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Abstract An estimated 10–25% of lung cancers worldwide occur in never smokers, i.e. indi-
viduals having smoked less than 100 cigarettes in their lifetime. Lung cancer in never smokers
(LCINS) is more frequent in women, although large geographic variations are found. Histo-
logically, adenocarcinomas predominate.
The mere existence of LCINS suggests that risk factors other than smoking must be present.
Exposure to environmental tobacco smoke (particularly in women) and exposure to work-
place carcinogens (particularly in men) are the two most important alternative risk factors.
However, a history of either is absent in more than a third of LCINS. The large proportion
of women in LCINS suggest a hormonal element that may interact with other identified fac-
tors such as hereditary risks, a history of respiratory infections or disease, exposure to air pol-
lution, cooking and heating fumes, or exposure to ionising radiation.
The study of genomic polymorphisms finds constitutive DNA variations across subjects accord-
ing to their smoking status, particularly in genes coding for enzymes that participate in the
metabolism of certain carcinogens, in those coding for DNA repair enzymes, or in genes asso-
ciated with tobacco addiction, or inflammatory processes. The type of molecular mutation in
p53 orKRAS varies with smoking status. EGFRmutations are more frequent in never smokers,
as are EML4-ALK fusions. The mutually exclusive nature of certain mutations is a strong argu-
ment in favour of separate genetic paths to cancer for ever smokers and never smokers.
In the present paper we review current clinical and molecular aspects of LCINS.
� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Tobacco use is the oldest1 and most well-established2

risk factor for lung cancer. However, this malignancy
occurs in a very small number of patients who have no
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history of smoking. Lung cancer in never smokers
(LCINS) has only been described in detail in the past
5 years3–5 and its frequency is increasing according to
some authors. LCINS has been found to be accessible
via targeted treatments, and thus has become the subject
of major research.6,7 The present article focused on pro-
viding an in-depth literature review of LCINS.

A ‘never smoker’ is commonly defined as an individ-
ual who has smoked less than 100 cigarettes over his or
her lifetime. Never smokers are thus differentiated from
‘ever smokers’ (more than 100 cigarettes over their life-
time), who are normally sub-categorised as either ‘ex-
smokers’, i.e. those who have currently and completely
stopped smoking for more than 1 year, and ‘current
smokers’, i.e. those who currently smoke or have quit
for less than 1 year.3,8 The concept of ‘light smoker’
lacks clarity and is debatable, as there is no tobacco
threshold effect for the risk of lung cancer. In IPASS
study, authors have defined light smokers as people
who have smoked less than 10PY in their lifetime and
quit smoking since at least 15 years.9 This cut-off value
seems henceforth too high. Although no official defini-
tion has been established, a history of less than 5
pack-years is now commonly thought of as light smok-
ing. Debate continues on where the reported incidence
of LCINS in recent years represents a true increase. In
2001, Bofetta et al. observed a significant increase in
the incidence of LCINS in a Swedish cohort: from 1.5/
100 000 in 1976–1980 to as much as 5.4/100,000 in
1991–1995.10 Their results seemed to confirm earlier
observations suggesting a progressive increase in LCINS
since the 1930s11,12 and the emergence of non-tobacco
related lung cancer risks. However, in a large analysis
of cohorts and registries, Thun et al. observes no signif-
icant temporal trend in LCINS incidence and mortality
among United States of America (US) never smokers
from 1959 to 2004.13,14 The authors of a recent work
found a decrease incidence in men but increase in
women when compared to the preceding generation.15

Leaving methodology debates aside, an increase in
LCINS incidence could be real, or the result of the
decrease in the proportion of ever smokers in some
strata of the general population, and/or ageing within
these categories.16

The World Health Organisation estimates that 25%
of lung cancer worldwide occurs in never smokers.17

This percentage is probably closer to 10–15% in Western
countries. However, LCINS proportions vary widely,
from more than 50% in women in Southeast Asia, to
approximately 2–6% in men in Western series.3,8,18 If
considered as an independent entity, LCINS is the 7th
largest cause of cancer-related mortality in the world19

and a top-ten cause of death in the United States.14,20

In France a study of the Bas Rhin registry found LCINS
proportions of 1.4% and 28.9% respectively in men and
women21; within the KBP-2000 study, these proportions
were 2.5% and 32.3%.22 Comparing these results to

cancer mortality estimations for France in 2011,23

LCINS represents the 3rd-leading cause of death by can-
cer in women. At the European level, data from the
European Cancer Observatory24 show that LCINS is
the 17th cause of cancer mortality (9th for women, see
Supplementary Fig.1). There is thus a considerable geo-
graphical effect, particularly in women, for LCINS.
Indeed, the malignancy is more frequently diagnosed
in Asia than it is in the United States, and more fre-
quently in the United States than in Europe. However
its ethnic/genetic attributes and/or environmental fac-
tures remain unknown.3

2. Clinical and pathological presentation

In all LCINS series, women are systematically over-
represented.3,5,6,8,25 Mortality rates in female patients
are of the same as for male patients.14

Contradictory data exist concerning age and
diagnoses of LCINS, with some authors reporting the
cancer’s penchant for older patients, while others find it
in significantly younger patients. The data from several
French studies tend to illustrate a predominance of
LCINS in advanced-age patients. In the KBP-2000
study, the proportion of never smokers was 5.3% before
70 years of age, and 11.2% after.22 The IFCT 0202 study
on lung cancer in elderly patients found an overall
proportion of 11.2% for never smokers with an age-pro-
gressive increase in frequency: from 7.2% in patients aged
70–74 years to 17.2% in patients over 80.26 Conversely, a
younger age at diagnosis was found in several Asian ser-
ies, which may illustrate different carcinogenic mecha-
nisms. Tho et al. found a mean age at diagnosis of
62 years for never smokers (compared to 72 and 67 for
ex-smokers and current smokers, respectively).4

Kawaguchi et al. reported that patients aged less than
59 years with lung cancer are more frequently never-
smokers than ever smokers.27

Small-cell lung cancer is very rare in never smokers.28

In non-small cell lung cancer (NSCLC), the most fre-
quent histological type is adenocarcinoma. An analysis
of 17 published studies found 3.4 times more adenocar-
cinomas than squamous cell carcinomas in LCINS
patients (p < 0.0001),3 confirming numerous findings
from other studies.4,5,8,18,25

3. Lung cancer risk factors other than smoking (Table 1)

Lung cancer in individuals who do not smoke obvi-
ously suggests the existence of risk factors other than
tobacco (Table 1).3,8,18,29 These other risk factors are
in no way found exclusively in never smokers; indeed,
different risk factors, related or not to smoking, are fre-
quently associated and sometimes cumulative or syner-
gic. Several epidemiological studies have identified
several factors associated with risk of lung cancer. From
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those, most are linked to pollution: occupational, envi-
ronmental (including second hand tobacco smoke) and
domestic.

Unfortunately, data are lacking on the relative
importance of these alternative risk factors. In 2009,
Clément-Duchêne et al. found that 63% of lung cancers
in a French cohort of 67 never smoking lung cancer
patients were due to environmental tobacco smoke
(ETS) and occupational exposure to carcinogens. Those
authors also found that gender was an important ele-
ment of these two particular risk factors: 78.6% of
women were exposed to environmental tobacco smoke
versus 21.4% of men (p < 0.0001), and conversely
48.6% of men were exposed to occupational carcinogens
versus 9.4% of women (p < 0.0005). However, they also
found that 40% of LCINS in men and 31.2% in women
were due to other causes.30

3.1. Exposure to environmental tobacco smoke

Today, the association between exposure to ETS and
lung cancer has been largely demonstrated.31 The
authors of a 1997 meta-analysis on passive smoking in
couples, found an odds ratio (OR) of 1.26 (95% confi-
dence interval (95% CI) = 1.07–1.47) and a linear rela-
tion between cancer risk and both the quantity of
cigarettes smoked by the smoking partner and the dura-
tion of exposure.32 Their observations converge with
those of other authors who also found residential.33,34

or workplace35 exposure to ETS to be linked to a risk
of cancer. Recently, a study on data from 192 countries
reported that 40% of children and approximately a third

of never-smoker adults were exposed to ETS in 2004. In
that same year, more than 600,000 deaths (including
21,400 lung cancers) were attributable to exposure to
ETS, thus representing 1% of worldwide mortality.36

These observations are also supported by biological
data. For example, some authors have found that EGFR
gene mutations are inversely proportional to exposure to
ETS,37 and others that in utero exposure to ETS may
cause hypermethylation of some promoter genes.38 Fur-
thermore, tobacco metabolites have been found in 90%
of urine samples from children with parents who
smoke.39 Finally and more recently, Authors of an
Asian study observed differences in the frequencies of
certain molecular abnormalities that may be explained
by different levels of exposition to ETS.40

3.2. Occupational exposure to carcinogens

Respiratory system cancers are the most frequent
occupationally-acquired malignancy. In France, occu-
pational lung cancers are under-reported despite a legal
requirement for their declaration and the availability of
decision support tools.41 The International Agency for
Research on Cancer (IARC) recognises numerous pul-
monary carcinogens, of which asbestos, crystalline sil-
ica, radon, polycyclic aromatic hydrocarbons (PAHs)
and certain heavy metals are the most well-established.42

The list of lung carcinogens evolves constantly. For
example, a recent pooled analysis of 11 studies strength-
ened evidence for a causative role of exposure to diesel
motor exhaust in the development of lung cancer
(OR = 1.31 [95% CI = 1.19–1.43]).43

Table 1

Principal risk factors (excluding occupational exposure) of lung cancer and corresponding estimated risks as reported in the studies analysed in the

present review.

Risk factor Estimated risk(95% confidence

interval)

Population Ref.

Family history OR = 1.40 (1.17–1.68) Never smokers (meta-analysis) 147

Use of menopausal hormone replacement

therapy

OR = 1.76 (1.072–2.898) Women, never-smokers, adenocarcinoma,

(meta-analysis)

57

Environmental tobacco smoke OR = 1.26 (1.07–1.47) Never smokers (meta-analysis) 32

Domestic radon exposure 10.6% (0.3–28.0) per increase of

100 Bq/m3
Never smokers (meta-analysis) 61

Air pollution – increase of 10 lg/m3 in PM2.5 HR = 1.24 (1.12–1.37) General population 66

Air pollution – increase of 10 ppb in SO2 HR = 1.26 (1.07–1.48) General population 66

Air pollution – increase of 10 ppb in NO2 HR = 1.17 (1.10–1.26) General population 66

Cooking oil fumes OR = 2.12 (1.81–2.47) Women, never smokers, Chinese (meta-

analysis)

67

Smoke from domestic combustion for heating

and cooking

OR = 1.22 (1.04–1.44) General population, Europe 70

Patient history of tuberculosis RR = 1.90 (1.45–2.50) Never smokers (meta-analysis) 81

Patient history of COPD/emphysema/chronic

bronchitis

RR = 1.22 (0.97–1.53) Never smokers (meta-analysis) 81

Patient history of parenchymal infection RR = 1.36 (1.10–1.69) Never smokers (meta-analysis) 81

Low socioeconomic status RR = 1.65 (1.19–2.28) General population (meta-analysis) 78

High intake of fruit OR = 0.60 (0.46–0.7) General population but higher in current

smokers

85

OR = Odds ratio, HR = Hazard ratio, RR = Relative Risk, COPD = Chronic Obstructive Pulmonary Disease.
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3.3. Hormonal factors (women)

The predominance of women among never-smoker
lung cancer patients suggests a role for hormones. Oest-
rogen receptors (ER) a and b are expressed more fre-
quently in cancerous lung tissue than in normal lung
tissue. Conversely, progesterone receptors are less fre-
quently expressed in cancerous tissue. Evidence suggests
that the expression profile of these receptors may also be
correlated with outcome.44 ER-a seems correlated to
worse prognosis in irradiated patients.45 ER-b, contrary
to ER-a, is more frequently isolated in adenocarcinoma,
and in vitro studies have evoked its possible role in
tumoural proliferation.46 Other studies have found that
ER-b is more frequently expressed in women and in
never-smokers47 as well as in certain adenocarcinoma
subtypes.48 Patients strongly expressing ER-b were
found to have a higher frequency of EGFR mutation
and better survival when treated with tyrosine-kinase
inhibitors (TKI).49 However, the ER-b-coding ESR2

polymorphism does not appear to be associated with a
risk of cancer.50

The association between post-menopausal hormone
replacement therapy (HRT) and lung cancer risk is still
being debated. No link was found in a recent study of
60,000 California (US) teachers, the results of this cohort
confirming those of the Nurses’ Health Study.51,52 How-
ever, another study on a prospective cohort of 35,000
women demonstrated a duration-associated risk in
patients receiving oestrogen + progestin, with a large
risk appearing after 10 years of treatment.53 These latter
findings were concordant with those of another prospec-
tive cohort study on 90,000 Canadian women.54 Adding
to the debate, the Women’s Health Initiative trial (com-
paring HRT against placebo in more than 16,000
women) did not find a significant increased incidence of
lung cancer in the HRT arm, but did find a significant
increase in lung cancer mortality, with no notable effect
attributable to smoking status.55 Another clinical study
found only a non-significant increase in lung cancer in
women HRT treatment.56 A recent meta-analysis did
not find a global increase in risk. It did however report
an increased risk in never-smoker women with adenocar-
cinoma who had or were receiving hormone therapy
(OR = 1.76 [95% CI = 1.072–2.898]).57

The role of hormonal contraceptives is also contro-
versial. In the English cohort (107,000),52 an elevated
risk of lung cancer (HR = 1.22 [95% CI = 1.05–1.42])
was found in women with a greater than 5-year history
of hormonal contraception use; this however was not
found in the Canadian cohort (89835).54

Nulliparity did not appear to be associated with an
increase in risk, although parity greater than 5 did in
the Canadian cohort (HR = 1.42 [95% CI = 1.06–
1.88]). Conversely, in the English cohort, increased par-
ity appeared to offer a protective effect in never smokers.

