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ABSTRACT

Objectives: Mutation analysis by massive parallel
sequencing (MPS) is routinely performed in the clinical
management of lung cancer in Sweden. We describe the
clinical and mutational profiles of lung cancer patients sub-
jected to the first 1.5 years of treatment predictive MPS
testing in an autonomous regional health care region.

Methods: Tumors from all patients with lung cancer who had
anMPS test from January2015 to June2016 in the Skånehealth
care region in Sweden (1.3 million citizens) were included. Six
hundred eleven tumors from 599 patients were profiled using
targeted sequencing with a 26-gene exon-focused panel. Data
on disease patterns and characteristics of the patients sub-
jected to testing were assembled, and correlations between
mutational profiles and clinical features were analyzed.

Results:MPS with the 26-gene panel revealed alterations in
92% of the 611 lung tumors, with the most frequent mu-
tations detected in the nontargetable genes TP53 (62%) and
KRAS (37%). Neither KRAS nor TP53 mutations were
associated with disease pattern, chemotherapy response,
progression-free survival, or overall survival in advanced-
stage disease treated with platinum-based doublet chemo-
therapy as a first-line treatment. Among targetable genes,
EGFR driver mutations were detected in 10% of the tumors,
and BRAF p.V600 variants in 2.3%. For the 71 never
smokers (12%), targetable alterations (EGFR mutations,
BRAF p.V600, MET exon 14 skipping, or ALK/ROS1 rear-
rangement) were detected in 59% of the tumors.
Conclusion: Although the increasing importance of MPS
as a predictor of response to targeted therapies is indis-
putable, its role in prognostics or as a predictor of clinical
course in nontargetable advanced stage lung cancer re-
quires further investigation.

� 2020 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY-NC-ND li-
cense (http://creativecommons.org/licenses/by-nc-nd/
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Introduction
Molecular diagnostics is a cornerstone in clinical

management of NSCLC. Opportunities for personalized
medicine in lung cancer evolve rapidly, and knowledge
of how mutations and gene fusions influence the clinical
course constantly increases.1 Lung cancers frequently
harbor hotspot mutations that induce and sustain
tumorigenesis. However, the spectra of genetic alter-
ations differ between subtypes of NSCLC and between
smokers and nonsmokers, emphasizing the need for
broad molecular analysis to guide treatment. KRAS mu-
tations are found in approximately 30% of lung adeno-
carcinomas but rarely in squamous cell carcinomas
(SqCCs). In Western populations, targetable EGFR mu-
tations occur in 10% to 15% and targetable BRAF in a
smaller proportion of lung adenocarcinomas (ACs),
whereas both genes are rarely mutated in SqCCs.2-4 In
SqCC, mutations in the tumor suppressor gene TP53
have been reported in most tumor specimens and mu-
tations in the PIK3CA oncogene in a smaller subset.2

Massive parallel sequencing (MPS) covering a wide
range of genes is now the preferred method for muta-
tional testing in lung cancer.5 The main focus of the
testing is directed toward therapeutically actionable al-
terations in oncogenes such as EGFR, BRAF, and MET
(splice site mutations leading to skipping of exon 14)
and fusion gene analyses of ALK and ROS1 that are all
predictive of targeted therapy responses.6-9 However,
the prognostic and predictive significance of co-
occurring mutations is not fully understood. Further-
more, mutations in other genes might increase the
understanding of the clinical course of lung tumors and
be identified as new possible future targets for therapy.
Since January 2015, MPS has been implemented as a
routine method for lung cancer molecular diagnostics in
the autonomous Skåne health care region in southern
Sweden (region of Skåne; 1.3 million citizens in 201610).
Here, we present the clinical aspects of the first 1.5 years
with MPS mutational profiling using a 26-gene panel in
consecutively tested patients with NSCLC in the Skåne
region. We describe clinical features and mutation fre-
quencies and investigate potential correlations of muta-
tions and clinical outcomes.

Material and Methods
Patients and Tumors

All patients with lung cancer in the Skåne health care
region of Sweden who were subjected to MPS testing
from January 2015 to June 2016 were identified through
referrals to the diagnostic MPS laboratory, using “lung
cancer” or “unknown/cancer of unknown primary tu-
mor” in the referral text as inclusion criteria (Fig. 1).
Patients without lung cancer in the final diagnosis or
without conclusive MPS results were excluded. All MPS
tests had been requested by the patients’ treating pul-
monologist or oncologist. Clinical features, including
lung cancer treatment, treatment outcome, clinical
course, metastatic pattern, smoking history, heredity of
cancer, and occupational or environmental exposure,
were obtained from patient files. History of smoking was
classified into never smokers, former smokers, and
current smokers. The definition of former smoker was
cessation longer than 1 year before lung cancer diag-
nosis. Patients with a history of irregular light smoking
during a very short period were included in the group of
never smokers. Time of diagnosis was set as the date of
the most lung cancer–specific histologic or cytologic
proof of cancer. Date of recurrence was defined as the
date of clinical, radiologic, or histologic findings recog-
nized by a clinician as a recurrence. Clinical follow-up in
patient files ended on May 8, 2018, and on the same
date, information about other primary malignancies and
eventual date of death was obtained from the Swedish
Cancer Registry.

