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Abstract
Background: detection of anaplastic lymphoma receptor tyrosine kinase gene (ALK)
rearrangements in patients with non-small-cell lung cancer (NSCLC) has become a
routine pathological diagnosis worldwide.
Methods: there are three major conventional diagnostic methods for ALK fusions:
fluorescent in situ hybridization (FISH); immunohistochemistry (Ventana IHC
(D5F3)); and polymerase chain reaction (PCR). Next-generation sequencing (NGS)
technology as is a new tool for ALK status detection with great potential. These four
methods are highly consistent in detecting ALK status (coincidence rate >96%). How-
ever, discrepancies in ALK status have been found in some patients among these
methods, which causes confusion for clinicians.
Results and conclusion: in this study, we analyzed two patients whose ALK statuses
were not consistent using these four methods. We explored the potential reasons for
deviation of the test results and found a novel EML4-ALK break site, which had been
not described previously.

INTRODUCTION

Lung cancer has been the leading cause of cancer-related
mortality for both men and women worldwide for the last
decade, and it is associated with a 5-year survival rate of
<15%.1,2 NSCLC accounts for ~80%–85% of lung cancer.1,3,4

NSCLC is a heterogeneous disease characterized by onco-
genic driver alterations that can be targeted with precision
tyrosine kinase inhibitors (TKIs). Anaplastic lymphoma
kinase (ALK) is a transmembrane tyrosine kinase receptor
that is physiologically expressed only in the nervous system
during embryogenesis; its expression decreases postnatally.
The incidence of ALK rearrangement is reported to range
from ~3%–13% in unselected or selected patients with
NSCLC.5–8

ALK mutations were first described in NSCLC in 2007
when a subset (7%) of Japanese patients were found to have

echinoderm microtubule associated protein like-4 (EML4)
rearrangement with ALK leading to a fusion oncogene
EML4-ALK.9 The EML4-ALK fusion gene represents an out-
standing molecular target. EML4-ALK translocation can
result in constitutive ALK kinase activity and represents an
oncogenic addiction pathway in lung cancer.9–11

Rearrangements of the ALK gene with partner genes other
than EML4 have been described, including, KIF5B, KLC1,
TFG, TPR, HIP1, STRN, DCTN1, SQSTM1, NPM1, BCL11A,
and BIRC6.12–16

EML4-ALK fusion protein serves as a therapeutic target
for an ALK tyrosine kinase inhibitor, which has shown
promising results when used to treat NSCLC patients carry-
ing ALK rearrangement.17–20 Furthermore, a previous study
demonstrated that crizotinib is effective at treating tumors
harboring ALK fused with other partner genes, including
NPM1 and BCL11A.19
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ALK rearrangements may involve distinct breakpoints
and multiple fusion partners, and therefore, routine ALK
testing presents a significant technical challenge. The fluo-
rescent in situ hybridization (FISH) break-apart assay is
considered to be a “gold standard” for the evaluation of
ALK status, although immunohistochemistry (IHC)
(Ventana IHC [D5F3]) and reverse transcription-
polymerase chain reaction (RT-PCR) have also been evalu-
ated for this purpose, with the former being Food and Drug
Administration (FDA)-approved in June 2015.21,22 FISH
relies on a spatial separation of 50- and 30-portions of the
ALK gene on rearrangement and produces characteristic
amend ALK-specific signals in case of translocation. Despite
the FISH assay being the most reliable approach to ALK
testing, it has a number of critical disadvantages. FISH
requires a significant amount of time from extensively
trained personnel and cannot be subjected to a reasonable
automation; furthermore, it demonstrates relatively high
failure rates in some sample series and may provide poorly
interpretable results in a noticeable fraction of NSCLC
cases.23–25

The development of highly sensitive ALK diagnostic
antibodies has offered an opportunity to detect ALK-driven
tumors by a standard IHC method. The principle of IHC is
based on the fact that activating ALK rearrangements are
accompanied by significant overexpression of the catalytic
portion of this tyrosine kinase. Ventana IHC (D5F3) can
produce highly reliable results when performed in reference
laboratories; however, its interlaboratory reproducibility and
performance in heterogeneous lung cancer tissue collections
remains to be evaluated.25–29