The findings of the two studies were also contradic-
tory concerning the effect of age at first birth in never
smokers, with the Canadian study finding reduced risk
in women who gave birth for the first time after the
age of 30 and the English study increased risk.

More recently, a study using the American NIH-
AARP cohort (180,000 women) found a reduced risk
of cancer when age at menarche was greater than 15
(compared to menarche before 15). Conversely, an
increased risk was found in women with early meno-
pause (natural or the result of surgery), although this
was particularly true for ever smokers. The associations
between lung cancer and parity, age at first birth, and
hormone use were not found in the NIH-AARP
cohort.58 Finally, a study has also reported a decreased
incidence of lung cancer in women having undergone
anti-oestrogen therapy for breast cancer.59 Taken as a
whole these data suggest there may be a role for sexual
hormones, particularly oestrogens, in lung cancer in
women.

3.4. Environmental exposure to radon

Radon was established as a risk factor for lung cancer
through studies on exposed professionals, for example
uranium miners.60 In the absence of other causes of
death, the risk of lung cancer for never smokers exposed
to concentrations of 0, 100 and 400 Bq/m3 of radon are
respectively 0.4%, 0.5% and 0.7%. In ever smokers, these
risks are approximately 25 times greater.61 These results
are in keeping with those of an American Cancer Society
study reporting an increase in risk of 34% (95% CI = 7–
68%) for people exposed to radon above the threshold
value of 148 Bq/m.362

3.5. Air pollution

Several studies have reported an increase in cancer
risks as a function of exposure to certain air pollution
components. It is furthermore estimated that 1–3.6%
of lung cancers in Europe may be linked to atmospheric
pollution (as much as 5–7% in never smokers).63–66

3.6. Household fumes

Exposure to household fumes groups the inhalation
of cooking oil vapours and the particles emitted by
domestic use of coal for cooking and heating. This type
of exposure has been studied particularly in China,
where traditional cooking practices use highly heated
oils often in a poorly or unventilated kitchen. In partic-
ular, the smoke from these oils contains known carcino-
genic PAHs and aldehydes.3 The authors of a Chinese
meta-analysis found an OR of 2.12 (95% CI = 1.81–
2.47) in never-smoker women.67 The authors of another
study in China found that installing chimneys on
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household stoves led to a significant reduction in lung
cancer incidence and a reduction in relative risk (RR)
in a cohort of 22,000 people.68,69 These largely Chinese
results were also found in Europe in an IARC case-con-
trol study that looked at the use of coal, charcoal and
other solid fuels such as wood and dung for cooking
and heating in rural communities; they found an OR
of 1.22 (95% CI = 1.04–1.44) with length of exposure
having a significant effect on risk augmentation.70

3.7. Infectious factors

The association between infection, inflammation and
cancer risk is well-established. It is estimated that approx-
imately 25% of cancers involve viral infection. In lung
cancer, the roles of several pathogens have been studied.

Human papillomavirus (HPV) is a well-known car-
cinogen in a particularly virulent form of head and neck
cancer in never smokers. The authors of a 2001 Taiwan-
ese study on 141 lung cancer patients (versus controls)
found that HPV types 16 and 18 were more frequently
present in tumorous lung tissue than in healthy lung tis-
sue. The frequency at which HPV was found in tumours
appeared to be higher in never-smoker patients aged
more than 60 years.71 However a recent Italian study
using PCR techniques found no tumours positive for
HPV in their large study population.72

Studies continue to demonstrate that infection with
Mycobacterium tuberculosis is associated with a risk of
lung cancer (RR = 1.74 [95% CI = 1.48–2.03]), indepen-
dently of smoking status.73–75 Recently, a Chinese team
shows that patients with pulmonary adenocarcinoma
who had scar cancer or had old TB lesions had a higher
probability of having EGFR mutations, especially exon
19 deletions.76

3.8. Socioeconomic status

The results of a 2009 meta-analysis, appear to con-
firm the association of low education and revenue levels
with an increased risk of lung cancer (after adjustment
for smoking, OR = 1.65 [95% CI = 1.19–2.28]).77 Fur-
thermore, a low socioeconomic status has also been
shown to be a factor for poor disease outcome and poor
access to healthcare.78,79

3.9. Other medical history

Certain patient medical factors have received scrutiny
for a possible role in increasing the risk of lung cancer.
When limited to never smokers, the relative risk for the
trio COPD/emphysema/chronic bronchitis is not signif-
icant (RR = 1.22 [95% CI = 0.97–1.53]), but remained
significant for those with a history of pneumonia
(RR = 1.36 [1.10–1.69]) or tuberculosis (RR = 1.90
[1.45–2.50]).80,81

The association between a history of organ transplan-
tation and the development of solid cancers including
lung cancer, has been well-established.82 Lung cancer
is the second most-frequent extra-hepatic cancer in cir-
rhosis patients83 and the most frequent second cancer
after a non-Hodgkin lymphoma.84

3.10. Dietary factors, alcohol and diabetes

The EPIC prospective study found a significant
inverse association between fruit consumption and lung
cancer risk: the hazard ratio for the highest quintile of
consumption relative to the lowest being 0.60 (95% CI
0.46–0.7). This association was strongest among current
smokers.85 In never smokers, a recent meta-analysis,
suggests that there is no association between lung cancer
risk and alcohol consumption.86 Other finding suggests
that some kind of dietary pattern could affect lung can-
cer risk in never smokers.87

Diabetes mellitus seems to be an independent risk
factor for lung cancer.88–90 In the same manner, it
appears to be a risk of local recurrence and poor sur-
vival91,92 in some observations and, a factor for better
survival in others.93 There is much interest in the role
of metformin in lung cancer and other tumours. Indeed,
recent paper shows that use of this medic is associated
with better prognosis.

4. Innate molecular abnormalities – genetic susceptibility

to lung cancer (Table 2)

4.1. Genomic polymorphisms(Table 2)

Polymorphisms of genes involved in carcinogen
metabolism are very relevant and productive for smok-
ers with lung cancer.

Two polymorphisms in exon 7 of CYP1A1, the sub-
stitutions T3801C (MspI) and A2455G (Ile462Val), are
linked to an increased risk of lung cancer.94 Specifically
in Caucasian never smokers (in data pooled from 14
studies) there was a significant effect for the Ile462Val
mutation (OR = 2.21 [95% CI = 1.12–4.37]) but a non-
significant effect for the MspI mutation. 95 The Leu432-
Val polymorphism on CYP1B1 also appears to be asso-
ciated with an increased risk of lung cancer (OR = 1.26
[95% CI = 1.04–1.51]) irrespective of smoking status.96

The glutathione S-transferase GSTT1 null genotype

when combined with other genomic alterations (particu-
larly with CYP1A1 variations), may confer an increased
risk of lung cancer in never smokers (OR = 4.67 [95%
CI = 2.00–10.9]).95,97

Polymorphisms of genes involved in DNA repair has
focused on genomic polymorphisms implicated in base
repair (XRCC1, OGG1), nucleotide repair (ERCC1 and
ERCC2), double-strand break repair (XRCC3) and mis-
match repair (MLH1, MSH2).3 In 2003 Zhou et al.

S. Couraud et al. / European Journal of Cancer 48 (2012) 1299–1311 1303



reported that the Arg399Gln polymorphism of XRCC1
was associated with increase in lung cancer risk
(OR = 1.3 [95% CI = 1.0–1.8]). The OR increased as
the number of pack-years decreased, suggesting that
the polymorphism represented a risk factor for never
smokers (OR = 2.4 [95% CI = 1.2–5.0]) while providing
a protective effect for ‘heavy’ smokers (OR = 0.5 [95%
CI = 0.3–1.0]). Their observations may suggest an upreg-
ulating effect on the promoter of the XRCC1 Arg399Gln
variant by tobacco carcinogens (a sort of ‘enzymatic
induction’) favouring DNA lesion repair. This expres-
sion differential may also be augmented by the presence
of the Asp312Asn (exon 10) and Lys751Gln (exon 23)
polymorphisms of ERCC2 (XPD).98 The Arg399Gln
allele of XRCC1 associated with an epidermal growth
factor receptor (EGFR) mutation and response to gefiti-
nib in never smokers has been disputed,99–101 suggesting
that the initial efforts may not have been sufficiently
dimensioned. The ERCC2, Lys751Gln polymorphism
is associated with increased lung cancer risk in ever
smokers only. The ERCC2 Asp312Asn polymorphism
however is associated with increased risk in ever smokers

in some studies and in never smokers in others.102,103 Lo
et al. recently detected an abnormality in the promoter of
MLH1 that appeared to be associated with lung cancer
risk, in GG genotype never smokers (OR = 1.64 [95%
CI = 1.10–2.44]). Furthermore, those authors found an
association between MLH1 and passive smoking, with
risks appearing to increase as ETS exposure increases.
Conversely, they found no associations for MSH2 poly-
morphisms.104 Great caution is needed in interpreting
these results because of the small number of study sub-
jects. Other authors have reported that individual
DNA repair capacities may be measurable using blood
tests. In a cohort of never smokers, Gorlova et al.
showed that suboptimal levels of DNA repair capacity
resulted in elevated lung cancer risks (OR = 1.92 [95%
CI = 1.3–2.9]), particularly in patients exposed to ETS
and those with a family history of lung cancer.105 Finally,
the expression of DNA repair proteins, notably those of
nucleotide excision repair, appears to differ in ever-smo-
ker and never-smoker cancers.106

More recently, a number of authors have begun
exploring genes involved in inflammatory responses.

Table 2

Principal genomic polymorphisms associated with a risk of lung cancer in never smokers.

Pathway Gene Protein Studied

polymorphism

OR (95%

confidence

interval)

Comments Ref.

Carcinogenic

metabolism

(polycyclic

aromatic

hydrocarbons,

nitroaromatics,

arylamines)

CYP1A1 Enzyme involved in early

(phase 1) metabolism steps

T3801C (MspI) NS Role in hormone-

dependent cancers?

95

A2455G

(Ile462Val)

2.21 [1.12–4.37] 95

GSTM1 Enzyme involved in late

(phase 2) metabolism steps

(conjugation)

Null genotype NS If associated with

the Ile462Val

polymorphism of

CYP1A1, OR= 4.67

[2.00-10.9].

Role in cancers

before the age of 50?

95

148

NQO1 Phase 1 and 2 enzyme Pro187Ser NS 149

DNA repair XRCC1 DNA base repair enzyme Arg399Gln 2.4 [1.2–5.0] Protective factor in

‘heavy’ smokers

(relation dose / odds

ratio) Expression

differential increased

in the presence of

ERCC2 Asp312Asn

and Lys751Gln

polymorphisms

98

ERCC2

(XPD)

Nucleotide repair enzyme Lys751Gln and

Asp312Asn

NS 101

103

MLH1 Mismatch repair enzyme GG Genotype 1.64 [1.10–2.44] Role in cancers

caused by exposure

to environmental

tobacco smoke?

150

Inflammation

pathways

IL10 Inflammation mediator TT genotype of

rs1800871

2.5 [1.3–5.1] 107

TNF CC genotype of

rs1799964

0.36 [0.17–0.77] 107

IL1-ß-31T/C TT genotype 2.24 [1.15–4.38] If associated with

atopy, asthma,

chronic cough

108

IL1-RN Allele *2 VNTR 5.09 [1.39–

18.67]

108

IL6 Allele 634 G 1.44 [1.07–1.94] 108
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Among these, the TT rs800871 polymorphism of the
IL10 gene may be associated with an increased risk in
never smokers, whereas the CC rs1799964 polymor-
phism of TNF may confer a protective effect.107 The
authors of another report illustrated a novel link
between chronic inflammatory lung disorders (tubercu-
losis, atopy, asthma, chronic productive cough), poly-
morphisms of inflammation genes and the risk of lung
cancer. They found that risk increases when at least
one of these conditions is present and accompanied by
certain polymorphisms of IL1 or IL-6108 suggesting a
role for chronic inflammation in LCINS. Inflammation
has been clearly linked to other malignancies such as
colorectal cancer. One cannot help but see similarities
between the predominantly transition-type mutations
(in particular for p53 and RAS) seen in these other can-
cers and those observed in LCINS, giving credence to
the ‘inflammatory hypothesis’ of carcinogenesis.

