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Abstract

Introduction: Analysis of Anaplastic lymphoma receptor tyrosine kinase gene (ALK), Repressor of Silencing 1
(ROS1) gene are determined by immunohistochemistry (IHC) and it is an easily applicable, cost-effective assay
for potential treatment with crizotinib. Mutations of Epidermal growth factor receptor (EGFR) genes are evaluated
by IHC/Multiplex RT-PCR. The purpose of this study is to assess the frequencies of ALK, ROS1 and their
association with EGFR fusion gene mutations in a spectrum of lung tumours. Materials and methods: A total of
202 cases of lung tumours reported at our Center for Oncopathology from September 152020 to 31 August 2021,
were retrospectively analyzed for ALK, ROS1 and EGFR fusion genes based on Immunohistochemistry (IHC)
and Multiplex PCR findings. ALK was tested using D5SF3 clone, and ROS1 was analyzed using Cell Signalling’s
D4D6 clone on the Ventana immunohistochemistry platform. EGFR status was analyzed using EGFR mutation
test V2 real-time multiplex PCR assay on Roche Cobas Z480. Results: 202 biopsy samples and cellblocks of
fluid aspirates were analyzed. 175/202 were histologically and immunologically proved as Non-small cell lung
carcinoma (Primary pulmonary adenocarcinoma) and its metastases. 09/199 (5.23%) were Positive for ALK THC
and 03/199 (1.74%) cases had equivocal results. 06/179 (3.85%) cases were Positive for ROS1 IHC and 03/179
(1.92%) cases had equivocal results. Other histo-morphological diagnoses i.e., adenosquamous, squamous, small
cell, mucinous carcinoma etc (27 cases) were all ALK and ROS1 Negative. 188/202 tumours were analyzed
for EGFR mutation status, which showed 70/188 (37.23%) had specific EGFR mutations. 118/188 (62.76%)
cases were EGFR wildtype. Conclusion: We observed that age related incidence of EGFR mutations was
highest in elderly females, of 61 to 70 years. ALK gene mutations occurred in 6.03% and ROS1 gene mutations
occurred in 5.02% of lung tumours and their metastases. EGFR-mutations were associated with ROS1 mutated
lung adenocarcinomas. There are no coexistent ALK-EGFR or ALK-ROS1 mutations. All ALK ITHC positive
pulmonary adenocarcinomas are ROS1 negative and are mutually exclusive.
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Introduction

Lung cancer remains one of the most common leading
causes of cancer-related deaths worldwide accounting for
13% of total cancer cases. Lung cancer is the commonest
malignancy in males, most commonly associated with or
without smoking history [1]. Anaplastic Lymphoma Kinase
(ALK) gene rearrangement was identified in non-small cell
lung carcinomas as an inversion in chromosome 2p with
or without interstitial deletion, resulting in the echinoderm

microtubule-associated protein-like 4 (EML4)-ALK
fusion product [2]. Repressor of Silencing 1 (ROS1) is a
receptor tyrosine kinase on long arm of chromosome 6,
which is part of the insulin receptor family. Breakpoint
mutations and translocations of ROS1 activates the
STAT3, Pl3kinase, as well as the RAS/RAF/MAPK
pathway by phosphorylation of RAS [3].

In patients with advanced lung adenocarcinomas,
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testing for somatic mutations and rearrangements in
EGFR, ALK and ROS1 gene is now mandated as part of
normal pretreatment screening. In comparison to patients
receiving standard platinum doublet chemotherapy,
patients in these molecularly defined subsets have better
and more long-lasting outcomes, less toxicity, and a higher
quality of life when combined with the proper oral tyrosine
kinase inhibitors (TKIs) [4, 5].

ALK and ROS|1 rearrangements have been identified as
adistinct subset of Non-small cell lung carcinoma(NSCLC)
in 3-5% and 1-2% respectively, which have also shown
sensitivity to treatment with the tyrosine kinase inhibitor,
Crizotinib with excellent response rates [5].

Materials and Methods

Data Collection

All tumor resection and biopsy specimens followed at
Center for Oncopathology, Mumbai, with a diagnosis of
lung cancer were recorded through an ongoing institutional
review study. Data was collected manually from the
patient’s medical records and by using Creliohealth
electronic data capture at Center for Oncopathology,
retrospectively from September 1** 2020 to 31* August
2021.