RT-PCR is also a common approach for ALK status
testing. This platform can detect certain variants of the
rearrangement. Therefore, this platform could provide
definite evidence for the presence of ALK fusion.
Another advantage of RT-PCR is that it is highly sensi-
tive.30 It can detect as little as 1% of ALK-driven NSCLC
cells in the presence of normal tissues. This platform can
sensitively detect certain variants of the rearrangement
and can provide definite evidence for the presence of
ALK fusion. Furthermore, PCR is highly sensitive.30 It
can detect as little as 1% of ALK-driven NSCLC cells in
the presence of normal tissues. The disadvantage of this
method is PCR only could analyze certain types of fusion
defined by the commercial PCR kits.31 Analyze multiple
types of fusion and unknown fusion type the method of
next-generation sequencing (NGS) has great potential as
a powerful tool for cancer diagnostics, including ALK
status detection.

Clinicians are often confused by the methods used for
ALK detection when the results are not consistent among
different platforms. Here, we analyze the ALK status of two
patients in which these four methods give inconsistent
results. By analyzing the ALK status detected by these four
platforms, we found a novel EML4-ALK break site.

CASE PRESENTATION 1

A 53-year-old Chinese woman was referred to the hospital
because of headache, emesis, and a decrease of muscle force
in May 2015. She was an ex-smoker with 3-pack-year his-
tory of regular smoking during 1933–1995. Computed
tomography (CT) scans of her chest found a space-
occupying lesion of the lung. Magnetic resonance imaging
(MRI) found a space-occupying lesion of the brain, showing
cerebral and vertebral metastasis. Despite stability after che-
motherapy and radiotherapy from July to September of
2015, the disease progressed after January 2016. Epidermal
growth factor receptor (EGFR) and EML4-ALK were both
wild-types tested by quantitative RT-PCR (qRT-PCR) in
August 2017 (Tables 1 and 2). Based on these results, the
patient was treated with chemotherapy from October 2015
to January 2016. The disease progressed again with larger
intrapulmonary and intracranial lesions based on a CT
conducted in March 2016 (Figure 1(a)). Needle biopsy of
the lung revealed that the tumor was a mucinous adeno-
carcinoma in the right side of lung (Figure 2(a)). This
sample was identified as thyroid transcription factor
1 (TTF1) (Figure 2(b)) and napsin A expression-positive
by IHC staining. Ventana IHC (D5F3) analyses of ALK
protein expression were ALK-positive (Figure 2(c)),
whereas ALK FISH analyses were negative (Figure 2(d)).
CT-guided needle biopsy of a liver metastasis confirmed
carcinoma, and the tissue was subjected to genomic profil-
ing through a clinical grade NGS assay (Illumina Hiseq
4000 NGS platforms). NGS results revealed that this
tumor specimen harbored a new EML4-ALK fusion vari-
ant involving rearrangement and fusion of exons 1–19 of
EML4 to partial exons 20–29 of ALK (E19; A20ins). This
fusion type was previously recorded, but the break site of
this fusion had not been reported before (Figure 3). Fur-
thermore, this fusion comprises ~20% of the sequencing
runs where tumor purity in the biopsy sample was esti-
mated to be 80% (Table 2).

Based on these results, treatment was initiated with
100 mg crizotinib per day starting in March 2016. She toler-
ated the crizotinib dose well with slight nausea, vomiting,

T A B L E 1 Patients’ characteristics

Patient no./gender Age (y) Smoking history PFS (months) Assessment Follow-up

1. Female 53 Ever smoker 3 Partial response Alive

2. Female 58 Ever smoker 3 Stable disease Alive

Abbreviation: PFS, progression-free survival.
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diarrhea, and visual impairment during the first 2 weeks. By
her 1-month follow-up visit, CT scan showed significant
reduction of the tumor burden in the chest (Figure 4(a)).
She achieved a confirmed partial response (PR) after

1 month on crizotinib that lasted for 4 months when several
new liver lesions were noted. She then received AP26113
starting on August 1, 2017. The disease has remained con-
trolled for ~11 months on this treatment.