Tumor samples were obtained from either primary
tumor or metastatic sites and thus included both small
biopsies or cytology and tumor resections, all of which
were reviewed by a thoracic pathologist (KEL). The
diagnoses were based on cellular structure and relevant
immunohistochemical (IHC) stains in accordance with the
fourth edition of the WHO classification of lung tumors.11

Tumors were staged according to TNM 7th edition,12

which was the valid staging edition at the time. Treat-
ment response was evaluated on the basis of Response
Evaluation Criteria in Solid Tumors (RECIST 1.1),13 with
slight modifications due to the retrospective nature of
the study with different types of performed radiology
(x-ray, computed tomography, positron emission tomog-
raphy, and magnetic resonance imaging). In one case, the
response was evaluated by bronchoscopy result. Re-
sponses were described in terms of complete response,
partial response (PR), stable disease, or progressive
disease.

The study was approved by the Regional Ethical Re-
view Board in Lund, Sweden (Registration no. 2014/32,
2015/575, and 2017/620).
Mutational Testing by MPS
Material for mutational profiling consisted of

formalin-fixed paraffin-embedded tissues, cells from
cytology slides, or cell blocks. Exon-focused targeted
sequencing was performed using the Illumina Tru-
SightTumor 26-gene panel on a MiSeq instrument. The



Figure 1. Patient inclusion. Study scheme outlining the cohort and describing the estimated coverage of conclusive MPS test
among newly diagnosed lung cancers in the region. MPS, massive parallel sequencing; PCR, polymerase chain reaction; SCLC,
small cell lung cancer.
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methodology is described in detail in previous work by
Lindquist Ericson et al.14 In addition, we filtered single
nucleotide polymorphisms by identifying variants with a
frequency of 1% or more in the general population, as
reported in the Illumina Variant Studio software. Vari-
ants classified as single nucleotide polymorphisms are
defined in Supplementary Table 1.

To separate variants of unknown significance from
more tumorigenic relevant variants, we subsequently
noted the following mutations as potentially prognostic
or predictive driver oncogenes15-18: (1) KRAS codon
12,13, and 6; (2) EGFR exon 19 deletions and insertions;
(3) insertions in exon 20; and (4) substitutions in codon
719 (exon 18), codon 851 (exon 21), and 861 (exon 21).
Furthermore, EGFR mutations in exon 18 deletion
p.(E709_T710delinsD), p.(S768I) (exon 20), and
p.(C797S) (exon 20) were included. BRAF codon 600;
PIK3CA codon 542, 545, and 1047; NRAS codon 12,13,
and 61; MAP2K1 codon 56 and 57; ERBB2 exon 20
insertions and in MET variants involving position c.3082
at the intron-exon junction leading to a MET exon 14
skipping variant were likewise included.

Fusion Gene Detection
ALK and ROS1 rearrangements were investigated

through IHC, fluorescence in situ hybridization, or both, as
part of clinical predictive testing during the study period.
In parallel, and outside of clinically routine procedure, we
performed multiplexed fusion gene detection at the RNA
level by means of NanoString technology for a subset of
the tumors, as previously described by Lindquist et al.14
Statistics
For description of clinical data, categorical variables

were expressed as numbers and percentages, whereas
continuous variables were expressed as median and
range. Categorical variables were analyzed using the chi-
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square test. Overall survival (OS) was calculated from the
date of lung cancer diagnosis to the date of death from any
cause or was censored at the last follow-up date (May 8,
2018). Progression-free survival (PFS) was calculated
from the date of start of treatment to the date of pro-
gression or death from any cause. Patients alive and
progression-free were censored at the date of the latest
appointment at the lung department. Differences in OS or
PFS between groups were analyzed with the logrank test.
Statistical tests were performed in R version 3.5.2.19

Data Availability
The data are available from the corresponding author

on reasonable request.

Results
Patient Inclusion

Inclusion criteria of patients are summarized in
Figure 1, which also describes the estimated coverage of
conclusive MPS tests among newly diagnosed lung can-
cers in the region.

Most of the patients included (519 of 599, 87%) were
tested in proximity to lung cancer diagnosis, with diag-
nostic material (from the primary tumor or metastases)
obtained before the start of primary treatment. For the
remaining 80 patients, anMPS test was requested in other
treatment situations described in Supplementary Table 2.

Smoking Status, Occupation, and Environmental
Exposure

We were able to group 98% of the patients into
current smokers, former smokers, and never smokers
and estimate tobacco smoking in pack years in 78% of
cases. Seventy-one patients (12% of the study popula-
tion) were never smokers, 66 (93%) of whom were
patients with lung AC, and 45 (63%) were women.
Eleven percent of the patients had smoked 50 pack years
or more at the time of diagnosis.