4.2. High speed genomic studies

More recently, automated exploratory techniques
have enabled genomic polymorphism studies using ultra
high speed DNA chips to analyse nucleic acids taken
from lymphocytes to find single nucleotide polymor-
phisms (SNP).109 This approach has permitted the iden-
tification of several loci where variants are associated
with a risk of lung cancer.110–115

5p15.33: comprises the genes CLPTM1L and
hTERT. This locus may be directly associated with a

risk of lung cancer in Asian never-smoker women.116,117

The implication of an hTERT gene polymorphism is
interesting because loss of telomerase activity in adult
somatic cells results in cellular and organism ageing.
Normal telomerase regulation is important for the
homoeostasis of adult tissues (avoiding the emergence
of cancerous cells). Conversely, malignant cells re-
express telomerase in more than 80% of cases. In a
recent work comparing 229 lung cancer cases with con-
trols, Shen et al. demonstrated that the association of
telomere length and lung cancer risk was particularly
significant in ever smokers.118

13q31.3: is the most recent locus to be associated with
lung cancer. The association of variants in this locus
with lung cancer was initially reported in the first gen-
ome-wide study carried out specifically in a population
of never smokers, with an OR of 1.46 (95% CI = 1.26–
1.70).119 The detected variant, rs2352028, was situated
in GPC5, whose expression is down-regulated in adeno-
carcinomas. GPC5 is implicated in FGF signalling path-
ways. A second larger study failed to confirm the
findings.120 Ahn et al. recently identified a lung cancer
susceptibility locus in a small number of Korean never
smokers at 18p11.22.121

4.3. Chromosome aberrations

Chromosome aberrations, e.g. loss of heterozygosity
or allelic alterations, are frequently found in all cancers.
Several recent studies have illustrated differences in the

Fig. 1. Pooled data from several studies on biomarker mutations according to smoking status in American (A, B and D) and Asian (C) patients

(Adapted from Ref.7,40,145,146). *HER2 is not tested in Sequist’s study145 and NRAS is not tested in Ortiz’s series146 – ¤includes 4/28 concurrent

PIK3CA/EGFR mutations and 7/28 concurrent PIK3CA/KRAS mutations – includes four concurrent EGFr/PIK3CA mutations in Sun’study.7
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frequency and type of chromosome aberrations found in
ever smokers and never smokers – overall chromosome
aberrations are more frequent in ever smokers.122

5. Acquired molecular abnormalities – gene-environment

interaction

5.1. Somatic mutations (Fig. 1)

5.1.1. P53 mutations

There is a linear relation between p53 mutation risk
and tobacco consumption123; mutations are thus rarer
in never smokers (10–47%) than in ever smokers (26–
71%).124 Additionally, the spectrum and type of muta-
tion differ according to smoking status: G to T transver-
sions are more frequently found in ever smokers,
whereas G to A transitions and G to C transversions
are more common in never smokers.123,124 Finally, it is
interesting to note that p53 mutations are more frequent
in never-smoker patients exposed to ETS than in those
not exposed to ETS.125,126

5.1.2. EGFR family mutations

These mutations are found more frequently in
women, particularly Asian women, with adenocarci-
noma and especially never smoker status.7,127 Fig. 1
shows that the frequency of EGFR mutations varies
across groups and subgroups, from a low of 5% in
American current smokers, to 28% in American never
smokers and on to a high of 68% in Asian never smok-
ers. Interestingly, the frequency of EGFR mutations has
been shown to be inversely proportional to exposure to
ETS in never smokers.37 Together, these data place
EGFR mutation as the first molecular biomarker specific
to LCINS.3,122

HER2 is another member of the EGFR family that is
overexpressed in 10 to 20% of non-small cell lung cancer
(NSCLC). 128,129 Mutations are found in the ErbB2

functional kinase domain in approximately 2% of cases
of NSCLC. They appear to be significantly more fre-
quent in adenocarcinomas, never smokers and women.

5.1.3. KRAS mutations

KRAS mutations are found in 20–30% of NSCLC
cases, predominately in adenocarcinomas. Conversely,
it is now widely agreed upon that KRAS mutations are
much more frequently encountered in ever smok-
ers,3,122,130,131 although they may be found in never
smokers as well (0–15% of adenocarcinomas).132 How-
ever, as is the case for p53, the mutational profile appears
to differ greatly according to smoking status: G to T
transversions are more common in ever smokers,123

whereas G to A transitions are seen more frequently in
never smokers.133 KRAS and EGFR mutations are gen-
erally mutually exclusive,134 underlining their ordered
participation in a intracellular signalisation pathway,

and suggesting different oncogenic mechanisms in lung
cancer as a function of smoking status: tobacco carcino-
gens seem to be directly responsible for KRAS muta-
tions, whereas the cause of mutations in EGFR, found
particularly in never smokers, is currently not clear.3

5.1.4. ALK rearrangements

The tyrosine kinase anaplastic lymphoma kinase
(ALK) is not normally expressed in pulmonary tissue.
EML4-ALK is present in 3–11% of NSCLC and is more
frequent in adenocarcinomas of never smokers (Fig. 1).
It has been found to be usually mutually exclusive of
EGFR and KRAS mutations, suggesting ALK involve-
ment downstream of EGFR and KRAS in the signalling
pathway. Conversely EML4-ALK may be associated
with p53 mutations.135–138

5.1.5. Other molecular abnormalities

Phosphatidylinositol 3-kinase (PI3-K family) is an
enzyme that is activated by tyrosine kinase membrane
receptors and involved in intracellular signalling path-
ways. The mutant gene is detected mainly in adenocarci-
nomas and in ever smokers.139

The GTPase of RAS is bound preferentially by the
kinase B-RAF. This latter then initiates the phosphory-
lation cascade of MAP kinases. In NSCLC, the fre-
quency of B-RAF mutations is 1–3%.122,140,141 These
mutations have been reported only in adenocarcinomas.
A recent study concluded that B-RAF mutations may
occur with much greater frequency in ever smokers,142

but the pooled data in Fig. 1 suggest the opposite, i.e.
a greater frequency in never smokers.

Protein kinase B is activated by PI3K in the cell sur-
vival (anti-apoptotic) regulatory pathway. Protein
kinase B is coded by the AKT gene, where mutations
are reported in 1% of NSCLC, most frequently in squa-
mous cell lung carcinomas in Caucasian populations. To
date, no difference according to smoking status has been
reported.140

MEK1 (or MAPKK1) is a kinase involved in the sig-
nalling cascade downstream of BRAF (MAP kinases
cascade). Approximately 1% of NSCLC present MEK1

mutation, only in adenocarcinomas. A difference in fre-
quency as a function of smoking status has not been
reported.122

Finally, LKB1 is a tumour suppressor gene. Its muta-
tions occur with greater frequency in adenocarcinomas,
especially in ever smokers.122,143

5.2. Epigenetic abnormalities

A number of epigenetic mutations have also been
shown to be associated with lung cancer. The most
widely studied is cytosine hypermethylation in the pro-
moters of certain genes. Cytosine hypermethylation is
the mechanism the most frequently implicated in altered
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genetic expression in lung cancer, and appears further-
more to be dependent on smoking status. Methylation
in the promoters of RASSF2, TNFRSF10C, BHLHB5

and BOLL is more frequent in never smokers.144

6. Conclusion

Lung cancer in never smokers is a distinct medical
entity that is more frequent in women than in men and
in certain geographical regions than in others (Asia >
North America > Europe). Pollution (including environ-
mental tobacco smoke and occupational exposure) is an
important factor in this population. Close to 50% of
never-smoker patients present molecular mutations that
may be treatable currently or in the near future via tar-
geted therapies compared to potentially 10% of ever
smokers.

The genomic and molecular particularities support
the definition of lung cancer in never smokers as a dis-
tinct medical entity.
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Résumé Environ 5 à 25 % des cancers bronchopulmonaires (CBP) dans le monde surviennent
chez des non-fumeurs (moins de 100 cigarettes dans la vie). Pour beaucoup, il s’agit d’une
entité à part en raison de ses particularités cliniques, épidémiologiques et moléculaires.
Il s’agit en outre d’un excellent modèle pour l’étude des facteurs de risques de CBP et
des mutations tumorales somatiques (habituellement plus fréquentes et singulières dans
ce cas). Pourtant, il s’agit d’une forme peu documentée et dont les données proviennent
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Non-fumeur ;
Cancer bronchique

d’études rétrospectives et/ou sur des populations asiatiques alors qu’il s’agit d’une maladie
avec une labilité géographique importante. BioCAST/IFCT-1002 est une étude épidémiologique
multicentrique nationale dont l’objectif est de décrire les caractéristiques cliniques, molécu-
laires et génomiques d’une population occidentale de patients non fumeurs atteints de cancer
bronchique. Le recueil des données est basé sur un questionnaire standardisé complété lors
d’un entretien téléphonique individuel avec le patient et sur des données collectées auprès
des investigateurs. Un prélèvement sanguin est réalisé à chaque patient en vue de l’analyse
des polymorphismes génomiques sur ADN constitutionnel et de la caractérisation d’anomalies
épigénétiques. BioCAST souhaite pouvoir apporter des réponses concrètes aux nombreuses
interrogations que suscite cette situation clinique commune.
© 2013 SPLF. Publié par Elsevier Masson SAS. Tous droits réservés.
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Lung cancer

Summary Around 5 to 25% of lung cancer worldwide occurs in lifelong non-smokers (less than
100 cigarettes in lifetime). Lung cancer in never smokers (LCINS) shows many clinical, epide-
miological and molecular differences compared to those related to tobacco. It is therefore
often considered as a separate entity. LCINS is also a good model for the study of lung cancer
risk factors and tumoral mutation profiles (usually more common and specific). However, most
data has come from retrospective studies and/or from Asian populations, although this disease
shows high geographic lability. The BioCAST/IFCT-1002 is a national, multicentric, prospective
study promoted by the French intergroup IFCT. The first objective is to describe the clinical
and molecular epidemiology of LCINS in a French population. Detailed data (including exposure
to many risk factors) are collected directly from the patient through a standardized question-
naire completed during a telephone interview. All patients also undergo blood sampling for the
analysis of genomic polymorphisms and the characterization of epigenetic anomalies. BioCAST
hopes to provide concrete answers for clinicians and patients about this entity.
© 2013 SPLF. Published by Elsevier Masson SAS. All rights reserved.

Introduction et rationnel

Le cancer bronchopulmonaire des
non-fumeurs : une entité à part

Dans le monde, environ 5 à 25 % des cancers bronchopul-
monaires (CBP) —– selon l’origine géographique et le sexe —–
se développent chez des individus strictement non fumeurs
[1,2]. La définition des non-fumeurs (never smoker en
Anglais) est très stricte. Il s’agit de personnes ayant fumé
moins de 100 cigarettes au cours de leur vie. Cette défini-
tion ne laisse théoriquement pas de place à la confusion
avec les ex-fumeurs (former smoker) ayant fumé plus de
100 cigarettes dans leur vie « et » ayant stoppé tout taba-
gisme depuis au moins un an. Pour beaucoup d’auteurs,
le CBP des non-fumeurs (CBNF) est considéré comme une
entité distincte en raison, notamment, de ses différences
cliniques, épidémiologiques et moléculaires. Si le CBNF était
considéré à part, il s’agirait alors de la septième cause de
mortalité par cancer dans le monde [3], de l’une des dix pre-
mières aux États-Unis [4] et de la neuvième chez les femmes
en Europe [5].

Les CBNF sont des cancers survenant chez les femmes,
sont très majoritairement des adénocarcinomes et sont
beaucoup plus fréquents en Asie par rapport aux États-Unis
puis à l’Europe [1,5]. Les observations concernant l’âge
moyen de découverte divergent. Les auteurs asiatiques rap-
portent en effet un âge de survenue plus jeune tandis que les
observations françaises tendent à retrouver une plus grande

fréquence chez les sujets âgés [6,7]. Une hypothèse évo-
quée est qu’il existe possiblement deux pics de fréquence,
l’un chez les plus jeunes (en Asie) et l’autre chez les plus
âgés, qui pourraient rendre compte de l’exposition à des
facteurs de risque différents et donc à des mécanismes de
carcinogenèse distincts.

Les facteurs de risque alternatifs au
tabagisme actif

Le CBNF constitue en effet un excellent modèle pour l’étude
des facteurs de risque de CBP alternatifs au tabac et de
nombreux facteurs ont été individualisés. Clément-Duchêne
et al. se sont intéressés à l’exposition aux facteurs de risque
les plus fréquents auprès de 62 non-fumeurs français. On
retrouve une exposition au tabagisme passif chez 79 % des
femmes (21 % des hommes) et aux cancérogènes profession-
nels chez 43 % des hommes (9 % des femmes) [8]. Bien que
quantitativement importants, ces deux facteurs de risque
n’expliquent pourtant pas la totalité des CBNF puisque dans
40 % de cas chez les hommes et 31 % chez les femmes,
aucune exposition à l’un de ces deux facteurs prépondérants
n’est retrouvée. D’autres facteurs, parmi ceux connus pour
être à risque de CBP, sont donc probablement incriminés
dans la genèse de ces cancers. On distingue classiquement
les facteurs de risques intrinsèques parmi lesquels figurent
les antécédents de cancer bronchique chez un parent au
premier degré (particulièrement chez les patients les plus
jeunes et en présence de deux cas familiaux ou plus) et
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les antécédents personnel de tuberculose, de pneumonie ou
de maladie bronchique chronique [9,10] et les antécédents
personnels d’irradiation. La prédominance des formes fémi-
nines ainsi que la présence de récepteurs à l’œstradiol dans
les cancers bronchiques sont deux arguments forts pour
le rôle de facteurs hormonaux. Bien que les résultats des
études de cohortes et essais prospectifs divergent, il semble
bien exister une association entre CBP et exposition aux
hormones sexuelles féminines (endogène ou exogène) [5].
Parmi les facteurs extrinsèques, on distingue l’exposition à
la pollution environnementale incluant l’exposition au radon
ambiant et la pollution atmosphérique —– qu’elle soit parti-
culaire ou gazeuse —– qui serait responsable de 1,0 à 3,6 %
des cas de cancer bronchique en Europe (jusqu’à 7 % chez
les non-fumeurs) [11]. L’exposition passive au tabagisme
peut être incorporée dans cette catégorie ou bien dans la
pollution domestique regroupant également l’inhalation des
vapeurs d’huile de cuisson (cuisine frite et/ou sautée) ainsi
que des particules émises lors de la combustion des matières
solides (charbon, bois) pour la cuisine et/ou le chauffage.
Enfin, un bas niveau socioéconomique et la consommation
de cannabis sont probablement associés à un risque tandis
que la consommation de fruits et légumes et d’aliments à
base de soja pourraient être protecteur [1,5,12,13].