Automated THC for ALK and ROS1 expression was
performed for all cases on Roche Ventana BenchMark-
XT instrument. FFPE tumor tissues were sectioned at a
thickness of 5.0 mm and stained with D5F3 (Companion
diagnostic assay [6]) and D4D6 (Cell Signaling
Technology [3]) clones respectively, with the OptiView
DAB IHC Detection Kit and OptiView Amplification Kit,
as per the manufacturer’s instructions.

Histopathological type, tumor genotype, ALK, ROSI,
EGFR gene statuses and clinical characteristics were
retrospectively extracted from medical records based
on Immunohistochemistry (IHC) and Multiplex PCR
findings.

ALK1 IHC Interpretation (Table 1).

ROS1 IHC interpretation:

The final staining intensity result was defined as
follows: [7,8]

Strong cytoplasmic staining (3+), which was clearly
visible with use of a 2x or 4x objective;

Moderate staining (2+), which required use of a 10x
or 20x objective;

Weak staining (1+), which involved use of a 40x
objective; and

Negative staining (0), lack of expression.

The percentages of tumor cells with varying staining
intensity were evaluated. Membrane staining was recorded
when observed. ROS1 THC staining results were finally
interpreted by using four previously described criteria:

(1) an H-score with a threshold for ROS1 positivity
defined as at least 100,

(2) an H-score cutoff of at least 150,

(3) an intensity criterion with the cutoff of positivity
defined as 2+ or higher in any tumor cells &

(4) a positive status based on an intensity of 2+ or
higher in at least 30% of the total tumor cells.
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Intratumoral staining heterogeneity was also evaluated.
It was defined as the presence of areas of staining with an
intensity of 0 or 1+ in positive cases [8]. The positivity
of normal lung tissue was recorded when it was present
on the sections.

EGFR status was analyzed using EGFR mutation test
V2 real-time multiplex PCR assay on Roche Cobas Z480
[9] and is designed to detect the following mutations:

Exon 18: G719X (G719A, G719C, and G719S)

Exon 19: deletions and complex mutations
(combination of deletion and insertion)

Exon 20: S7681, T790M and insertions

Exon 21: L858R and L861Q Mutation.

Each run included a mutant control and a negative
control to ensure its validity.

Inclusion Criteria

All USG, EBUS and CT guided core needle biopsies,
resection specimens and paraffin embedded formalin
fixed tissue blocks received from September 1% 2020
to 31 August 2021, in proper fixative with provisional
clinical diagnosis of Lung Carcinomas and its metastases
are included, irrespective of age, gender and histological
diagnosis.

Exclusion Criteria

The cases without a clinical diagnosis of lung
carcinoma and distant metastases occurring in lungs from
primary carcinomas arising in distant organs other than
the lungs are excluded.

Statistical Methods

For categorical variables, statistical analysis was
done using either the Fisher’s exact test or the Pearson
Chi-square test. A two sided P < 0.05 was considered
significant, and tests were evaluated using SPSS Software
version 24.

Results

Among 202 lung tumors tested, 126 were male and 76
were female, youngest being 29 years female and most
elder being 87 years male. The age related incidence was
highest in age range of 61 to 70 years (Figure 1).

A total of 202 surgical resection specimens, small
biopsy (trans-bronchial or core needle) samples, and
cell-blocks of needle aspirates/pleural fluid received
were analyzed. 172/202 cases were histologically and
immunologically proved as NSCLC (Adenocarcinoma)
and its metastases.

Apart from histological diagnosis of pulmonary
adenocarcinoma and its metastasis in 175 tumours, 13
were squamous cell carcinoma, 3 were adenosquamous
carcinoma, 2 were TTF-1 negative poorly-differentiated
adenocarcinoma, 2 were mucinous adenocarcinoma,
2 were small cell carcinoma, 3 were sarcomatoid
carcinoma and 1 was malignant spindle cell tumour
and | fibro-inflammatory tumor respectively. All
these tumours were Negative for ALK and ROS1 on
immunohistochemistry. 3 tumours were not tested for
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Table 1. Scoring Criteria for Determination of ALK Status in NSCLC [5].

Clinical Interpretation  Staining Description

Positive for ALK Presence of strong granular cytoplasmic staining in tumor cells
(any percentage of positive tumor cells).

Certain staining elements should be excluded, including:

« Light cytoplasmic stippling in alveolar macrophages

* Cells of neural origin (nerve and ganglion cells)

* Glandular epithelial staining

* Scattered lympho-reticular cells within lymphocytic infiltrate.

Some background staining also may be observed within normal mucosa in NSCLC (including mucin)
and in necrotic tumor areas, which should be excluded from the clinical evaluation.