Although the patients’ occupations were documented
in 85% of the cases, information regarding exposure to
carcinogens could be found in only 90 of 599 patient files
(15%). Asbestos was the most frequently reported
exposure. Forty patients reported asbestos exposure
(including seven cases of “possible exposure”), and seven
of these 40 patients reported exposure to asbestos in
combination with other exposure (passive smoking,
chemicals, airway irritants, dust, and isocyanates).
Sixteen patients denied exposure to asbestos. Beyond
asbestos and asbestos in combination with other expo-
sures, eight patients had been exposed to passive smok-
ing, and 22 patients reported other kinds of occupational
or environmental exposure. Of the 71 never smokers,
information regarding occupationwas documented for 66
patients (93%). Information about exposure to occupa-
tional or environmental carcinogens was, however, pre-
sent in only 16 (23%) of cases, of whom six denied
exposure to asbestos and 10 reported some kind of
exposure (asbestos, passive smoking, or other kind of
exposure). Overall, 34 of the 71 never smokers (48%)
were considered as having low-risk occupations (e.g.,
health care, education, or office work) and no other re-
ported exposure, whereas the corresponding estimation
in smokers and former smokers was 36%.
Other Primary Malignancies and Family History
of Cancer

Twenty-one percent (n ¼ 126) of the study popula-
tion had a history of other primary malignancies (non-
melanoma skin cancer excluded) than lung cancer. The
most common malignancies among patients with a single
other primary cancer were breast cancer (n ¼ 28),
prostate cancer (n ¼ 25), bladder cancer (n ¼ 13), and
gastrointestinal cancers (n ¼ 12). Fourteen patients
(13 with a history of smoking and one with unknown
smoking habits) had multiple other primary tumors,
in which breast cancer (n ¼ 6), gastrointestinal cancer
(n ¼ 6), and bladder cancer (n ¼ 4) were the most
common. The proportion of patients with another pri-
mary malignancy did not differ between never smokers
and ever smokers, although some differences were
noticed; for example, bladder cancer and multiple tumors
were only found in the group of ever smokers. There
was no correlation between another primary malignancy
(of any kind) and the three most frequently mutated
genes TP53, KRAS, and EGFR (chi-square test; p ¼ 0.9, 0.4,
and 0.9 respectively).

Information on family history of cancer was missing
in most patient files (69%), but in the remaining cases,
history of cancer in the family was negated by 67 pa-
tients (i.e., 11% of the total 599 patients), whereas 118
of 599 (20%) reported one or more family members
with a malignancy, comprising 109 cases with a first-
degree relative diagnosed with cancer. One or more
relatives with lung cancer was reported by 39 patients,
four with second-degree relatives with a lung cancer
diagnosis, and the remaining 35 with a first-degree
relative with a lung cancer diagnosis. There was no
correlation between cancer (all tumor types) in a first-
degree relative and the three most frequently mutated
genes TP53, KRAS, and EGFR (chi-square test; p ¼ 1.0,
0.7, and 0.8 respectively).
Histology
Most of the 611 MPS-tested tumors (70%) were AC,

and 16% were SqCC, whereas according to the Swedish
Cancer Registry, of all lung cancers diagnosed in the
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region during the period, AC and SqCC comprised 60%
and 25%, respectively. This discrepancy is in accordance
with SqCC not being part of the routine mutational
testing during the entire study period. The other histo-
logic types, constituting altogether 14%, were NSCLC
marker null (36 tumors), NSCLC not further specified
(34 tumors), large-cell neuroendocrine carcinoma
(LCNEC; four tumors), NSCLC favor neuroendocrine
(four tumors), NSCLC favor adenosquamous (three tu-
mors), NSCLC with spindle cell (two tumors), large-cell
carcinoma (LCC; two tumors), and sarcomatoid carci-
noma (one tumor).
Mutation Spectra
The most frequently mutated genes (unselected

regarding their driver potential, as defined previously)
were TP53 (62%), KRAS (37%), and EGFR (10.5%). The
frequency of mutations in each gene in the 26-gene panel
is displayed in Figure 2A for all histologic subgroups and
for AC in relation to stage in Figure 2B. Furthermore, the
number of genes with variants detected per tumor are
displayed in Figure 2C. More than one gene with at least
one variant was more frequent in AC than SqCC (Fig. 2B),
and at least one defined driver mutation was present in
52% of the tumors (62% in AC and 13% in SqCC). No
tumor exhibited mutations in AKT1 or FGFR2.
Driver Oncogene Alterations
Driver oncogene mutations were defined in eight

investigated genes, as previously described13: KRAS,
EGFR, BRAF, PIK3CA, MET, MAP2K1, ERBB2, and NRAS.
Cases with these driver variants are described in Table 1.
In total, 15 tumors from 15 patients had more than one
defined potential driver mutation in BRAF, KRAS,
MAP2K1, NRAS, EGFR, ERBB2, or PIK3CA. In most cases,
there was a clear difference in variant allele frequency
between the driver variants, indicating that the drivers
might be present in different subclones. The co-
occurring mutations and corresponding variant allele
frequencies are presented in Supplementary Table 3.