Un profil somatique original

L’anomalie la plus connue des CBNF est assurément la grande
fréquence des mutations somatiques de l’epidermal growth

factor receptor (EGFR) dans les tumeurs des individus non
fumeurs (45 % versus 7 % chez les fumeurs) et prédispo-
sant à l’efficacité des inhibiteurs de l’EGFR [1,5,14,15]. À
l’inverse, les mutations de V-Ki-ras2 Kirsten rat sarcoma

viral oncogene homolog (KRAS) sont beaucoup plus fré-
quentes chez les patients fumeurs et —– dans les rares cas où
elle est présente chez un non-fumeur —– il s’agit alors plus
volontiers d’une mutation de type transitions G-A au lieu
des transversions G-T habituellement retrouvées chez les
fumeurs [16]. Une inversion au niveau du bras court du chro-
mosome 2 peut provoquer la fusion du gène ALK avec le gène
EML4. Le réarrangement des gènes ALK (anaplastic lym-

phoma kinase) et EML4 (echinoderm microtubule-associated

protein-like 4) au niveau du chromosome 2 est responsable
de la création d’une protéine chimérique dotée d’une acti-
vité tyrosine-kinase activée en permanence à l’origine d’un
signal de prolifération cellulaire. Cette anomalie est pré-
sente dans 3 à 7 % des cancers bronchopulmonaires non à
petites cellules (CBNPC), particulièrement chez les patient
non- ou « petit » fumeurs [17]. v-raf murine sarcoma viral

oncogene homolog B1 (BRAF) est une kinase liant la GTPase
de RAS et constituant la principale cible de cette dernière.
Dans les CBP, la fréquence des mutations de BRAF est de
l’ordre de 1 à 3 % et il semble que cette mutation soit
beaucoup plus commune chez les fumeurs [18]. Les muta-
tions de KRAS, EGFR, BRAF et les réarrangements EML4-ALK

semblent mutuellement exclusives. Ainsi, les profils molé-
culaires somatiques des CBNF semblent donc bien originaux
par rapport à ceux induits par les carcinogènes de la fumée
du tabac. La quasi-spécificité de certains spectres muta-
tionnels ainsi que l’exclusion mutuelle de la plupart des
principales anomalies sont des arguments forts en faveur

de l’existence de deux voies d’oncogenèse différentes en
fonction de l’exposition, ou non, au tabac.

La singularité des anomalies génomique des
cancers bronchopulmonaires des non-fumeurs

L’analyse des familles à risque puis les études géno-
miques à haut débit ont permis d’identifier des anomalies
géniques selon le statut tabagique. Les études génomiques
à haut débit ont permis d’identifier des loci chromoso-
miques d’intérêt, semblant être liés au risque de cancer
bronchique. Certains de ces loci sont plus spécifiques des
non-fumeurs. Le premier locus identifié, 6q23-25, est asso-
cié au gène RGS17 (regulator of G-protein signaling 17,
impliqué in vitro dans la prolifération tumorale) et semble
conférer un risque de cancer tout particulièrement chez
les non-fumeurs [19]. Le locus 5p15.33 contenant notam-
ment le telomerase reverse transcriptase (TERT) semble
également directement lié au risque de cancer bronchique
en particulier chez la femme asiatique non fumeuse [20].
De même, les récentes avancées en matière de génétique
moléculaire et de bio-informatique ont permis la recherche
de polymorphismes génomiques liés au risque de CBP. Dans
cette approche, on distingue classiquement trois familles
de gènes impliqués dans la susceptibilité au CBP chez les
non-fumeurs : ceux des voies de métabolisme des cancé-
rogènes, ceux de la réparation de l’ADN ou encore ceux
des voies de l’inflammation [5]. À titre d’exemple, le géno-
type GG du gène MLH1 (mutL homolog 1, colon cancer,

non polyposis type 2) est associé à un risque de can-
cer bronchique chez les patients non-fumeurs uniquement
(OR = 1,64 [1,10—2,44]) ; ce risque semblant être modulé par
l’exposition au tabagisme passif [21]. De même, une étude
rapporte un lien entre une condition de syndrome inflamma-
toire bronchique chronique (tuberculose, atopie, asthme,
expectoration chronique), des polymorphismes de certains
gènes de l’inflammation (IL-1 ou IL-6) et le risque de cancer
bronchique suggérant un rôle de l’inflammation chronique
dans l’oncogenèse [22].

Le CBNF constitue donc une entité à part —– très fré-
quente en Asie et moins en Europe —– mais malheureusement
toujours de pronostic très sévère. Cette entité est éga-
lement un modèle original pour l’étude des facteurs de
risques épidémiologiques et génétiques, non liés au tabac,
des CBP. En outre, sa grande fréquence et son spectre
original des mutations tumorales en font un outil intéres-
sant pour l’étude des marqueurs tumoraux prédictifs de la
réponse à certaines thérapies ciblées. Le CBNF est pour-
tant très mal connu. La plupart des données le concernant
proviennent d’analyses de sous-groupes, d’études rétros-
pectives, de cohortes de petits effectifs et —– bien souvent —–
sur des populations asiatiques alors que l’on a montré la
grande labilité géographique de cette entité. Afin de fournir
des réponses concrètes aux questions légitimes des patients
et des soignants, souvent démunis face à cette situa-
tion clinique pourtant désormais commune, l’Intergroupe
francophone de cancérologie thoracique (IFCT) a souhaité
promouvoir l’étude BioCAST (Bio-Observatoire des cancers
bronchiques du non-fumeur) dont la présentation du proto-
cole est l’objet de cet article.
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Méthode et population

BioCAST/IFCT-1002 est une étude épidémiologique de
cohorte, prospective, multicentrique, associée à une col-
lection d’échantillon sanguin systématique.

L’objectif principal est de décrire les caractéristiques
cliniques, moléculaires et génomiques d’une cohorte de
patients non fumeurs atteints d’un cancer bronchique.
Les objectifs secondaires sont d’individualiser —– au sein
de cette cohorte —– des phénotypes cliniques (intégrant
l’exposition aux facteurs de risque) et/ou biologiques (muta-
tions somatiques et polymorphismes génomiques) en outre.

Population de l’étude

BioCAST propose d’inclure tous les CBNPC nouvellement
diagnostiqués chez des patients authentiquement non
fumeurs (ayant fumé moins de 100 cigarettes au cours de
leur vie). Les critères d’inclusion des patients sont :
• patient ayant signé le consentement et âgé de 18 ans ou

plus au moment du consentement ;
• patient nouvellement diagnostiqué pour un CBNPC ou pour

un cancer bronchique indifférencié, qu’il soit prouvé cyto-
logiquement ou histologiquement ;

• patient se déclarant comme non-fumeur (moins de
100 cigarettes fumées dans la vie) ;

• patient parlant et comprenant la langue française ou pou-
vant se faire facilement aider d’un interprète de son
entourage, dans sa langue maternelle, lors d’un entretien
téléphonique ;

• patient ayant accès à un téléphone, en institution ou à
domicile ;

• l’inclusion dans le BioCAST n’exclut pas les inclusions dans
d’autres protocoles de recherche.

Les critères d’exclusion sont :
• patient fumeur (cigarette) i.e. ayant fumé plus de

100 cigarettes dans sa vie ;
• patient non-fumeur déjà en cours de traitement pour son

cancer bronchique (l’inclusion rétrospective de patient
n’est pas autorisée).

En France, les projections de l’incidence du cancer
bronchique en 2010 sont de 26 863 cas pour les hommes et
10 016 cas pour les femmes selon l’Institut national de veille
sanitaire [23]. Le promoteur estime que le réseau de centres
investigateurs de cette étude couvre environ un tiers des
nouveaux cas de cancer bronchique en France. On estime
qu’environ 85 % des cancers bronchiques sont des CBNPC
concernés par cette étude. Les données concernant la fré-
quence du CBNPC chez les non-fumeurs en Europe sont rares.
Selon Sun et al., elle serait d’environ 10 % des CBNPC chez
l’homme et de 15 à 25 % chez la femme [1]. En France,
l’étude du registre des cancers du Bas-Rhin retrouve des
taux de 1,4 % des hommes et 28,9 % des femmes [24]. À
l’aide de ces données, il est possible d’estimer le nombre de
patients incluables durant un an : 106 à 761 hommes et 421 à
709 femmes soit un total de 527 à 1581 patients. Cela ferait
de la série BioCAST, l’une des plus importantes collections
mondiales de cancer bronchique du non-fumeur établie de
manière prospective. Lors des mises en place, les centres

investigateurs de l’étude BioCAST ont évalué leur potentiel
d’inclusion à 892 patients.

Déroulement de l’étude

Dans chaque centre ayant accepté de collaborer à l’étude,
il est demandé aux investigateurs d’essayer d’assurer un
recueil le plus exhaustif possible des nouveaux cas de CBNF
durant la période du protocole (un an).

Le patient est informé par le médecin investigateur de
l’existence, des modalités, des risques et des bénéfices de
l’étude. S’il l’accepte, il lui est proposé de signer le for-
mulaire de consentement et d’être inclus dans BioCAST. Ce
document est ensuite transmis par télécopie à un profes-
sionnel de santé géographiquement délocalisé du promoteur
(PSGD, cf. ci-après) qui enregistre le patient —– de manière
anonyme —– dans un système Extranet sécurisé. Une fois
inclus, le patient se prête à la réalisation d’un prélève-
ment sanguin en outre et se voit remettre un « questionnaire
patient » vierge afin d’en préparer les réponses à ce dernier
et de minimiser ainsi le biais de mémorisation. Pour dimi-
nuer le biais de remplissage et de classement des données
obtenues auprès des patients, la saisie des réponses à ce
questionnaire patient standardisé est confiée à un profes-
sionnel de santé unique. Après l’inclusion, celui-ci prend un
rendez-vous téléphonique avec le patient à une date qui lui
convient. Cet entretien peut bien entendu être différé ou
reporté au gré du patient. Cette mesure implique la connais-
sance, à un moment déterminé, de l’identité du patient et
de ses coordonnées. Afin de garantir l’anonymat des patients
vis-à-vis du promoteur, ce professionnel de santé est donc
géographiquement délocalisé du promoteur (PSGD). Il est
soumis au secret professionnel. L’identité des patients n’est
ainsi pas accessible directement au promoteur.

Ce questionnaire destiné au patient a été élaboré après
analyse de la littérature en utilisant, lorsqu’ils existent, des
indicateurs validés pour chacune des mesures d’exposition
aux risques :
• l’évaluation de l’exposition professionnelle utilise un

questionnaire développé par l’équipe Inserm U954 de
Nancy [25]. Ce questionnaire recueille notamment pour
chaque emploi, le métier, l’activité et l’employeur. Ces
données sont ensuite classées à l’aide de la nomenclature
française et internationale : classification Internationale
des types de professions 2008 de l’Organisation interna-
tionale du travail et nomenclature des activité française
2003 de l’Institut national de la statistique et des études
économiques. Le questionnaire évalue également les
risques spécifiques d’exposition professionnelle au tra-
vers de 70 questions ciblées. En cas de réponse positive
à l’une d’elles, le patient est invité à se prononcer sur
l’intensité du risque. Pour terminer, une question évalue
si le patient est reconnu en maladie professionnelle par
la sécurité sociale française. La profession des parents et
du conjoint est également renseignée ;

• l’index de masse corporelle, l’âge au diagnostic et le sexe
sont renseignés ;

• l’origine géographique est déterminée par le lieu de nais-
sance du patient, de ses parents et de ses grands parents ;

• le niveau socioéconomique est estimé à l’aide de
plusieurs facteurs : le niveau d’étude, la situation
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socioprofessionnelle actuelle, l’adresse du logement ainsi
que la situation familiale actuelle ;

• le tabagisme passif est évalué en paquet-année passif et
en fumeur-année (un fumeur dans l’entourage direct pen-
dant un an). L’exposition doit être supérieure à un an pour
être relevée. La mesure distingue les tabagismes passifs
domestiques (dans l’enfance et à l’âge adulte) et profes-
sionnelles ;

• la recherche d’une intoxication directe au cannabis
est également recherchée bien que celle-ci soit habi-
tuellement très liée à la consommation de cigarettes
manufacturée. Elle est mesurée en joint-année (un
joint/jour pendant un an) ;

• les antécédents médicaux personnels du patient sont
également recueillis sur une liste fermée de pathologie
comprenant entres autres, les antécédents tubercu-
leux, d’infections respiratoires ou de trouble ventilatoire
obstructif. Une question spécifique recherche des anté-
cédents néoplasiques personnels avec la date de
diagnostic, le type de cancer et son traitement. Cet item
fait également partie des données recueillies auprès de
l’investigateur afin d’en garantir l’exhaustivité et la qua-
lité ;

• les antécédents familiaux de cancer sont également
recueillis en précisant —– pour chaque cas au premier
degré —– le type de cancer et l’âge de survenue ;

• la notion d’antécédent familial de maladie génétique et
son type est renseigné ;

• la consommation d’alcool est mesurée par la consomma-
tion déclarée d’alcool en nombre de « verres standards » ;

• une partie du questionnaire concerne spécifiquement
les femmes et leur exposition aux facteurs hormonaux
endogènes : âge de la ménopause, âge aux ménarches,
parité, nombre de grossesse, âge au premier enfant,
antécédents de stimulation ovarienne et de traitement
par anti-estrogène. Pour l’apport exogène, la recherche
de prise d’hormones de synthèse est systématiquement
recueillie : type et durée de chaque contraceptif oral et
de chaque traitement hormonal substitutif de la méno-
pause. Un index comprenant une liste exhaustive de ces
traitements est fourni en appendice du questionnaire. Elle
permet au PSGD de renseigner —– lors de l’entretien —– la
dose d’œstradiol reçue ;

• l’exposition environnementale est évaluée grâce au ren-
seignement de chaque lieux d’habitation (adresse/code
postal/date et durée). Ces données seront couplées aux
données de veille concernant la pollution atmosphérique
et l’exposition au radon environnementale ;

• l’exposition à la pollution domestique est évaluée :
◦ pour les vapeurs d’huile de cuisine en plat-année (cuis-

son en friture ou sauté de un plat par jour pendant un
an),

◦ pour les fumées de combustion de chauffage et de cui-
sine, de manière déclarative pour chaque logement.