Negative for ALK Absence of strong granular cytoplasmic staining in tumor cells.
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Figure 1. Age Related Incidence of Lung Carcinomas

ALK as the treating physician requested only for ROS1/
EGFR mutation status (Table 2).

All the equivocal ALK and ROS1 IHC positive
tumours are considered positive for statistics as intensity
criterion with the cutoff of positivity is defined as 2+ or
higher in any tumor cells [6,7,10].

199 cases were tested for ALK THC, out of which 9
were 3+ Positive and 3 cases were 2+ positive results.
(Total = 6.03%) (Figure. 2-H&E and ~ALK THC-10X).

179 cases were tested for ROS1 IHC, out of which
6 cases were Positive and 3 cases had equivocal results.
(Total = 5.02%) (Figure 3-H&E and -ROS1 IHC-10X).

All ROS1 positive cases had Exon 19, Exon 21—
L858R mutations (5/6 and 1/6 respectively) and 3
equivocal ROS1 positive cases tested positive for Exon
19 mutation, showing moderate association (p < 0.1)
between Exon 19 EGFR mutation and ROS1 with 62.13%
accuracy (p value = 0.08).

On the contrary, All ALK positive cases had Wildtype
EGFR gene status demonstrating that ALK and EGFR
mutations have no association with mutual exclusivity
(p value = 0.03) in the cases we reviewed.

All tumours showing ALK positivity/equivocal are
negative for ROS1 mutations and all tumours positive/
equivocal for ROSI are negative for ALK mutations on
IHC.

188 out of 202 tumours were analyzed for EGFR
mutation status, which showed 70 (37.23%) lung tumours
had EGFR mutation. 48 (25.5%) tumours were positive

for Exon-19 deletions and complex mutations (including
1 Squamous Cell Carcinoma and 1 Small cell Carcinoma),
Exon-20 mutations in 5 (2.65%) tumours (insertion in
1, T790M mutation in 1, point mutations in 3 tumours),
Exon-21 (L858R) mutation in 17 (9.04%) tumours
(including 1 case of Squamous Cell Carcinoma and 1
case of Adenosquamous Carcinoma). 118 cases out of
188 (62.76%) tested were EGFR wildtype.

Discussion

NSCLC is the largest subgroup of lung cancer
harboring a majority of activating mutations and
rearrangements in chromosome 2, 6 and 7. Recently
discovered echinoderm microtubule-associated protein-
like 4-anaplastic lymphoma kinase (EML4-ALK)
rearrangement by Soda et al., is sensitive to the ALK
inhibitors [2]. Targeting these mutations has changed the
overall treatment strategy for lung cancer and provides
significant benefit to the patient. In oncology clinical
practice, EGFR mutation screening is emerging into a
standard of care, and treatment with inhibitors increased
survival for patients with lung cancer with an EGFR
mutation. In this paper, we reported the association of
ALK, ROS1 and EGFR mutation in lung cancer in India
with the data from an apex oncopathology lab.

ALK
The anaplastic lymphoma kinase (ALK) protein
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Table 2. Correlation of ALK, ROS1 and EGFR Mutation Statuses

Histological Diagnosis Total No ALK ROS1 EGFR mutated
of cases (out of 22 cases)
Total Pos Eqv Neg Total Pos Eqv Neg
Tested Tested
Pulmonary Adenocarcinoma 175 172 9 3 160 155 6 3 146 66/167
Adenosquamous carcinoma 3 3 0 0 3 3 0 0 3 12
Squamous carcinoma 13 13 0 0 13 10 0 0 10 2/9
Small cell carcinoma 2 2 0 0 2 2 0 0 2 12
Sarcomatoid Carcinoma 3 3 0 0 3 3 0 0 3 0/3
TTF-1 Negative Adenocarcinoma 2 2 0 0 2 2 0 0 2 02
Mucinous Adenocarcinoma 2 2 0 0 2 2 0 0 2 0/2
Fibro-inflammatory tumour of lung 1 1 0 0 1 1 0 0 1 0/0
Malignant Spindle cell tumour 1 1 0 0 1 1 0 0 1 0/1
Total No of cases 202 199 9 3 187 179 6 3 170 188
Cases Not Tested 3 23 14
Percentage (%) 6.03% 5.02% 37.23%

Pos, Positive; Neg, Negative; Eqv, Equivalent

is a member of the insulin receptor superfamily of
receptor tyrosine kinases. ALK is a type I membrane
glycoprotein that is normally expressed in the nervous
system. The ALK gene resides at chromosome 2p23 and
is constructed of 2 large introns and 26 exons [11].