T A B L E 2 Pathologic characteristics and molecular test results in both patients

No.
Sample
types

TTF1
(IHC)

Naspin
A (IHC)

EGFR/KRAS
mutations

ALK
(IHC)

ALK
(RT-PCR)

ALK
(FISH) ALK (NGS)

Tumor
percentage

P1 LP + + WT/WT + � � (12%) EML4-ALK 80

P2 LP + + WT/WT + � + (20%) PRKAR1A-
ALK

40

Abbreviations: LB, lymph nodes biospy; LP, lung puncture; +, positive; �, negative.

F I G U R E 1 Procedures for
medical treatment of these two
patients. a is for case 1, b is for
case 2
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F I G U R E 2 Hematoxylin & eosin (HE) staining, TTF1 staining, Ventana IHC (D5F3), and FISH staining slides from patients

F I G U R E 3 Schematic structure of the genomic DNA and RNA sequence (up); mRNA sequence of novel EML4-ALK fusion gene(low)
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CASE PRESENTATION 2

A 58-year-old Chinese woman was referred to hospital
because of pain in the right side of her chest in June 2016.
She was an ex-smoker with a 20-pack-year history of regular
smoking from 1986 to 2016. A CT scan of the chest in
September 2016 found a space-occupying lesion in the lung.
Lymph nodes in her right clavicle turned out lung adenocar-
cinoma. From September 30, 2016 to December 4, 2016, she
was treated with four cycles of chemotherapy (pemetrexed
+ cisplatinum). After two cycles of therapy, the assessment
was partial response (PR) and when the fourth cycle fin-
ished, the patient’s condition was stable. The patient
accepted one cycle of chemotherapy on December 30, 2016
and January 20, 2017 because the disease progressed. On
February 14, 2017, a CT scan of the chest suggested disease
progress. Genetic testing of a formalin-fixed and paraffin-
embedded (FFPE) tissue specimen was ALK-positive at the
DNA (FISH and NGS) and protein levels (D5F3) (Figure 2
(e)–(h)). NGS testing indicated that this case had a rare
fusion of PRKAR1A-ALK, which explains why the (amplifi-
cation-refractory mutation system) ARMS-PCR result was
negative, because this fusion type is not included in the
EML4-ALK Fusion Gene Detection Kit (AmoyDx). This
fusion comprised only 1.27% of the sequencing runs where

tumor purity in the biopsy sample was estimated to be 40%
(Table 2). Based on these genetic testing results, the patient
took 100 mg crizotinib per day starting in February 2017.
She achieved a confirmed stable disease (SD) after 2 months
(Figure 4(b)), but developed intrathoracic progression after
3 months of crizotinib treatment. The disease has remained
under control up to July 2018 by drainage of pleural effusion
and intrapleural injection of interleukin-2 treatment.

DISCUSSION

Lung cancer is a leading cause of cancer mortality world-
wide. ALK rearrangements have been identified in 5%–6%
of lung adenocarcinomas.21 The most reliable detection
method of ALK status is the FISH break-apart assay, but
IHC and RT-PCR have also been used successfully. Each of
these methods have merits, however, NGS is more promis-
ing for accurately detecting ALK status.

In case 1, we detected the ALK rearrangement by
ARMS-PCR in August 2015. Owing to the negative PCR
result, the patient was treated with chemotherapy, but
received few benefits, which reminded us to reevaluate the
ALK fusion status. Pathologists decided to use Ventana IHC
(D5F3) analyses of ALK protein expression. The result of

F I G U R E 4 CT images before and after treatment of crizotinib

F I G U R E 5 Rare breakpoint of EML4-ALK lead to negative result of q-PCR
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this test was ALK-positive. The histologic sample from this
patient was then successfully tested by ALK-FISH. The per-
centage of ALK-positive nuclei was 12% (FISH-negative).
Finally, we choose the NGS method to confirm the IHC-
positive result. The NGS result showed that this is a new
fusion breakpoint of EML4 at intron 19 and ALK in exon
20. This breakpoint means that RT-PCR primers do not
match with this novel EML4-ALK fusion type, which
explains why the ARMS-PCR result was negative (Figure 5).

Despite the high concordance of IHC, FISH, and PCR
methods for detecting ALK status, many studies have found
discrepancies among the different methods.28,31 This case is
a typical example of a patient’s clinical characteristics and
pathologic findings indicating that the patient was ALK-pos-
itive. This result was confirmed by IHC and NGS.