Pour compléter les données recueillies auprès des
patients, BioCAST prévoit également de collecter des don-
nées auprès des médecins investigateurs et notamment :
• le type tumoral suivant la classification de l’Organisation

mondiale de la santé [26] et la Classification inter-
nationale multidisciplinaire des adénocarcinomes [27].
La copie anonyme du compte-rendu de l’analyse

anatomopathologique et immuno-histochimique est éga-
lement collectée ;

• le stade de la maladie selon la classification UICC 7e édi-
tion [28] ;

• une copie anonymisée du compte-rendu des analyses
moléculaires tumorales réalisées de manière systéma-
tique sur les plateformes de l’Institut national du cancer
(et comprenant notamment EGFR, BRAF, KRAS et EML4-

ALK) [29] ;
• le volume expiratoire maximal en une seconde (VEMS)

exprimé en millilitres puis en pourcentage de la valeur
théorique ainsi que le rapport du VEMS à la capacité vitale
forcée (CVF), exprimée en pourcentage ;

• les antécédents médicaux personnels du patient. Il s’agit
d’une question « doublon » également posée au patient et
destinée à favoriser la qualité du recueil. De plus, cer-
taines précisions médicales (formes cliniques, types de
traitement. . .) sont considérés ici.

Lorsqu’il est inclus, et avant tout traitement anti-
néoplasique, le patient se prête à la réalisation d’un
prélèvement de sang veineux (quatre tubes de 7 mL). Les
quatre tubes sont acheminés —– par transporteur agréé —–
au laboratoire central de l’étude situé au Centre d’étude
du polymorphisme humain—Fondation Jean-Dausset (CEPH).
L’acheminement est effectué à température ambiante et
dans un délai maximal de 24 heures. Pour une collecte sur
les sites investigateurs au jour J, la livraison au laboratoire
central à donc lieu à J+1, au matin. Les prélèvements livrés
à J+1 sont immédiatement traités comme suit :
• tubes EDTA (n = 2) :

◦ isolement du plasma, aliquotage (500 �L/tube),
conservation à —80 ◦C en outre,

◦ et isolement du buffy-coat pour extraction ultérieure
de l’ADN constitutionnel et conservation à —80 ◦C ;

• tube « citraté » ACD (n = 1) : isolement des lymphocytes et
conservation en azote liquide pour l’établissement éven-
tuel de lignées lymphoblastoïdes ;

• tube « sec » : isolement du sérum, aliquotage
(500 �L/tube), conservation à —80 ◦C.

BioCAST prévoit également un référencement des échan-
tillons tumoraux en vue d’éventuelles études ultérieures.
Ces derniers pourront être collectés dans un second temps
en cas de nécessité. Les échantillons ainsi collectés seront
ensuite intégrés à plusieurs études associées. Une recherche
de polymorphisme génomique (single nucleotide polymor-

phism [SNP]) sur ADN constitutionnel sera réalisée —– en
collaboration avec le CEPH —– à l’aide de puce haut débit.
L’analyse sera particulièrement focalisée sur les gènes
connus pour être impliqués la susceptibilité au CBP chez
les non-fumeurs. Pour cette analyse, la cohorte pourra
être comparée à des cohortes d’individus fumeurs prove-
nant des collections du CEPH. Enfin, les données de cette
analyse seront couplées aux données cliniques et épidé-
miologiques pour la recherche de groupes homogènes au
sein de la cohorte de non-fumeur, dans le but d’établir
des corrélations entre génotype, exposition aux facteurs de
risque, profil des mutations tumorales et caractéristiques
anatomoclinique.

Une analyse des anomalies épigénétiques, potentielle-
ment impliquées dans le déterminisme du cancer bronchique
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est également prévue en collaboration avec l’UMR Inserm
1086 (Caen). Elle se concentrera particulièrement sur
l’hyperméthylation des promoteurs ainsi que sur les micro-
ARN (mir-21 notamment). Enfin, en collaboration avec le
Centre international de recherche sur le cancer, une étude
pilote de faisabilité d’un test diagnostique des mutations
tumorales à partir de l’ADN plasmatique (intégrant donc
une fraction d’ADN tumoral) sera réalisée. En fonction des
résultats et de la quantité de matériel restant disponible, le
comité directeur de l’étude pourra autoriser d’autres pro-
jets sur la collection (sauf opposition du patient).

Inclusion des petits fumeurs

Le terme de « petits fumeurs » (light smokers), bien que
fréquemment employé, ne fait l’objet d’aucune définition
consensuelle. Dans un article récent, Varghese et al. ont
montré que le profil mutationnel des petits-fumeurs (défi-
nis comme ceux ayant fumé moins de cinq paquet-années
et sevrés depuis au moins 15 ans) était plus similaire à
celui des ex-fumeurs qu’à ceux des non-fumeurs [30]. Nous
avons décidé d’élargir l’inclusion aux petits-fumeurs, définis
comme ci-dessus. À cet effet, un amendement a été déposé
par l’investigateur-coordonnateur de l’étude et accepté par
le conseil d’administration du promoteur en date du 28 juin
2012 et déclaré au Comité consultatif sur le traitement de
l’information en matière de recherche dans le domaine de
la santé (CCTIRS).

L’objectif de cet amendement est de déterminer que
les « petits fumeurs » peuvent être considérés comme des
non-fumeurs sur le plan clinique, épidémiologique et molé-
culaire, ou au contraire, doivent être considérés comme des
fumeurs. De même, ces données pourraient être utilisées
pour proposer une définition de cette entité, basée sur sa
comparaison avec les non-fumeurs et avec les données de la
littérature concernant les fumeurs.

Aspects éthiques et réglementaires

BioCAST a reçu l’avis favorable du Comité de protection des
personnes (CPP) Sud-Est IV le 13/09/2011. La collection a
été déclarée au ministère de l’Enseignement supérieur et
de la Recherche le 1er juillet 2011. Conformément à la loi
2004-806 du 9 août 2004 et les textes d’applications subsé-
quents, le promoteur a souscrit une assurance garantissant
sa responsabilité civile pour couvrir les éventuelles consé-
quences préjudiciables de cette étude auprès de la Société
hospitalière d’assurance mutuelle, 18, rue Édouard-Rochet,
69372 Lyon cedex 08 (Contrat no : 134.387). Pour la mise
en œuvre de la collecte et du traitement informatisé des
données, cette étude a obtenu l’avis favorable du CCTIRS
le 08/09/2011 et l’autorisation de la Commission nationale
de l’informatique et des libertés (CNIL) a été demandée le
23/09/2011. Enfin, l’étude est déclarée sur le site clinical-
trials.gov sous le numéro NCT01465854.

Le financement de cette étude a été obtenu auprès de
partenaires industriels.

Les patients sont informés du caractère volontaire de
leur participation, de leur possibilité d’interrompre leur
participation sans avoir l’obligation d’en fournir la raison,
ni que cela interfère sur la qualité de la relation avec le

personnel soignant. Ils sont également informés de l’étude
de leur patrimoine génétique constitutionnel, de la conser-
vation sans limitation de durée des prélèvements sanguins et
de leurs produits et de leur possible transmission à d’autres
institutions, y compris aux États-Unis d’Amérique. Chaque
patient est informé de ses possibilités d’opposition à tout
ou partie de ce processus. Un exemplaire du consentement
écrit est délivré au patient, un autre est conservé dans le
classeur investigateur du centre.

Analyse statistique

Le premier temps de l’analyse statistique sera descriptif.
L’exposition aux facteurs de risque sera exprimée avec le
ou les indicateurs validés lorsqu’ils existent. Les variables
continues seront d’abord exprimées à l’aide de leur valeur
médiane ou moyenne —– selon les cas —– et de leur variable
de dispersion associée (intervalle interquartile ou écart-
type respectivement). À l’aide des calculs de quartiles, les
variables continues seront regroupées en classes comme
appropriés. Les variables catégorielles seront exprimées en
pourcentage associées à leur intervalle de confiance à 95 %
correspondant.

L’analyse de cluster est une méthode éprouvée per-
mettant de classer de manière objective des patients
en sous-groupes homogènes [31]. Habituellement utilisée
dans le domaine des analyses génomiques, cette technique
peut être utilisée pour déterminer des formes cliniques
[32], des groupes de symptômes [33] ou de patient [34].
L’analyse de cluster sera utilisée pour déterminer —– au
sein de la cohorte de CBNF —– des groupes homogènes
de patient sur la base de leur exposition aux facteurs
de risque, de leurs caractéristiques cliniques, anatomo-
pathologiques et immuno-histochimiques. Dans un second
temps, l’analyse sera complétée en intégrant les don-
nées issues de l’analyse de polymorphisme. Cette approche
devrait permettre d’individualiser plusieurs groupes de
patients présentant un CBNF en relation avec une expo-
sition à un facteur de risque donné et présentant, de
manière homogène dans le sous-groupe, une ou plusieurs
caractéristique clinicobiologique permettant de l’identifier
au sein de l’ensemble hétérogène des CBNF. Ainsi, cette
analyse permettra par exemple, de préciser les caractéris-
tiques associées aux mutations tumorales et de guider leur
recherche systématique.

Les différences entre les clusters ainsi identifiés seront
évaluées à l’aide du test t ou de l’analyse des variances selon
le nombre de classe et pour les variables continues nor-
malement distribuées. Les variables avec une distribution
asymétrique seront comparées par tests non paramétriques
pour échantillons indépendants (Mann-Whitney ou Kruskal-
Wallis selon le nombre d’échantillons). Le test du Khi2 sera
utilisé pour les variables catégorielles. La recherche de
corrélation entre variables utilisera les coefficients de Pear-
son (variables continues) ou de Spearman (en présence de
variable ordinale ou de petits effectifs). Nous utiliserons
ensuite une régression linéaire simple (non ajustée) puis un
modèle linéaire multivariable ajusté pour décrire la relation
entre deux variables corrélées. Tous les tests seront réalisés
avec un seuil de signification de 0,05.
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Résultats attendus et discussion

L’étude BioCAST souhaite apporter des réponses concrètes
aux médecins et aux patients confrontés à cette situa-
tion clinique devenue commune. Cent centres investigateurs
sont ouverts au recrutement. Les inclusions seront clôturées
au 31 janvier 2013.

La principale faiblesse de cette étude est l’absence de
contrôles contemporains (fumeurs). Toutefois, la population
de BioCAST pourra être comparée aux données historiques et
de la littérature dans un premier temps. À titre d’exemple,
l’étude KBP-2010, promue par le Collège de pneumologues
des hôpitaux généraux (CPHG), a recueilli à l’inclusion un
nombre de données similaires et pourrait fournir une popu-
lation de référence acceptable [35]. De plus, l’analyse de
cluster permet d’identifier différents groupes homogènes
au sein d’une population. Ces groupes peuvent ensuite être
comparés entre eux ou à la population restante réalisant
un autocontrôle. Pour terminer, la recherche de polymor-
phisme sera comparée è des cohortes de patients fumeurs
atteints de CBP dont dispose le CEPH. Au total, et bien que le
manque de contrôle soit un élément déterminant ne devant
pas être minimisé, l’analyse de cette cohorte devrait donner
des résultats robustes.

Cette étude pourrait rencontrer deux autres faiblesses.
En premier lieu, il n’est pas prévu de s’assurer de
l’exhaustivité des cas inclus dans chaque centre. À ce titre,
il ne sera pas possible de fournir des données d’incidence ou
de prévalence (ce qui n’était pas l’objectif). En second lieu,
les premiers retours des centres investigateurs semblent
montrer que le statut de « non-fumeur » est plus rarement
rencontré qu’espéré. En effet, le caractère très strict de
la définition exclut de facto un grand nombre de patient,
initialement étiqueté non-fumeur par l’investigateur. Dans
ces conditions l’effectif final pourrait être plus faible
qu’escompté, mais la qualité de la sélection des patients
(< 100 cigarettes dans la vie strictement) constituera in fine
une force de cette étude.

BioCAST devrait confirmer des données bien connues : la
prédominance féminine, et d’adénocarcinomes, de même
que le rôle de l’exposition au tabagisme passif chez
les femmes et aux carcinogènes professionnels chez les
hommes. Mais les résultats permettront aussi d’obtenir des
données originales comme l’âge au diagnostic ou des infor-
mations sur certains facteurs de risque moins connus en
France (tels que l’exposition aux fumées domestiques, à
la pollution atmosphérique, aux facteurs hormonaux ou à
certaines pathologies).

Sur le plan moléculaire, cette étude devrait permettre
de mieux redéfinir les facteurs cliniques, pathologiques et
épidémiologiques associés à la présence de certaines muta-
tions somatiques, permettant ainsi de mieux les détecter.
L’analyse de cluster permettra en outre de redessiner le
paysage des formes de CBNF. Enfin, les analyses secondaires
(polymorphismes, épigénétique, mutations somatiques sur
ADN circulant) constituent autant d’approche inédite dans
le domaine.

Ce projet collaboratif national se focalise donc sur une
entité dont l’étude constitue un intérêt récent et majeur.
Il devrait permettre de fournir des réponses concrètes à
de nombreuses questions concernant cette pathologie. Les
premiers résultats sont attendus fin 2013.
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ABSTRACT Lung cancer in never-smokers (LCINS) (fewer than 100 cigarettes in lifetime) is considered
as a distinct entity and harbours an original molecular profile. However, the epidemiological and
molecular features of LCINS in Europe remain poorly understood.

All consecutive newly diagnosed LCINS patients were included in this prospective observational study
by 75 participating centres during a 14-month period. Each patient completed a detailed questionnaire
about risk factor exposure. Biomarker and pathological analyses were also collected. We report the main
descriptive overall results with a focus on sex differences.