In the entire cohort, any targetable alteration (EGFR
mutation, ALK or ROS1 rearrangement, BRAF p.[V600],
or MET exon 14 skipping) was detected in 100 tumors
(16%). However, the estimation is incomplete because
ALK status was missing in 9.8%, and ROS1 status was
missing in 67% of cases. Corresponding estimation
in tumors from the 71 never smokers revealed
targetable alterations in 42 tumors (59%). Here, ALK
status was missing in 5.6% and ROS1 in 73% of cases.
Considering histology, the 100 tumors with targetable
alterations comprised 20% of AC tumors, 4% of SqCC
tumors, and 14% of tumors of other histology. Corre-
sponding numbers for driver mutations (targetable or
nontargetable) were 63% of AC, 14% of SqCC, and 52%
of tumors of histology other than SqCC or AC.
Tumors With EGFR Mutation
EGFR mutations were the dominant targetable alter-

ation, detected in 64 tumors, of which 60 harbored EGFR
mutations defined as driver alterations. Two of these
tumors were synchronous tumors with different EGFR
mutations (p.[L858R] and exon 19 deletion, respec-
tively) in a surgically treated never smoker. Among the
60 tumors with driver EGFR mutations, exon 19 de-
letions and p.(L858R) mutations in exon 21 were the
most frequent variants (Table 1), including four cases
with concomitant p.(T790M) mutation. These four pa-
tients were all diagnosed with stage IV disease before
MPS was routinely performed, and MPS was thus per-
formed on new tumor material during treatment, that
is, when progression on tyrosine kinase inhibitor (TKI)
was confirmed. Other EGFR mutation variants in the 60
tumors included the following: (1) exon 20 insertions
(n ¼ 2); (2) codon 861 substitutions (n ¼ 3); (3) exon
18 deletion (n ¼ 1); (4) codon 719 substitution (n ¼ 1);
(5) compound mutations p.(G719S) and p.(L861Q)
(n ¼ 1); (6) compound mutations p.(G719C) and
p.(S768I) (n ¼ 1); and (7) one case with p.(T725M)
mutation of unknown significance.

All in all, 56 (93%) of the tumors with driver variants
of EGFR were AC, and the remaining four tumors
constituted three NSCLC (two marker null and one not
further specified) and one SqCC. Thirty-one of the 59
patients whose tumors harbored oncogene driver mu-
tations in EGFR were never smokers (detailed smoking
status is reported in Table 2).

Mutations in other genes co-occurring with oncogenic
EGFR mutations were most frequent in TP53 (in 36 of
the 60 EGFR-mutated tumors) and CTNNB1 (n¼ 5). Other
co-occurring mutations were in PIK3CA (n ¼ 4, one tumor
with a tumorigenic variant), NRAS (n ¼ 2, none with
tumorigenic variants), MAP2K1 (n ¼ 2, both with driver
variants), and MET (n ¼ 1, no tumorigenic variant).
Treatment-Naive Cohort
Of the 599 patients, 519 were subject to MPS testing

as part of primary diagnostic procedure. Baseline char-
acteristics of these 519 patients, from here on named
treatment-naive cohort, are further described in Table 2.
The most common disease pattern among patients
diagnosed with stage IV was intrathoracic spread
(without any other dissemination), appearing in 25%,
followed by (1) skeletal metastases alone (11%), (2)
intrathoracic and skeletal spread combined (10%), (3)
central nervous system metastasis alone (6.5%), and (4)
intrathoracic spread in combination with adrenal



Figure 2. Mutation detection in the entire cohort. (A) Heatmap showing defined driver oncogene mutations and nondriver
variants identified in all tumors (n ¼ 611), AC (n ¼ 429) and SqCC (n ¼ 96). (B) heatmap with defined driver oncogene
mutations and nondriver variants in each stage for AC (n ¼ 429). (C) number of genes with at least one mutation identified in
the entire cohort and in AC and SqCC. AC, adenocarcinoma; SqCC, squamous cell carcinoma.
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Table 1. Tumors With Oncogene Driver Alterations

Oncogene KRAS EGFR BRAF PIK3CA MAP2K1 MET ERBB2 NRAS ALKa

Method Massive parallel sequencing (Illumina TruSightTumor 26) IHC / FISH
/NanoString

Tumors (patients) 223 (218) 60 (59) 14 (14) 14 (14) 9 (9) 8 (8) 7 (7) 7 (7) 18
Most frequent
alterations

c.34G>T:
p.(gly12Cys)
(43%)

Different exon
19 deletions
(50%)

c.2573T>G:
p.(Leu858Arg)
(33%)

c.2573T>G:
p.(V600E)
(93%)

c.171G>T:
p.(Lys545Asn)
(64%)

c.1633G>A:
p.(Lys57Asn)

(67%)

Splice site
mutations,
all including
position
c.3082

c.2310_2311insGCA
TACGTGATG:
p.(Glu770_Alains
AlaTyrValMet)

(71%)

c.35G>A:
p.(Gly12Asp)

(29%)
c.182A>T:

p.(Gln61Leu)
(29%)

ALK-EML4

Age, y; median
(range)

69 (48–92) 69 (32–88) 68 (53–84) 70 (65–84) 73 (44–88) 77 (66–86) 70 (61–82) 66 (59–83) 69 (41–83)

