4B).** Using this test, they detected ALK protein
expression in all 22 ALK-rearranged lung adenocarcinomas
tested, and found no expression in 131 ALK wild type lung
adenocarcinomas. ALK protein expression was detected in
all ALK-rearranged lung adenocarcinomas to be substantially
lower than the expression in ALK-rearranged ALCLs, and in 13
of 22 cases (59%), ALK protein expression could only be de-
tected using our novel, highly sensitive IHC test (Fig. 4B).*!
These findings support that ALK expression is restricted to
lung cancers that harbour ALK-rearrangements. Furthermore
they open up the possibility of being able to diagnose such
cancers using routine IHC-based methods which, unlike FISH,
is available in every pathology laboratory. This may allow
pathologist a means to rapidly screen for patients harbouring
an ALK translocation who may be candidates for ALK targeted
therapies. A caveat however is that tissue staining for ALK,
even with the most sensitive of IHC tests, may be weak and
focal in the biopsy sections (Fig. 4B), in which case confirma-
tory FISH studies should be considered.

4. ALK-targeted therapy in NSCLC

4.1. Pre-clinical studies

The initial studies reporting on the discovery of EML4-ALK
raised the possibility that inhibiting the kinase activity of ALK
may be an effective clinical therapy.* Furthermore, transgenic
mice expressing EML4-ALK in the lung epithelium develop
numerous lung adenocarcinomas demonstrating the onco-
genic nature of this fusion gene.'? Pre-clinical studies demon-
strate that EML4-ALK NSCLC cell lines undergo
downregulation of critical survival signalling pathways and
apoptosis when treated with an ALK kinase inhibitor.”** This
is analogous to what has been observed with EGFR inhibitors
in EGFR mutant NSCLC.*? Similarly, ALK inhibitors have been
evaluated in vivo, both in xenograft models generated from

EML4-ALKNSCLC celllines, and lead to effective tumour regres-
sions of established tumours.”*? Currently, only one agent tar-
geting ALK, PF-02341066 initially designed as an inhibitor of
MET, is in clinical use although others have been examined in
pre-clinical model systems.”*>*3 This orally bioavailable small
moleculeinhibitor has been shown to inhibit the growth of ALK
translocated cancer cell lines including EML4-ALK NSCLC.**%3

4.2. Clinical studies

PF-02341066 (crizotinib) is an orally bioavailable ALK inhibi-
tor currently under clinical development. The phase I study
of this agent started in May 2006. After the discovery of
EML4-ALK, and that PF-02341066 also inhibits ALK, the dose
expansion cohorts in this study included patients with
either genomic alterations in MET (amplifications and/or
mutations) or ALK.* The initial findings were presented at
ASCO 2009 and demonstrated a remarkable 53% response
rate (10/19 patients) and a disease control rate (partial re-
sponse and stable disease) of 79% (15/19).* Additional re-
sponses continue to be reported. These dramatic findings
have led to two subsequent clinical trials of PF-02341066.
The first is a randomised phase III trial of PF-02341066 com-
pared with standard second line chemotherapy (pemetrexed
or docetaxel) in second line EML4-ALK NSCLC. The second is
a phase II clinical trial of single agent PF-02341066 in EML4-
ALK NSCLC designed for patients not eligible for the phase
III trial or patients randomised to chemotherapy who sub-
sequently developed progressive disease. In a remarkably
short period of time - from initial discovery to clinical val-
idation - ALK targeted therapies are in advanced clinical
development for EML4-ALK NSCLC. It is anticipated, that if
EML4-ALK NSCLC behaves in an analogous manner to EGFR
mutant NSCLC, that ALK targeted therapies will quickly
emerge as the standard systemic therapy for this subset
of NSCLC patients.

5. Conclusions

EML4-ALK NSCLC represents a unique subset of NSCLC pa-
tients for whom ALK inhibitors may represent a very effective
therapeutic strategy. The challenge remains to incorporate
and disseminate widespread use of diagnostic testing for
EML4-ALK to identify this patient subset. As we learn more
about EML4-ALK NSCLC we will continue to uncover unique
biological and molecular features of this patient subset also
undoubtedly encounter drug resistance to ALK targeted
therapies.
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