384 patients were included: 65 men and 319 women. 66% had been exposed to passive smoking
(significantly higher among women). Definite exposure to main occupational carcinogens was significantly
higher in men (35% versus 8% in women). A targetable molecular alteration was found in 73% of patients
(without any significant sex difference): EGFR in 51%, ALK in 8%, KRAS in 6%, HER2 in 3%, BRAF in
3%, PI3KCA in less than 1%, and multiple in 2%.

We present the largest and most comprehensive LCINS analysis in a European population. Physicians
should track occupational exposure in men (35%), and a somatic molecular alteration in both sexes (73%).

@ERSpublications
Occupational exposure and targetable mutation should be tracked in lung cancer of European
never-smokers. http://ow.ly/FB2WS
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Introduction
Although tobacco smoking is the strongest causal factor for lung cancer, 10–25% of lung cancer worldwide
occurs in lifelong nonsmokers (300000 deaths each year) [1–3]. A “never-smoker” is well-defined as an
individual who has smoked fewer than 100 cigarettes during their lifetime. Lung cancer occurring in
never-smokers (LCINS) is now considered a distinct entity. However, this disease appears strongly linked
to geographical origins. For example, LCINS is drastically more common in Asia than in the USA or
Europe [2]. This could be related to distinct features pertaining to inherited susceptibility, as well as to
varied exposure to occupational and environmental carcinogens in different geographical areas. Thus, it is
possible that LCINS is, in fact, globally a very heterogeneous disease [1, 2]. Although the disease is
thought to be well characterised, very little data on LCINS are available in Europe [4], and nobody has
concomitantly assessed most of the known risk factors for lung cancer.

LCINS is also known to hold an original spectrum of driver mutations. Thus, human epidermal growth
factor receptor family (EGFR (also calledQ4

¶

HER1) and HER2) mutations appear more frequent, while KRAS
(v-Ki-ras2 Kirsten rat sarcoma viral oncogene homologue) and BRAF (v-raf murine sarcoma viral
oncogene homolog B1), thought to be related to tobacco carcinogens, are less common in this group [5–
7]. Finally, ALK (anaplastic lymphoma receptor tyrosine kinase) rearrangements also occur slightly more
frequently in never-smoking patients [8]. This spectrum is another argument favouring the hypothesis that
separate genetic pathways lead to lung carcinogenesis in ever- and never-smokers [1].

Given that the clinical and molecular epidemiology of LCINS in Europe is still poorly understood, the
French Collaborative Intergroup for Thoracic Cancer Research (IFCT) sought to investigate this specific
entity through a prospective cohort of LCINS. The BioCASTQ5

¶

(IFCT-1002) study’s main objective was to
describe a French population of LCINS patients and especially the distribution of risk factor exposure and
biomarker patterns. Here we report this study’s main descriptive results, focusing on potential sex
differences among LCINS patients.

Population and methods
Population
Main inclusion criteria were: 1) being a self-declared never-smoker (i.e., declaring having smoked fewer
than 100 cigarettes during lifetime); 2) being newly diagnosed with a non-small cell lung cancer (NSCLC)
by biopsy or by cytological sampling; 3) being aged at least 18 years; 4) speaking and understanding
French (or having access to a relative able to translate); 5) having phone access, either at home or at the
hospital; and 6) granting signed consent.

The IFCT sponsored the BioCAST study. The study was conducted in 75 participating centres throughout
metropolitan France, from November 1, 2011 to January 31, 2013. Participating centres were asked to
include all consecutive newly diagnosed LCINS cases. IFCT research staff members were in charge of
administrative management and quality assurance (in compliance with international research standards) [9].

Ethics
The Sud-Est IV Lyon ethics committee approved the study protocol on September 13, 2011. The Advisory
Committee on Information Processing for Health Research permitted use of a computerised database on
September 8, 2011, and the National Commission for Data Protection was contacted on September 23,
2011, in accordance with French law. Blood sample collection was declared to the French Ministry of
Research on July 1, 2011. The BioCAST study was registered on the US National Institute of Health
website www.clinicaltrials.gov under the CTC ID NCT01465854.

Study design
Patients signed their consent after receiving information about the study from their physicians. Afterward,
and before any anti-cancer treatment, each patient’s blood was sampled. Patients were then contacted by
phone in order to schedule a dedicated phone interview and complete a standardised questionnaire. All
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patients had the opportunity to fully prepare this questionnaire before the pre-planned interview. Patients
were also encouraged to seek assistance from a relative if needed (in cases of fatigue, deafness, memory
deficiency or poor spoken French). Two trained research assistants performed all the interviews in order to
control for reporting and interrogation biases. Additional medical data, as well as molecular testing and
pathological reports were collected directly from participating physicians.

Patients’ questionnaire
A 17-page questionnaire was delivered to patients upon inclusion. It included questions about demographics,
socio-educative level and alternative tobacco consumption, as well as cannabis smoking, passive smoking
exposure, occupational exposure, personal medical history, family history, alcohol intake and fried and stir-fried
cooking exposure. Occupational exposures to bronchial carcinogens were assessed using a lifelong task-based
questionnaire which performances Q6

¶

were recently published [10]. All patients were questioned about their home
addresses and exposure to solid fuel for cooking or heating. Finally, women declared oral contraceptive and
post-menopausal hormone replacement therapy intake, as well as other details on reproductive factors. Additional
detailed information on recorded data and exposure measurements are provided in supplemental file S1.

Biomarker analyses
The French National Cancer Institute (INCa) launched a network of 28 molecular genetics platforms that
provide routine cancer molecular testing for all patients [11]. Each BioCAST participant centre was asked
to systematically order tests for somatic mutations in EGFR and KRAS, as well as ALK fusion gene, to its
local labelled platform Q7

¶

. Investigator sites were also encouraged to request BRAF, HER2, and PI3KCA

mutation analyses, which are also routinely performed (free of charge to the patient) at these platforms.
All centers were advised to follow local policy, and were therefore allowed to forego further mutation
testing if one mutation reputed to exclude the others was found. Final and detailed reports of these
analyses were collected for each patient.

Actually, biomarker testing methods are not homogeneous throughout all centers. However, the ERMETIC
study was designed to assess concordance of results between each centers (blinded cross validation study
compared to an international reference lab) and between the different methods used in such centers
(direct sequencing, PCR-based, Restriction fragment-length polymorphism, and high-resolution melting).
This validation study showed good concordance rate suggesting that – despite some difference in sample
processing and analyses – results are accurate [12, 13].

Blood samples bio-bank
Four tubes of each patient’s blood were collected for further studies (two stored in EDTA, one dry and one
ACD-citrated). Samples were transported to the BioCAST central laboratory (hosted at the Centre d’Étude
du Polymorphisme Humain, Fondation Jean Dausset, Paris, France) at room temperature within 24 h of
sampling and were then processed.

Statistics
Categorical variables were expressed as percentages. Comparisons of proportions used the Chi-squared test
when the expected count in a given category was at least five, or Fisher’s exact test otherwise. We used the
one-sample Kolmogorov–Smirnov test in order to assess the plausibility of a normal distribution assumption
for continuous variables. Normally distributed continuous variables were expressed as mean and standard
deviation. Comparisons of means were conducted using the bilateral t-test. Differences in distribution of
continuous variables between two independent samples were assessed using the Mann–Whitney U-test, and
the Kruskal–Wallis one-way ANOVA was used to compare more than two independent samples. Some
continuous variables were also categorised in quartiles, tertiles or clinically relevant categories according to
their distribution in the overall population. Missing values were reported as such, and all tests were
two-sided. All statistics were calculated using the SPSSv20 (IBM SPSS Statistics, New York, NY, USA).

Results
Population
Altogether, 384 consecutive French never-smokers were included during the study period. Of these, 336
(87.5%) completed the interview, 359 (93%) had at least one biomarker testing, and 381 (99.2%)
underwent the correct blood sampling procedure (fig. 1).

Main demographic data
Table 1 gives the overall population’s main features and a sex comparison. The sex ratio was 4.9 in favour
of women. There was no patient-reported alternative smoking (water-pipe, cigar, pipe or gum) or cannabis
use. 91% of patients originated from Europe: 276 from Western Europe, 22 from Southern Europe and six
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from Eastern Europe. Men were, on average, 4 years younger than women (p=0.016), and the proportion
of patients aged <55 years old at diagnosis was significantly higher among males. In addition, men were
better educated, more pre-obese and exhibited higher alcohol consumption than women.

Histology and stage of the disease
The main pathological lung cancer features found in our 384 patients are shown in table S2 in the online
supplementary material. We found no significant difference between the sexes. Notably, the frequency of
squamous cell carcinoma (SCC) was similar in both sexes (9% in women versus 7% in men; p=0.606).
Most cases were adenocarcinoma (85%). The other histological types were SCC (8%), large cell carcinoma
(4%), adenosquamous (n=5), sarcomatoid carcinoma (n=4) and carcinoma not otherwise specified (n=2).
thyroid transcriptionQ8

¶

factor 1 immunostaining was positive in 76% of patients. Table S3 in the online
supplementary material shows sample type and origin. Most were core biopsies (90%) from primitive
tumours (69%) and were classified as stage IV (73%).

Occupational exposure
Data about exposure to occupational carcinogens was available in 334 patients, and results are presented in
table 2. Altogether, 13% of patients were found to have been definitely exposed to at least one occupational
carcinogen, with a striking difference between the sexes: 35% of men compared with only 8% of women
(p<10−4). The most frequent carcinogenic agent was polycyclic aromatic hydrocarbons, followed by
asbestos, silica and diesel exhaust. Whatever the agent considered, men were in all cases significantly more
exposed than women.

Passive smoke exposure
Overall, 219 (66%) of the 334 patients were ever exposed to passive smoking, either in a domestic setting
(59%) or in the workplace (18%) (table 3). Domestic exposure to passive smoking was significantly more
common among women than men (64 versus 38%; p=0.0001), but this sex difference was not observed for
workplace exposure. Moreover, of those exposed in a domestic setting, women were exposed for a
significantly longer period than men. For patients exposed in a domestic setting, exposure began during
childhood in 62% of patients. Men were more frequently exposed in childhood than women, suggesting
that women were mainly exposed via their spouses.

Refusal
(n=21)

Cognitive or
functional 
troubles

(n=2)
Death/

palliative care
(n=24)

Unknown
(n=1)

422 patients recruited

Early stage/
squamous 
carcinoma 

(n=15) 
Not enough/
poor quality
sample (n=8)

Unknown
(n=2)

384 never-smokers¶

25 patients without 
any biomarker

analysis

3 blood samples
not performed

48 questionnaires
not performed

359 with at least 
one biomarker 
tested among 

EGFR, KRAS, ALK, 
BRAF, HER2, 

PIK3CA

381 samples
collected 336 surveyed

No cancer proven (n=1)

Not NSCLC/SCLC (n=2),
thymic malignancy (n=1),

carcinoid tumour (n=1)

Former (non-light) smokers
(n=4)

Light smokers# (n=29)

FIGURE 1 Flow chart of the BioCAST study. NSCLC: Non-small cell lung cancer; SCLC: Small cell lung cancer; a) Smoked
fewer than five packs/year in lifetime and quit at least 15 years prior; b) Smoked fewer than 100 cigarettes in lifetime.
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Domestic pollution
Table S4 in the online supplementary material provides exposure to domestic pollution. Women more
frequently reported having ever been exposed to cooking oil fumes (41 versus 18%; p=0.001). 26% of
patients reported to have been exposed for >50% of their lifetimes to solid fuel fumes; here there was no
significant difference between men and women.

Personal and familial medical history
24% of patients reported having at least two biological first-degree relatives with lung cancer, and 17%
reported a personal history of at least one other cancer. Medical histories of pertussis, tuberculosis and

TABLE 1 Main characteristics of the BioCAST population

Lung cancer in never smokers (BioCAST) Lung cancer in ever smokers#

Men Women p value All

Total patients n 384 6246
Sex
Women 319 (83) 19%
Men 65 (17) 81%

Age 66.6±13.0 70.5±11.7 0.016¶ 69.8±12.0 65.5±11.3+

<55 years old 12 (19) 30 (9) 0.033 42 (11)
World region origin
Missing data n 7 41 48
Europe 51/58 (88) 253/278 (91) 0.468§ 304/336 (91)
Africa 4/58 (7) 12/278 (4) 16/336 (5)
Asia 1/58 (2) 9/278 (3) 10/336 (3)
Caribbean 2/58 (3) 4/278 (1) 6/336 (2)

Education level

Missing data n 7 44 51
High school and more 34/58 (59) 115/275 (42) 0.037 149/333 (45)
Secondary school 13/58 (22) 66/275 (24) 79/333 (24)
Never schooled/Primary school 11/58 (19) 94/275 (34) 105/333 (32)

Body mass index kg·m−2 25.4±4.8 23.7±5.4 0.015ƒ 24.2±5.5
Missing data n 7 46 53
Underweight/normal 27/58 (47) 165/273 (60) 0.087 192/331 (58)
Pre-obese 24/58 (41) 74/273 (27) 98/331 (30)
Obese 7/58 (12) 34/273 (13) 41/331 (12)

Alcohol intake (in standard glass per day)

Missing data n 7 43 50
0–1 49/58 (85) 265/276 (96) 0.003## 314/334 (94)
⩾2 9/58 (16) 11/276 (4) 20/334 (6)

Data Q14
¶

are presented as n (%), median±interquartile range or n/N available (%), unless otherwise stated. #: data from the KBP-CPHG study [14];
¶: t-test; +: both smokers and never smokers (n=7051); not Q15

¶

available for smokers only; §: computed between “European” and “non-European”
categories; ƒ: Mann-Whitney

Q16
¶

U test; ##: Fisher’s exact test; all others are Chi-squared tests (for categorical variables).