ALK rearrangements in NSCLC were first
discovered in 2007 when a fusion was demonstrated
between ALK and echinoderm microtubule-associated
protein-like 4 (EML4) due to an inversion on the
short arm of chromosome 2 [2,12]. EML4 is a widely
expressed cytoplasmic protein involved in the formation
of microtubules. These ALK fusions in NSCLC are
usually a result of an intra-chromosomal rearrangement
in which the intracellular kinase domain of ALK fuses to
the N-terminal of the EML4 gene [2]. There are numerous
known ALK-EMLA4 variations that all arise from the same
region of the ALK gene but involve various breakpoints in
the EML4 gene. Other uncommon fusion partners include
amember of the kinesin family 5B (KIF5B), a TRK-fused
gene (TFG), and kinesin light chain 1 (KLC1) [12-14].

The product of EML4-ALK fusion is a chimeric protein
with constitutive ALK activity and is detected in 3—6% of
unselected NSCLC and especially among never-smokers
or light ex-smokers who have adenocarcinoma histology
[15].

ALK-positive NSCLC represents a distinct molecular
subtype that can be targeted with ALK-specific treatments
[2,12]. Crizotinib is an oral tyrosine kinase inhibitor that
targets ALK, MET, and ROSI1 tyrosine kinases [16].

In our study, 6. 3% cases of lung cancers (n=199)
showed ALK alterations with all cases having Wildtype
EGFR gene status. Out of 199 cases tested for ALK IHC
(D5F3 clone), 9 were 3+ Positive and 3 cases were 2+
positive results and the remaining are negative.

We observed that ALK and EGFR mutation statues
are mutually exclusive, and are in concordance to the
studies of Gainor JF et al., and Camidge DR etal [17,18].

ROSI

ROS-1 is an orphan receptor tyrosine kinase
which is part of the insulin receptor family, located on
chromosome 6q22.1 that is phylogenetically related to
ALK [19, 20]. ROS1 rearrangements were first described
in the glioblastoma cell line UI18MG but have since
been described in cholangiocarcinoma at a frequency of
approximately 9% [20].

ROS1 (chromosome 6q22) encodes a receptor
tyrosine kinase that is a member of the insulin receptor
family which activates downstream signaling through
the mitogen-activated protein kinase pathway, promoting
cell growth, proliferation and reducing apoptosis. ROS1
rearrangements were later described in NSCLC in 2007
in the lung cell line HCC78 with fusion partner SLC34A2
and with CD74 [6]. Since then multiple other fusion
partners have been identified such as FIG (also known as
GOPC), SDC4, TPM3, EZR, and LRIG3 [21]. AIl ROS1
rearrangements involve the same 3’ region of the kinase
domain of the ROS1 gene, which fuse to the 5’ region of
the partner genes, i.e., CD74, EZR, SLC24A2, and FIG
genes and define a new genomic driver in 1-2.5% of
NSCLC patients [10].

Since ROS1-rearranged NSCLC is uncommon
and ROS1 fusions must be detected by a complex and
time-consuming break-apart FISH experiment, simpler
screening techniques (such as immunohistochemistry)
and diagnostic algorithms are required to identify
patients with ROS1 rearranged NSCLC [22]. Currently,
patients (preferably never-smokers) who do not have
driver mutations like EGFR, KRAS, HER-2, ALK,
RET rearrangements and MET amplifications should
be examined for ROS1 fusions since they can get
crizotinib-targeted therapy.

The frequency of ROS1 rearrangements ranges from
3.9% to 7.4% in lung adenocarcinoma patients with
wild-type EGFR/KRAS/ALK [23]. In our study, 9 (5.02%)
cases of lung cancers showed ROS-1 mutations on IHC
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Figure 3. H&E and ROS1 IHC Showing Strong Cytoplasmic (3+) Positivity in Low Power

with D4D6 clone, with associated EGFR; Exon 19, Exon
21-L858R mutations (8/9 and 1/9 respectively), showing
moderate association between Exon 19 EGFR mutation
and ROS1 with 62.13% accuracy (P value = 0.08). Our
observations were in concordance with the findings of
Wu S et al and Mescam-Mancini L et al [23].