In case 1, the patient responded well to the ALK inhibi-
tor crizotinib after 1 month of treatment. In fact, this novel
break site in this case is in exon 20 of ALK gene, which
makes the kinase domain is not integral. This response indi-
cated that even the ALK gene fusion domain is not struc-
tural integrity, the patient still could benefit from crizotinib.
The disease progressed after 4 months of crizotinib treat-
ment, which indicates that the missing of part exon 20 of
ALK gene affects curative effect of crizotinib.

ALK translocations result in increased tyrosine kinase
activity, leading to increased cell proliferation and survival and
ultimately, tumorigenesis. In NSCLC, ALK as an oncogenic
driver, gene fusions that can induce both ALK expression and
activation are required. Previous studies have found that
regardless of the involved partners, all chimeras retain the
ALK gene kinase domain responsible for the constitutive acti-
vation of ALK signaling pathways.32 Exons 20–29 are the
functional kinase domain of the ALK gene. EML4 is the most
common ALK rearrangement fusion partner; the fusion gene
contains the complete ALK gene kinase domain. However, the
break site in this case is in exon 20, which makes the kinase
domain not integral. We doubt that the incomplete structure
of the ALK function domain made the patient drug-resistant
to crizotinib after 4 months. The mechanisms of resistance to
crizotinib require further research.

The tumor of the patient in case 2 harbored a
PRKAR1A-ALK interchromosomal rearrangement and both
ALK-FISH and ALK-IHC were positive. The ARMS-PCR
result was negative because the PRKAR1A-ALK fusion type
is not included in the EML4-ALK Fusion Gene Detection
Kit (AmoyDx) (Table S1). Research by Ali et al.33 demon-
strated that the PRKAR1A-ALK fusion was both oncogenic
and imparted sensitivity to crizotinib. Almost all patients
treated with crizotinib eventually develop tumor progres-
sion; case 2 achieved a confirmed SD after 1 month, but
developed intrathoracic progression after 3 months of
crizotinib treatment. The short progression-free survival
(PFS) may be because of the very low percentage (1.27%) of
the sequencing runs identified where tumor purity in the
biopsy sample was estimated to be 40%.

This study discusses four methods for detecting ALK
status. The gold standard for detection of predictive

ALK rearrangements is currently FISH. However, the ALK-
FISH assay is fraught with technical challenges, including
FISH signal instability and scoring difficulties. Additionally,
ALK-FISH may be missing ALK translocation because of
variations of partners for ALK gene rearrangement and
fusion patterns or a low proportion of ALK-rearranged
tumor cells in the tested tumor samples as in case 1. An
alternative method for determining ALK in NSCLC is to
identify ALK protein overexpression using IHC; this method
is mentioned in version 3 of the National Comprehensive
Cancer Network (NCCN) guideline.34 The RT-PCR assay,
also mentioned in the NCCN guideline, can sensitively
detect certain ALK fusion gene variants, but it cannot detect
unknown ALK fusion types. NGS has displayed an impres-
sive capability to detect PCR-negative ALK-rearranged
NSCLC and is, therefore, a clinically practical alternative for
diagnosis of ALK rearrangements in addition to FISH, IHC,
and RT-PCR. It is worth noting that clinical symptoms and
basic pathologic findings are extremely important for the
detection of ALK status.

Crizotinib has been shown to provide a valuable first-
and second-line treatment option and is now the first-line
standard of care for patients with advanced ALK-positive
NSCLC. Unfortunately, drug resistance develops after an
initial benefit, through a variety of mechanisms. Broadly,
there are three major mechanisms of resistance to targeted
drugs. First, genetic alteration in the target; second, activa-
tion of bypass tracks or phenotypic change in the tumor
such as development of epithelial mesenchymal transition;
and last, limited penetration to “sanctuary” sites such as the
central nervous system. In a significant proportion of
patients, the exact mechanism of resistance is unknown. In
our paper, two cases developed drug resistance after
3 months. As ALK fusion gene is the oncogenic driver gene
of NSCLC and most of the patients can get benefits from the
TKI, when few patients have drug-resistant then analysis of
the function of certain fusion type is necessary.
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