TABLE 2 Definite exposure to occupational carcinogens (by task) according to sex

Men Women p value All

Overall (at least one) 20 (35) 23 (8) <10−4 43 (13)
PAH 15 (26) 15 (5) <10−4 30 (9)
Asbestos 11 (19) 11 (4) <10−4

#

22 (7)
Silica 10 (18) 5 (2) <10−4

#

15 (4)
Diesel 6 (11) 2 (1) <10−4

#

8 (2)
Chrome 5 (9) 1 (0) 0.001# 6 (2)
Paint 4 (7) 3 (1) 0.018# 7 (2)
Missing data 8 42 50

Data are presented as n (%), unless otherwise stated. PAH: polycyclic aromatic hydrocarbons. #: Fisher’s
exact test, others are Chi-squared tests.

DOI: 10.1183/09031936.00097214 5

LUNG CANCER | S. COURAUD ET AL.



TA
B
L
E
3
P
a
ss
iv
e
sm

o
k
in
g
ex
p
o
su

re
ac
co

rd
in
g
to

se
x

D
o
m
e
st
ic

e
x
p
o
su

re
W
o
rk
p
la
ce

O
ve

ra
ll

M
e
n

W
o
m
e
n

p
-v
a
lu
e

A
ll

M
e
n

W
o
m
e
n

p
-v
a
lu
e

A
ll

M
e
n

W
o
m
e
n

p
-v
a
lu
e

A
ll

M
is
si
n
g
n

7
4
3

5
0

7
4
3

5
0

7
4
3

5
0

N
e
ve

r
e
x
p
o
se

d
3
6
/5
8
(6
2
)

1
0
0
/2
7
6
(3
6
)

<
1
0−

4
1
3
6
/3
3
4
(4
1)

4
7
/5
8
(8
1
)

2
2
7/
2
7
6
(8
2
)

0
.8
27

2
7
4/
3
3
4
(8
2
)

3
0
/5
8
(5
2
)

8
5
/2
7
6
(3
1)

0
.0
02

1
1
5/
3
3
4
(3
4
)

E
ve

r
e
x
p
o
se

d
2
2
/5
8
(3
8
)

1
7
6
/2
7
6
(6
4
)

1
9
8
/3
3
4
(5
9)

1
1
/5
8
(1
9
)

4
9
/2
7
6
(1
8)

6
0
/3
3
4
(1
8)

2
8
/5
8
(4
8
)

1
9
1
/2
7
6
(6
9
)

2
1
9/
3
3
4
(6
6
)

M
is
si
n
g
d
at
a

4
4

1
1

3
3

L
e
n
g
th

o
f
ex
p
o
su

re
<
2
0
ye
a
rs

#
1
4
/2
2
(6
4
)

5
9
/1
7
2
(3
4)

0
.0
0
8

7
3
/1
9
4
(3
8)

8
/1
1
(7
3)

2
3
/4
8
(4
8
)

N
C

3
1
/5
9
(5
3
)

1
5
/2
8
(5
4
)

4
9
/1
8
8
(2
6)

0
.0
02

6
4
/2
1
6
(3
0)

2
0
–
3
0
ye
a
rs

#
7
/2
2
(3
2)

5
7
/1
7
2
(3
3)

6
4
/1
9
4
(3
3)

2
/1
1
(1
8)

1
5
/4
8
(3
1
)

1
7
/5
9
(2
9
)

1
1
/2
8
(3
9
)

7
0
/1
8
8
(3
7)

8
1
/2
1
6
(3
8)

>
3
0
ye
a
rs

#
1
/2
2
(5
)

5
6
/1
7
2
(3
3)

5
7
/1
9
4
(2
9)

1
/1
1
(9
)

1
0
/4
8
(2
1
)

1
1
/5
9
(1
9
)

2
/2
8
(7
)

6
9
/1
8
8
(3
7)

7
1
/2
1
6
(3
3)

E
xp

o
se

d
in

ch
il
d
h
oo

d
#

1
8
/2
2
(8
2
)

1
0
4
/1
7
2
(5
9
)

0
.0
3
9

1
2
2
/1
9
4
(6
2)

E
xp

o
se

d
in

a
d
u
lt
h
o
o
d
o
n
ly
#

4
/2
2
(8
)

7
2
/1
7
2
(4
1)

7
6
/1
9
4
(3
8)

D
at
a

Q
1
7 ¶

a
re

p
re
se

n
te
d
a
s
n
/N

av
a
il
ab

le
(%

),
u
n
le
ss

o
th
e
rw

is
e
st
at
e
d
.
N
C
:
n
o
t
co

m
p
u
ta
b
le
;
a
ll
p
-v
a
lu
e
s
a
re

co
m
p
u
te
d
w
it
h
ch

i-
sq

u
a
re
d
te
st
s.

6 DOI: 10.1183/09031936.00097214

LUNG CANCER | S. COURAUD ET AL.



pneumonia were reported in 21%, 8% and 6% of patients, respectively. In addition, 13% had been
diagnosed with a chronic bronchial disease. There were no differences between the sexes with respect to
these variables (Table S5 in the online supplementary material).

Reproductive factors and hormone intake in women are reported in table S6 in the online supplementary
material. Overall, 115 (42%) patients had used oral contraceptives, and 70 (25%) had undergone
post-menopause hormonal replacement therapy.

Biomarkers (somatic mutations)
EGFR mutations were tested in 340 patients, KRAS in 293, ALK rearrangements in 192, BRAF in 22, HER2
in 201, and PI3KCA in 187. Altogether, we found 220 molecular alterations in 208 patients (table 4). Six
patients carried a somatic mutation within two (n=5) or three (n=1) genes simultaneously (multiple
mutations), while five others hosted two simultaneous somatic mutations in the EGFR gene (table S7 in the
online supplementary material). Alterations in the EGFR gene were the most common: 147 patients
displayed 153 mutations, with deletions in exon 19 and substitution L858R in exon 21 being the most
frequent (n=74 and 33, respectively). We also found one missense mutation T790M in exon 20 and one
alteration never reported before in the Catalogue of Somatic Mutations in Cancer (COSMIC) database
(http://cancer.sanger.ac.uk/cancergenome/projects/cosmic) (c.2303_2305delinsTCT in exon 20). In
addition, 24 gene fusions involving the ALK gene were observed in 23 patients. We also noted 20 KRAS

mutations in 18 patients, 10 BRAF mutations in nine patients, eight HER2 mutations in eight patients, and
five PI3KCA mutations in three patients. Overall, an EGFR mutation was found in 43% of individuals, a
KRAS mutation in 7%, a BRAF mutation in 5%, a HER2 mutation in 4%, a PIK3CA mutation in 2%, and
an ALK rearrangement in 13% of patients tested for the corresponding biomarker. We found no significant
difference in the mutation frequency as well as in the mutation type according to the gender. For EGFR,
women exhibit a higher frequency than men but the difference remains non-significant (39 versus 44%
respectively; p=0.438). In addition, we found no difference among sex for the type of mutation found in
each biomarker; but however, women tend to exhibit more KRAS transition mutations than men (table 5).

Taking all these data together, 77 (27%) patients were considered “pan-negative” (all biomarkers found
were wild type; or at least wild-type EGFR, KRAS and ALK simultaneously). In the remaining 284 patients
with complete data, the most common alteration found was an EGFR mutation (in 51% of patients),
followed by an ALK rearrangement (8%), a missense mutation in KRAS (6%), HER2 (3%), BRAF (3%) and
PIK3CA (<1%). Only 2% carried multiple mutations (see fig. 2). Therefore, 73% of French never-smokers
carried a targetable molecular alteration.

Discussion
Among French never-smokers with lung cancer, we found that occupational exposure to carcinogens was
significantly higher in men than in women, whereas domestic exposure, both to passive smoking and to
cooking-oil, was higher in women. Most of the tumours we studied (73%) carried a targetable mutation.

To our knowledge, our study is the largest and most comprehensive ever conducted that focused on
LCINS in a European population. Indeed, most published cohort studies used a retrospective design, were
dedicated to Asian populations and/or explored only a single or a small subset of risk factors
simultaneously. In Europe, the EPIC Q9

¶

(European Prospective Investigation into Cancer and Nutrition)
cohort hosted 97 newly diagnosed lung cancer cases [15]. In Asia, a paper from KIM et al. [16], recently
reported to be the largest and most comprehensive series on never-smokers, effectively analysed 229 Asian
patients, using a retrospective review for EGFR, KRAS and ALK. KAWAGUSHI et al. [17] also keep a
prospective registry of never-smoker from Japan, Singapore, Korea as well as few patients in US, but they
only reported their results on passive smoking exposure.

Our main findings are consistent with published literature. In fact, CLÉMENT-DUCHÊNE et al. [18] have
already shown, in 67 French never-smokers, that occupational exposure and passive smoking were
differently distributed between the sexes. Indeed, some lung cancers are known to be related to domestic
pollution exposure, although modestly, even in Europe [19]. Regarding biomarker distribution, we have
shown that French never-smokers carry 73% of targetable mutations. This finding situates French
never-smoker between Asian (more than 80%) and American (55%) never-smokers [1, 20, 21].

Our study does carry some limitations. First, due to financial constraints, we had no control patients.
Thus, our cohort could not be used in order to estimate any risk ratios. However, our only aim was to
assess the prevalence of known lung cancer risk factors and explore their actual distribution among certain
subgroups. In order to put our findings into perspective, our data were compared to those of two recently
published, nationwide epidemiological studies assessing the main features of French lung cancer smoker
patients: 1) the KBP-CPHG Q10

¶

2010 study, which includes 6246 lung cancers in smokers, for demographical,
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TABLE 4 Mutation
Q18

¶

patterns observed in the BioCAST study

Mutation by biomarker and exon Number of mutations in
the same patient

Total n % of gene % of total

One Two Three

BRAF
Exon 15
V600E 7 1 1 9
L597L 1 1
Total 10 5%

EGFR
Exon 18
G719C 1 1 2
G719A 1 1
Unspecified 1 1 2
Total 5 3%

Exon 19
Deletion 74 2 76
Unspecified 12 12
Total 88 58%

Exon 20
c.2303_2305delinsTCT 1 1
T790M 1 1
S768I 1 1
Insertion 4 4
Duplication 1 1
Deletion 1 1
Unspecified 1 1
Total 10 7%

Exon 21
L858R 33 3 36
L861Q 4 1 5
Unspecified substitution 4 4
P848L 1 1
Unspecified 2 1 3
Total 49 32%

Unspecified 1 1
Total 1 1%

Total 153 70%
PI3KCA
Exon 9
E545K 2 2
Unspecified substitution 1 1
Unspecified 1 1 80%

Exon 20
Unspecified 1 1 20%

Total 5 2%
HER2
Exon 20
Unspecified substitution 1 1
Unspecified insertion 5 5
Unspecified duplication 2 2

Total 8 4%
KRAS
Exon 2
G13D 1 1
G12V 7 1 8
G12R 1 1
G12G 1 1
G12D 4 4
G12C 1 1
G12A 2 2
Unspecified 1 1 2

Total 20 9%
ALK
Unspecified 23 1 24
Total 24 11%

Total 197 20 3 220 100%
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TABLE 5 Mutation profile for each biomarker according to sex

Lung cancer in never smokers (BioCAST) Lung cancer in ever smokers#

Men Women p-value All

Total n 384 7789
EGFR
Patients n 340
Wild type 35 (61) 158 (56) 0.438 193 (57)
Mutation 22 (39) 125 (44) 147 (43) 5%
Data missing 1 6 7
in exon 18 1/21 (5) 2/119 (2) NC 3/140 (2)
in exon 19 12/21 (57) 73/119 (61) 85/140 (61)
in exon 20 0 7/119 (6) 7/140 (5)
in exon 21 8/21 (38) 37/119 (31) 45/140 (32)

KRAS
Patients n 293
Wild type 50 (94) 223 (93) 1.0¶ 273 (93)
Mutation 3 (6) 17 (7) 20 (7) 32%
Data missing 2 2
Transition 0 6/15 (40) 0.515¶ 6/18 (33)
Transversion 3/3 (100) 9/15 (60) 12/18 (67)

ALK

Patients n 192
Wild type 29 (94) 139 (86) 0.379¶ 168 (88)
Mutation 2 (6) 22 (14) 24 (13) 4%

BRAF
Patients n 222
Wild type 34 (94) 178 (96) 0.667¶ 212 (95)
Mutation 2 (6) 8 (4) 10 (5) 2%

HER2

Patients n 201
Wild type 32 (94) 161 (96) 0.625¶ 193 (96)
Mutation 2 (6) 6 (4) 8 (4) <1%

PI3KCA
Patients n 187
Wild type 30 (97) 153 (98) 0.519¶ 183 (98)
Mutation 1 (3) 3 (2) 4 (2) 2%

Data Q19
¶

are presented as n (%) or n/N available (%), unless otherwise stated. #: Data from Biomarker France
[22]; ¶: Fisher’s exact test; all other are Chi-squared test.

FIGURE 2 Final diagnosis of
biomarker analysis in the 284 patients
with complete data. #: All biomarker
are wild-type or at least EGFR and
KRAS and ALK are wild-type. Double
EGFR mutations are categorised under
the EGFR category; missing data not
shown.
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histological and staging data [14] (table 1); 2) the “Biomarker-France” study, sponsored by IFCT and
funded by French NCI (INCa), of which preliminary results were reported after inclusion of the first 7789
lung cancers from smokers, for mutation profile data [22] (table 5). Indeed, our data perfectly mirror both
the clinical and biological features of ever-smoker lung cancer patients, as reported in those two large
series, conducted in the same French background, during the same period of time as BioCAST [14].
However, most of the collected variables had never been assessed in comparable epidemiological studies,
or according to smoking status and, thus, are lacking of any comparable data in independent series of
patients. Besides, our findings were congruous with existing literature: lung cancer in never smoker is
more frequent among women, and adenocarcinoma. In addition, the mutation profile in never smoker
strongly differs from smokers [1]. A second critical point is the retrospective reporting of risk factor
exposures by patients themselves, without any possibility for a biological exposure objective assessment.
However, we tried to minimise interrogation and reporting biases (by using a standardised questionnaire
with only two trained, dedicated interviewers), as well as memorisation bias (by delivering the
questionnaire prior to the interview to provide more time to answer all questions, and by allowing
post-interview revisions and additions). However, our study remains submitted to the recall bias. The third
point is our modest accrual.Q11

¶

Although our cohort is one of the largest in this specific field, comparative
subgroup analysis was only based on small-number subsets. Therefore, our study lacked sufficient power
for estimating differences between patient subsets. For instance, with only 65 patients in the male
subgroup, we were able to detect a 23% difference with 80% power and a 0.05 alpha risk (using a bilateral
test) [23]. This point is especially critical for mutations since all, except EGFR, deal with small numbers.
In addition, our study emphasised exposure patterns that have occurred over the last decades, and it thus
did not reflect current occupational and social changes that may result in distinct exposure profiles.
Finally, our analysis is restricted to biomarkers tested in the routine setting in France. Thus, some
important biomarkers commonly expressed in never smokers such as ROS1 (6% in never smokers) and
RET rearrangements were not included in this study [24, 25].