EGFR

The tyrosine kinase domain exons 19-21 of the
EGFR gene, which has 28 exons and is found on the
short arm of chromosome 7’s 12—14 region, contain
the majority of mutations. The epidermal growth factor
receptor family (ERBB family) comprises four tyrosine
kinase receptors: HER-1 (EGFR), HER-2/neu (ERBB2),
HER-3 (ERBB3), and HER-4 (ERBB4) [24]. After ligand
binding, the EGFR receptors homo- and hetero-dimerize,
induce autophosphorylation of the intracellular tyrosine
kinase domain, and start a molecular chain of events that
contribute to cell growth, proliferation, differentiation,
and survival [25].

Simple receptor tyrosine kinase inhibitors (TKIs) bind
to the intracellular catalytic domain of the receptor and
compete with adenosine triphosphate (ATP) to prevent
receptor autophosphorylation and the activation of
downstream signaling cascades. The most well researched
reversible EGFR-TKIs for people with metastatic NSCLC
are gefitinib and erlotinib [26, 27].

Before 2004, activating mutations in exon 18, 19,
and 21 of the EGFR gene were not known to be the
indicator of sensitivity to EGFR-TKIs [28, 29]. For over
85% of all mutations, exon 21 point mutations and exon 19
overlapping deletions are causative. Exon 18 and exon 21

both have point mutations that result in amino acid changes,
and exon 19 has in-frame deletions that are concentrated
around the ATP-binding pocket of the intracellular tyrosine
kinase domain. The mutant EGFR has a reduced affinity
for ATP in the presence of EGFR-TKI when compared to a
wild-type receptor, according to a kinetic investigation of
the intracellular domains of the mutant EGFR [30].

Lung cancer adenocarcinoma possesses higher EGFR
mutation rates than any other form of NSCLC [26, 27].
In our present study, we examined that EGFR mutation is
most common and is seen in 70/188 cases (37.23%) which
fall in the range of 10-66% [31, 32] reported worldwide.
Studies from Korea [33] Taiwan [34] Japan [35] and China
[36] have observed EGFR mutation rates as 24%, 50.5%,
26.3% and 38.1% respectively. Sahoo et al., from India
has reported mutation frequency in lung adenocarcinoma
as 44% [37]. Regional difference has also been reported
within India as 65% mutations were observed in southern
population and 33% in northern population, according
to Aggarwal et al [38]. Point mutation on exon 21 and
in-frame deletions on exon 19 of EGFR is the most
commonly observed mutation and accounts for 80-90% of
all the mutations detected [17].

In our study, it could be suggested that mutations of
EGFR gene were higher in elderly females than in males,
which increased with increase in age in females (highest in
age range of 71 — 80 yrs) and decreased with age in males
(highest in age range of 51 — 60 yrs). Our observation
correlated with the findings of Sahoo et al [37].

Limitations
Our retrospective study has procedural limitations

Asian Pacific Journal of Cancer Biology* Vol 8¢ Issue 2 115



apjcb.waocp.com

due to scanty material in few small biopsies, fixation
issues and assessment of staining intensity in THC.
There is a slight chance of variability in number and
cross-reactivity of EGFR fusion genes studied, which
may effect our observations.

In Conclusion, we discovered that males in 6th decade
are more affected with lung carcinomas whereas, ALK,
ROS and EGFR mutations are more common in females of
6™ and 7" decades.

All ALK THC Positive tumors were EGFR wildtype
and are mutually exclusive. Al ALK THC positive tumours
are ROS1 negative and vice versa. No concurrent ALK/
ROS genetic mutations were identified.

The frequency of ROS1 mutation is relatively higher
compared to western counterparts. ROS1 positive tumours
are associated with EGFR mutations (mainly exon 19, 20
and 21). EGFR mutations observed were in range with the
previously published reports from the Asian countries and
were linked with females of Asian ethnicity.

In our study all other histological variants of non-small
cell lung adenocarcinoma, namely adenosquamous
carcinoma, squamous carcinoma, small cell carcinoma,
mucinous adenocarcinoma, sarcomatoid carcinoma,
TTF-1 negative adenocarcinoma etc., were all ALK and
ROS1 Negative.

Being responsive to oral tyrosine kinase inhibitors, the
screening of these somatic mutations especially in females
and/or never smokers could be very helpful in the further
disease management of these patients.

Recommendations

We believe that Immunohistochemistry for ALK and
ROSI is an economical assay in the detection of ALK
and ROS rearrangements in lung cancer, especially in
elderly females. Though small proportion of NSCLCs
harbor these genetic alterations, the higher incidence
of ROS1 mutations compared to western counterparts,
we recommend more extensive testing and screening
for these mutations, to optimize diagnostic accuracy for
each patient.

Statement of Transparency and Principals:
*Author declares no conflict of interest
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