Female
Male

57%
43%

59%
41%

64%
36%

64%
36%

56%
44%

62%
38%

57%
43%

43%
57%

72%
28%

Never smokers 3% 53% 7% 22% 62% 71% 22%
Former smokers 48% 32% 57% 64% 56% 25% 29% 57% 44%
Current smokers 45% 15% 36% 29% 22% 13% 29% 33%
Former/current 2%
Unknown 1% 7% 14%
0 pack years 3% 53% 7% 22% 62% 71% 22%
�10 pack years 3% 10% 7% 14% 25% 29% 14% 28%
11–20 pack years 11% 7% 29% 7% 14%
21–30 pack years 24% 7% 14% 7% 22% 14% 6%
31–40 pack years 11% 3% 29% 11% 29%
41–50 pack years 13% 3% 7% 7% 11% 11%
>50 pack years 10% 2% 21% 7% 11% 13% 17%
Unknown 25% 15% 14% 29% 22% 29% 17%
AC 82% 93% 86% 71% 100% 62% 100% 43% 61%
SqCC 3% 2% 7% 14% 13% 14% 6%
Other 15% 5% 7% 14% 25% 43% 33%
Most frequently
co-occurring
mutated gene

TP53 (46%) TP53 (60%) TP53 (50%) TP53 (50%)
KRAS (50%)

TP53 (56%) TP53 (38%) TP53 (57%) TP53 (57%) TP53 (56%)

Genes with co-
occurring driver
alteration

PIK3CA (3%)
MAP2K1 (<1%)
BRAF (<1%)
NRAS (<1%)
PIK3CA þ
NRAS (<1%)

MAP2K1 (2%)
PIK3CA (2%)

KRAS (7%) KRAS (43%) KRAS
þ NRAS (7%)

EGFR (7%)
ERBB2 (7%)

EGFR (22%)
KRAS (22%)

none PIK3CA (14%) KRAS (14%)
PIK3CA þ
KRAS (14%)

KRAS (17%)
BRAF (6%)

aALK status available for 551/611 tumors.
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Table 2. Characteristics of the Treatment-Naive Cohort

Clinicopathological Features

Stage I
103 Patients

Stage II
40 Patients

Stage III
111 Patientsc

Stage IV
261
Patients

Stage Unknownf

4
Patients

All
519
Patients

IA
63
Patients

IB
40
Patients

IIA
17
Patients

IIB
23
Patients

IIIA
75
Patients

IIIB
36
Patients

Median follow-up time, y 2.6 2.5 2.7 2.5 3.1 2.3
Age, y; median (range) 72 (55–87) 71 (54–85) 70 (51–91) 71 (39–86) 71 (43–92) 68 (47–84) 70 (32–93) 71 (69–84) 70 (32–93)
Sex
Female 38 23 9 13 33 21 129 2 268
Male 25 17 8 10 42 15 132 2 251

Performance status
0–1 57 38 14 20 66 28 171 4 398
�2 6 2 3 3 9 8 90 0 121

Smoking history
Current 25 21 6 6 31 18 106 0 213
Former 32 17 10 14 35 14 110 3 235
Smoking cessation time unknown 0 0 0 0 0 0 7 0 7
Never 5 2 1 3 9 4 34 1 59
Unknown 1 0 0 0 0 0 4 0 5

Patients with synchronous tumors 6a 3 0 2 3c 1 0 - 15
Histologic diagnosis
AC 47 28 12 14 37 19 191 2 350
SqCC 7 8 5 6 23 11 23 1 84
NSCLC not further specified 1 0 0 0 6 1 18 0 26
NSCLC marker null/LCC 1 1 0 1 4 3 25 0 35
Pleomorphic carcinoma/NSCLC with

spindle cells
0 0 0 0 0 0 1 0 1

Adenosquamous/NSCLC possibly
adenosquamous

0 0 0 0 0 1 1 1 3

LCNEC/possibly LCNEC 1 0 0 0 2 0 2 0 5
Patients with synchronous tumors 6a 3 0 2 3c 1 0 - 15

Metastases at baseline (stage IV)
Pericardium, pleura, contralateral lung - - - - - - 154 - 154
Skeletal - - - - - - 112 - 112
Liver - - - - - - 44 - 44
CNS - - - - - - 54 - 54
Adrenal glands - - - - - - 47 - 47
Other - - - - - - 53d - 53d

Single metastases - - - - - - 29e - 29e

(continued)
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Table 2. Continued

Clinicopathological Features

Stage I
103 Patients

Stage II
40 Patients

Stage III
111 Patientsc

Stage IV
261
Patients

Stage Unknownf

4
Patients

All
519
Patients

IA
63
Patients

IB
40
Patients

IIA
17
Patients

IIB
23
Patients

IIIA
75
Patients

IIIB
36
Patients

Initial treatment
No oncological treatment ± local

palliative treatment
1 0 1 2 9 6 78 2 99

Radiotherapy lung tumor ± lgll 18 2 2 2 4 4 4 0 36
Operation 37 35 11 12 32 3 0 0 130
Neoadjuvant 0 0 0 2 13 1 0 0 16
Adjuvant 0 9 6 7 15 1 0 0 38
Chemotherapy ± local palliative

treatment
0 0 2 1 7 7 151 1 169

Concomittant CRT 0 0 1 1 5 3 0 0 10
Sequential CRT 0 0 0 3 14 11 0 0 28
TKI ± local palliative treatment 1 0 0 0 1 1 28 1 32

Treatment synchronous tumors
Operation ± adjuvant 3 3 0 2b 2 1 0 0 11
Operation and radiotherapy 1 0 0 0 1 0 0 0 2
Radiotherapy 2 0 0 0 0 0 0 0 2

Clinicopathological features of the 519 patients with MPS testing as part of primary diagnostic procedure. Most frequent alterations, clinicopathologic data, and co-occurring alterations are summarized for tumors
with driver mutations as detected by the TST 26. ALK status (available for 90% of the tumors) is shown for comparison.
aOne patient with a synchronous tumor and a previous metachronous tumor, all three tumors were tested by MPS.
bOperation of one of the two tumors. Radiotherapy was planned against the other tumor, but fatal postoperative complications occurred.
cOne patient with multiple tumors in one lung. Three tumors (AC) were sequenced by MPS, displaying different mutational profiles. One of the other tumors had a different histologic diagnosis (LCNEC) and was
considered a synchronous tumor. In addition, there were two more AC, either metastases or synchronous tumors. No known lymph node dissemination. If all tumors are considered , highest stage will be IB, and if some
of the lesions are considered metastases, the most advanced stage will be IIIA.
dTwo patients with clinically considered disseminated lung cancer (pleural and skeletal metastasis and skeletal metastasis respectively) had a suspicious lesion in a kidney. Because of disseminated lung cancer, no
further diagnostics on the kidney lesions were performed. These two patients are not included in metastasis category “other.”
eTwo patients were excluded because of uncertainties regarding metastases: one patient with a kidney lesion (explained above) and one skeletal metastasis and one patient with a presumed thyroid metastasis
(examination revealed malignancy, not suspected to be a primary thyroid cancer) and radiologically a lesion in the breast without further diagnosis that could be a metastasis or a primary breast cancer.
fIn one of these patients, it cannot be excluded that dissemination in lungs represented metastatic spread from another primary tumor. Another patient previously described had either two different tumor
components or two synchronous tumors. In addition, a third patient had either two synchronous tumors or a stage IV disease with one lung metastasis in the contralateral lung, deceased in infection shortly after
diagnostic bronchoscopy. The fourth patient was diagnosed with a second primary lung tumor and metastases that could have originated from any of the two tumors.
AC, adenocarcinoma; ALK, anaplastic lymphoma kinase; CNS, central nervous system; CRT, conformal radiation therapy; IHC, immunohistochemistry; FISH, fluorescence in situ hybridization; LCC, large-cell car-
cinoma; LNEC, large-cell neuroendocrine carcinoma; MPS, massive parallel sequencing; SqCC, squamous cell carcinoma; TKI, tyrosine kinas inhibitors; TST, TruSight Tumor.
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metastasis (6.5%). Oncogene driver mutation frequency
of the two largest groups of drivers, KRAS and EGFR, in
each metastatic site at baseline is presented in
Supplementary Table 4. There was only a moderate
difference in mutation frequency between metastatic
sites. It should be noted that other diagnostics, for
example, radiology of the central nervous system, were
only performed at baseline if symptoms indicated me-
tastases. Proportions of patients alive at the end of the
study and median follow-up times are described per
disease stage in Table 2, whereas overall survival is
displayed in Supplementary Figure 1.
Targeted Therapy in the Treatment-Naive
Cohort

Figure 3A summarizes patients with EGFR TKI as
first-line therapy regarding treatment situation, duration
of treatment, subsequent treatments, and mutation
findings. Twenty-seven patients in the treatment-naive
cohort (i.e., the patients with MPS testing as part of the
primary diagnostic procedure) were treated with EGFR
TKI as first-line treatment either immediately after
diagnosis or at recurrence or progression after operation
or curatively intended chemotherapy and radiotherapy.
A tendency of better response on TKI for patients with
exon 19 deletions compared with patients with rare
EGFR mutations was observed. However, as shown in
Figure 3A, some patients had a very short treatment
duration not possible to evaluate, and the patients dis-
played differences in stage and type of TKI. Because of
the limited number of TKI-treated patients, it is difficult
to draw conclusions from co-occurring mutations among
EGFR-positive patients. TP53 mutations were the most
frequently mutated gene in the entire cohort and also the
most often co-occurring mutation among the TKI-treated
patients.

Few patients in this study received ALK inhibitors as
first-line treatment during the current period because of
guidelines at the time. Seventeen tumors in the
treatment-naive cohort had positive ALK rearrangement
according to IHC or fluorescence in situ hybridization in
clinical testing, of which 10 were in stage IV at the time
of diagnosis. Altogether, nine patients received ALK in-
hibition as first-line and crizotinib was given in each
case. Patients on ALK inhibitor as first-line are illustrated
in Figure 3B.
Chemotherapy in Stage IV in Treatment-Naive
Cohort

As presented in Table 2, 151 patients with stage IV
disease had chemotherapy (single or combinations) as
first-line treatment. At the end of the study, 20 of 151
patients receiving chemotherapy as first-line treatment
still had ongoing treatments in different lines or were on
treatment break. In addition, three patients were lost to
follow-up during first-line chemotherapy (moved
outside the health care region). Numbers of systemic
oncologic treatment lines for the remaining 128 patients
starting with chemotherapy as first-line treatment are
presented in Figure 4A. The majority of the patients
received no further treatment after first-line chemo-
therapy. However, as seen by the range of survival times,
this large group with only one line of chemotherapy also
comprises patients with long response duration as do
the other groups with a larger number of total systemic
treatment lines. Furthermore, those with treatment
beyond first-line chemotherapy have received treat-
ments from different main groups of systemic anticancer
therapies, but in most cases chemotherapy.

To further analyze chemotherapy response in
advanced stages, we studied patients with stage IIIB/IV,
all treated with platinum doublet chemotherapy as first-
line treatment, without radiotherapy against the lung
tumor before or concomitant with chemotherapy. Of the
297 patients in stage IIIB and IV, 101 (34%) were
treated with at least two cycles of platinum-based
chemotherapy combination as first-line treatment,
without previous or concomitant radiotherapy. Patients
with platinum doublet chemotherapy that discontinued
after less than four cycles for other reasons than pro-
gression were not included in the 101 patients. None of
the 101 patients had EGFR-mutated tumors or confirmed
ALK rearrangement (not tested or inconclusive in eight
patients and negative in the remaining 93 cases). In total,
11 of these patients received two to three cycles of
platinum doublet chemotherapy, 88 received four cycles,
and two received five to six cycles. Response to platinum
doublet chemotherapy was PR in 43 patients, stable
disease in 30, and progressive disease in 28. Distribution
of oncogene drivers in each group of response is dis-
played in Figure 4B.

The most frequently mutated gene in the MPS panel
in this group was TP53 (61 tumors, 61%). Driver onco-
genes were almost exclusively found in KRAS (44 tu-
mors, 44%) but also in BRAF (3 tumors), ERBB2 (2
tumors), PIK3CA (3 tumors), NRAS (3 tumors), and
MAP2K1 (1 tumor). In addition, two patients had MET
exon 14 splice site mutations. No correlation between
mutational status in KRAS, TP53, or any combination of
KRAS and TP53 (KRAS mutation and TP53 mutation, no
KRAS/TP53 mutation, KRAS mutation without TP53
mutation, or TP53 mutation without KRAS mutation) and
chemotherapy response according to RECIST 1.1 criteria
was found. Neither OS nor PFS were significantly
different in these patients when grouped according to
KRAS and TP53 mutation status (Supplementary Fig. 2).
Notably, two of three patients with driver oncogene



Figure 3. First-line TKI treatment in treatment-naive cohort. (A) EGFR TKI and (B) Crizotinib. Chemo, chemotherapy; IT,
immunotherapy; L, treatment line; PFS, progression-free survival; TKI, tyrosine kinase inhibitor.
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BRAF mutations (two former smokers with approxi-
mately 15 and 29 pack years, respectively) had PR after
four to five cycles of platinum-based doublet chemo-
therapy and continued with maintenance therapy. The
third patient, a never smoker, had progression after four
cycles of platinum-based combination, progression after
second-line paclitaxel, and third-line gemcitabine was
discontinued after one cycle. Similar to that with the
BRAF mutations, targeted therapy in cases with MET
exon 14 skipping was not implemented at the time.
These two patients with MET splice site mutations were
both never smokers and had PR on chemotherapy.
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Median survival: 5.6 months
(0.4-35 months)

Median survival: 13 months
(2.7-37 months)

Median survival: 22 months
(18-25 months)
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Stage IV patients (n=128) treated with first-line chemotherapy
(20 patients with ongoing treatments/follow-up not included)

*Three patients lost to follow-up during 1st line chemothrapy not included.
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None (n=17)MET (n=2)
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Other 
mutations
ALK 0 0 0
APC 0 1 2
BRAF* 1 1 2
CDH1 0 0 0
CTNNB1 2 1 1
EGFR* 0 1 2
ERBB2 0 0 0
FBXW7 0 0 0
FOXL2 1 0 0
GNAQ 0 1 0
GNAS 0 0 1
KIT 1 1 2
KRAS* 1 0 0
MAP2K1* 0 0 1
MET* 1 3 2
MSH6 0 0 0
NRAS* 0 1 1
PDGFRA 2 0 0
PIK3CA* 0 1 0
PTEN 1 0 1
SMAD4 0 0 4
SRC 0 0 0
STK11 1 4 2
TP53 18 17 27

Gender
Female 12 21 24
Male 16 9 19

Histology
AC 16 21 37
SqCC 4 4 3
Other 8 5 3

A

B

Figure 4. Chemotherapy in patients with stage IV cancer. (A) Number of systemic treatments for patients with chemotherapy
as first-line therapy. (B) Oncogene drivers in relation to therapy response for patients receiving platinum doublet chemo-
therapy as first-line. Other sequencing results, sex, and histologic diagnosis are presented below each chart. AC, adeno-
carcinoma; PD, progressive disease; PR, partial response; SqCC, squamous cell carcinoma; SD, stable disease.

12 Isaksson et al JTO Clinical and Research Reports Vol. 1 No. 1



March 2020 Value of Targeted Sequencing in Lung Cancer 13
Discussion
The mutation spectra (Fig. 2) detected within our first

1.5 years of experience of mandatory clinical MPS testing
largely reflects the European lung cancer population.20,21

As expected, the panel was more informative in AC than in
SqCC, and female patients were slightly overrepresented
among cases with driver alterations. Among the 15% of
females and 9% of males in this study who were never
smokers, targetable alterations were detected in 59% of
cases. This observation clearly stresses the importance of
complete molecular diagnostics in the clinical manage-
ment of these patients, not the least considering that a
panel detecting additional targetable variants in MET and,
likewise, a higher inclusion grade for fusion gene testing
could potentially have identified additional targetable
cases in our study. However, 47.5% of patients with EGFR
mutations were former or current smokers, and patients
with BRAF p.(V600) mutations were not associated with
never-smoking status, thus highlighting the need for
broader mutational profiling in smokers as well. In
contrast with the most often mutually exclusive alter-
ations detected within KRAS, EGFR, BRAF, and MET in our
cohort, mutations in PIK3CA were seldom single drivers
but instead frequently co-occurred with other oncogene
driver alterations (Table 1, Supplementary Table 3). This
may suggest that PIK3CA may be more challenging to
target in therapy for NSCLC.

To elucidate further clinical implications of the muta-
tional profiles (including driver variants and co-occurring
alterations), we performed extensive clinical character-
ization of the treatment-naive cohort (519 patients),
exemplified by first-line treatment duration in EGFR- and
ALK- positive cases (Fig. 3) and by a well-defined sub-
cohort of 101 patients with advanced NSCLC with unam-
biguous response evaluations of first-line platinum-based
standard chemotherapy (further discussed below).

Whereas the common mutations in exon 19 and 21
generally respond to EGFR TKI and exon 20 insertions
generally do not, less is known about some rare EGFR
mutations. Responses in these cases have been sug-
gested to depend on the type of mutation, whether there
is a sole mutation or complex variants, and on the choice
of TKI, where second-generation EGFR inhibitors tend to
be superior to first-generation ones.22 One patient in the
treatment-naive cohort with such a nonclassical muta-
tion, the exon 18 deletion p.(E709_T710delinsD), was
diagnosed in stage IV with tumor dissemination in both
lungs but no extrathoracic spread. Erlotinib was given as
first-line treatment, with a treatment duration of 8
months; the treatment was discontinued because of pro-
gression of the cancer. The p.(E709_T710delinsD) has
indeed been reported to respond to second-generation
EGFR TKI in a previous case report.23 Furthermore, an
in vitro study by Kobayashi et al. displayed increased
responses to second-generation EGFR TKI compared with
those to first- and third-generation EGFR TKI for lung
tumors harboring exon 18 mutations.17

Despite decades of chemotherapy use in lung cancer,
no successful molecular markers predictive of response
have been established. Previous studies have shown
conflicting results regarding KRAS mutation as a prog-
nostic or predictive variable, potentially owing to the
influence of different comutations and tumor stage.24 In
our study, we did not detect any correlation between
mutation status and chemotherapy response in patients
with advanced cancer treated with platinum-based
chemotherapy as first-line treatment when stratified
for TP53 and KRAS mutation status (Fig. 4). Neither did
we detect any correlation between these mutations and
PFS or OS (Supplementary Fig. 2).

Our study has several limitations. By covering only the
first 1.5 years of testing within our health care region, the
cohort is small, despite being consecutive and population
based. Larger patient groups could potentially have
enabled the identification of correlations between clinical
and mutational profiles, for example, regarding metastatic
patterns or the predictive potential of co-occurring al-
terations. Furthermore, information in patient files about
heredity and exposure was limited and worth improving,
considering different causes and possible stratification of
tumors and mutational patterns. More important,
although heredity was rarely noted in patient files, 35
patients (5.8%) in our cohort reported that they had a
first-degree relative with lung cancer. This information on
unconfirmed lung cancer diagnoses should be carefully
interpreted. Nevertheless, this still indicates that the
patterns of lung cancer heredity are important to identify
and could potentially serve as future indicators needed
for lung cancer screening, which is now impending for
high-risk groups (primarily smokers or former smokers).

To summarize, in this population-based lung cancer
cohort with well-characterized follow-up, MPS by a 26-
gene exon-focused panel of common oncogenes and tu-
mor suppressors in cancer revealed alterations in 92% of
the tumors but could not predict metastatic patterns,
chemotherapy responses, or patient survival. For most
mutations covered by this panel, we confirmed low fre-
quencies, whereas EGFR, KRAS, and TP53 alterations were
also frequently detected. The impact of individual as well
as co-occurring mutations on clinical features deserves
further study. In conclusion, the increasing importance of
MPS as predictor of response to targeted therapies is
indisputable, but, at least for the gene panel size used in
our study, its role in prognostics or as predictor of
clinical course in nontargetable lung cancer may be
limited and requires further extended investigations.
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