In spite of these limitations, our study carries some strength. First, the never-smoker inclusion criterion
was very strict although consensual (fewer than 100 cigarettes in the lifetime) and was checked by
physician at inclusion and by staff during interview. Indeed, many studies may be biased, by assessing the
“non-smoker” status retrospectively from medical charts, with a risk of overlapping between former- and
never-smoker. We also checked for alternative smoking and can thus ensure the lack of contamination
from any former (or even very light) smokers. Another noteworthy strength is our comprehensive
approach. We collected data on possible exposures to most known or supposed risk factors (including a
detailed investigation of occupational exposure), as well as medical data and comprehensive information
from tumour biomarker analysis.

This paper reports descriptive finding of the large cohort of European LCINS. Based on these data, we will
provide in future papers the main differences in clinical and molecular epidemiology regarding exposure to
main risk factors such as passive-smoking, occupational exposure, domestic pollution or reproductive
factors [26]. In addition, some new data will result from collaboration with French national institutions for
assessment of radon exposure and atmospheric pollution exposure into the BioCAST cohort. Lastly, the
population-attributable fraction for most known risk factors of LCINS will be computed taking all this
data into account [27].

In conclusion, this study, the largest and most comprehensive analysis of LCINS in a European
population, reports differences in age and carcinogen exposure distribution by gender, and emphasizes the
crucial role of targetable somatic mutations in this specific population. Physicians facing a never-smoker
with a lung cancer should keep in mind than two-thirds of men underwent an occupational exposure and
that three-quarters of patients may carry a targetable mutation. The BioCAST/IFCT-1002 study is also an
interesting tool for investigating biomarker profiles according to numerous risk exposures and further
results are expected soon.
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ABSTRACT EGFR and HER2 mutations and ALK rearrangement are known to be related to lung cancer
in never-smokers, while KRAS, BRAF and PIK3CA mutations are typically observed among smokers.
There is still debate surrounding whether never-smokers exposed to passive smoke exhibit a “smoker-like”
somatic profile compared with unexposed never-smokers.

Passive smoke exposure was assessed in the French BioCAST/IFCT-1002 never-smoker lung cancer
cohort and routine molecular profiles analyses were compiled.

Of the 384 patients recruited into BioCAST, 319 were tested for at least one biomarker and provided
data relating to passive smoking. Overall, 219 (66%) reported having been exposed to passive smoking. No
significant difference was observed between mutation frequency and passive smoke exposure (EGFR
mutation: 46% in never exposed versus 41% in ever exposed; KRAS: 7% versus 7%; ALK: 13% versus 11%;
HER2: 4% versus 5%; BRAF: 6% versus 5%; PIK3CA: 4% versus 2%). We observed a nonsignificant trend
for a negative association between EGFR mutation and cumulative duration of passive smoke exposure. No
association was found for other biomarkers.

There is no clear association between passive smoke exposure and somatic profile in lifelong,
never-smoker lung cancer.
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Never-smokers with lung cancer exposed to passive smoke do not have a smoker-like somatic
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Introduction
Approximately one-third of adults and 40% of children are exposed to second-hand smoke worldwide,
which accounts for 1% of all-cause mortality [1]. This exposure is estimated to cause >21000 lung
cancer-related deaths annually. Passive smoking is a well-known risk factor for lung cancer in
never-smokers (LCINSs) [2]. Lifelong never-smokers living with a smoker have an estimated 26% increased
risk of lung cancer (95% CI 1.07–1.47)Q2

¶

, with both a dose–response and dose–duration relationship [3].
Similar results have been found for exposure in the workplace and during childhood [4, 5]. In a recent
French study, we reported that 66% of LCINSs had been exposed to passive smoke, especially women and
those exposed in domestic settings [6, 7].

The somatic mutation pattern in non-small cell lung cancers (NSCLCs) can vary widely according to
smoking status. Never-smokers are known to carry a higher frequency of EGFR (epidermal growth factor
receptor) and HER2 (human epidermal growth factor receptor 2)/ERBB2 (v-Erb-b2 avian erythroblastic
leukaemia viral oncogene homologue 2) mutations, and ALK (anaplastic lymphoma kinase)
rearrangement. In contrast, KRAS (Kirsten rat sarcoma viral oncogene homologue), BRAF (v-Raf murine
sarcoma viral oncogene homologue B) [2, 8–12] and PIK3CA (phosphatidylinositol-3-kinase, catalytic
subunit α) [8] mutations are thought to be linked to active smoking.

We thus hypothesised that the profile of somatic mutation in patients who were never-smokers and
exposed to passive smoking could represent a “smoker-like” pattern, potentially differing from the
profile of never-smokers who had never been exposed to passive smoking. Controversial results have been
reported regarding an EGFR mutation profile of never-smokers exposed to passive smoking that
proved similar to those observed in smokers [13–16]. It was our belief that in never-smokers, somatic
alterations (KRAS, BRAF and PIK3CA) were more frequent, while EGFR, HER2/ERBB2 and ALK

alterations were not.

Here, we report the profile of the principal somatic alterations (EGFR and KRAS mutations, and ALK

alteration) in a never-smoker BioCAST study, involving a large cohort of French LCINSs [17], according
to their exposure to passive smoking, as well as for the profile of low-frequency mutations (HER2/ERBB2,
BRAF and PIK3CA). Our study applied a multivariate approach and, overall, we found no significant
difference.

Method
Population
For this study, we used data from the nationwide BioCAST/IFCT-1002 cohort of LCINSs in France. The
study design has been reported elsewhere [18] and our principal results were recently published [7].
Briefly, BioCAST is a prospective, multicentre, observational study designed to describe the clinical,
pathological and molecular epidemiology of LCINSs in a French population. This study enrolled
consecutive, newly diagnosed NSCLC patients who professed themselves to be never-smokers (smoked
<100 cigarettes in their lifetime). Patients were surveyed using a standardised questionnaire during a
pre-planned phone interview with a member of the study team. This 17-page questionnaire requested
information on demographics, occupational exposure [19], exposure to domestic pollution, and personal
and familial medical history, as well as some lifestyle, hormonal and reproductive factors (women only).
Additional medical data were collected directly from participating physicians.

The study was conducted in 75 centres throughout metropolitan France, from November 1, 2011, to
January 31, 2013, and sponsored by the French Intergroup for Thoracic Oncology (IFCT)Q3

¶

. The IFCT
research staff was in charge of administrative management and quality assurance in compliance with
international research standards.

The Sud-Est IV (Lyon, France) ethics committee approved the study protocol on September 13, 2011. The
Advisory Committee on Information Processing for Health Research (CCTIRS) authorised the use of a
computerised database on September 8, 2011, and the National Commission for Data Protection (CNIL)
was consulted on September 23, 2011, in accordance with French law. The BioCAST study was registered
on the US National Institutes of Health website, at www.clinicaltrials.gov, under the identifier
NCT01465854.

Within the BioCAST dataset used for the study, we determined patients who were self-declared as having
ever been exposed to passive smoking, and had at least one biomarker test available for EGFR, HER2,
KRAS, BRAF, PIK3CA and ALK.

Passive smoking exposure
Passive smoking exposure was self-declared by patients and reported on the standardised questionnaire.
Exposure to passive smoke in a domestic setting was defined as “living in the same house as at least one
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smoker for at least 1 year”. Passive smoking exposure at the workplace was defined as “working with at
least one smoker in the same closed room for at least 1 year”. For this category, we retained only those
who declared having worked with at least one smoker for the entire day, excluding exposure during
breaks only or part-time days. Overall exposure was defined as a patient who reported being “ever
exposed” to passive smoking either in a domestic setting or the workplace, or both. We also asked if
patients had been exposed in a domestic setting before the age of 18 years old, usually considered as
childhood age, or not.

For each patient declared as ever exposed, we additionally asked for the number of index smokers and the
number of years of exposure to each index smoker. We then proceeded to calculate two additional
variables for each domestic and workplace exposure: 1) the cumulative duration of exposure (CDE),
computed as the sum of years exposed to passive smoking from each identified index-smoker; and
2) passive smoker-years (PSYs), computed as number of index smokers multiplied by the number of years
of exposure to each index smoker. The corresponding variables for overall exposure to passive-smoke were
obtained from a sum of the values calculated in a domestic setting and in the workplace.

Tumour somatic mutation analysis
The French National Cancer Institute (INCa) launched a network of 28 molecular genetics platforms,
which provide routine cancer molecular testing for all patients [20]. Despite the variability of sample
processing and analysis techniques in the corresponding laboratories, previous studies have reported the
high quality of these analyses in thoracic oncology [21]. Each participating BioCAST physician was asked
to systematically order tests for somatic mutations in EGFR and KRAS, as well as in the ALK fusion gene,
to be recorded on its local labelled platform. Investigator sites were also encouraged to additionally
request BRAF, HER2 and PI3KCA mutation analyses, which are also routinely performed on these
platforms. All centres were allowed to forego further mutation testing if one mutation known to exclude
the others was found. The final, detailed results of these analyses were collected for each patient. We
consulted the Catalogue of Somatic Mutations in Cancer for the purposes of categorising observed KRAS
mutations in transversion (G>T or G>C) or transition (G>A or T>C). Given that most somatic mutations
are mutually exclusive in the majority of lung cancer cases [11], we considered patients tested for at least
EGFR and KRAS mutations, as well as ALK alterations, as “wild type”, which was also optional for HER2,
BRAF and PIK3CA tests, and for no mutation found in any tested biomarkers.

Statistics
Categorical variables are presented as percentages. Proportion comparison was conducted with the
Chi-squared test, if the expected count in each category was at least 5, or with Fisher’s exact test if not. To
express the uncertainty of estimated probabilities, we have reported 95% Wilson confidence intervals. We
used the one-sample Kolmogorov–Smirnov test to assess the plausibility of normal distribution
assumption for continuous variables. Normally distributed continuous variables were expressed in mean
and standard deviation. Means comparisons were performed applying the two-sided Student’s t-test.
Differences in distribution of continuous variables between two independent samples were assessed by the
Mann–Whitney U-test. Continuous variables were also classed into tertile categories. We applied a binary
logistic regression model to assess the risk of mutation for each considered gene. We generated three
models: 1) unadjusted (crude odds ratios); 2) adjusted for sex and age only; and 3) comprehensively
adjusted for the majority of potential confounding factors. Missing values were reported as such and all
tests were two-sided. All statistics were performed by means of the SPSS V20 software (IBM SPSS
Statistics, New York, USA).

Results
Population and passive smoking exposure
Of the 384 patients included in BioCAST, 334 presented complete data on overall passive smoke exposure
and 219 (66%) reported being “ever exposed” to passive smoke overall (domestic or workplace). At least
one biomarker was tested in 313 patients (fig. 1). The main population characteristics are presented
in table 1.

Overall, 283 index smokers were responsible for the passive smoke domestic exposure reported by 198
LCINSs (122 patients reported an exposure beginning at childhood and 76 beginning during adulthood only)
(table 2). Patients were exposed to a median (interquartile range) of 1 (1) index smoker. Most index smokers
were parents (44%) and spouses (47%). In total, 60 patients reported exposure in their workplace. The
median CDE was 24 (20) years in a domestic setting, 15 (25) years in the workplace and 26 (22) years overall.
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Profile of EGFR, KRAS and ALK according to passive smoke exposure
Overall, 127 somatic mutations were detected in 297 tested samples of the EGFR gene, 18 mutations in 256
samples of KRAS and 20 in 171 of ALK rearrangement. The frequencies of somatic mutations in these
biomarkers are presented according to exposure to overall passive smoke in table 3. There was no significant
difference in any biomarker in terms of ever having been exposed to passive smoke compared to never having
been exposured. When considering the CDE in years divided into tertiles, the frequency of EGFR mutation
decreased as CDE increased (from 46% in never-exposed patients to 39% in highly exposed patients, defined
as >30 years of cumulative exposure), though the difference was not statistically significant. Moreover, the
frequency of ALK rearrangement appeared to increase as the CDE increased (from 5% for the lowest tertile to
18% for the highest), while the frequency of alteration in never-exposed patients was 13%.

Table 4 presents odds ratios for the likelihood of somatic mutation according to exposure to overall passive
smoke for three logistic regression models. These are unadjusted, adjusted for age and sex, and additionally
adjusted for body mass index, number of relatives with lung cancer, personal history of chronic bronchus
diseases or respiratory infection, histology, definite occupational exposure, percentage of lifetime exposed
to solid fuels for cooking and heating, and cooking dish-years (reflecting exposure to cooking oil fumes).
As before, we found no significant association for any gene for ever versus never exposure. However, the
previously found trend for EGFR mutation frequency decrease correlating with CDE increase remained,
although still at statistically nonsignificant levels, as was the case for the ALK trend.

There was no significant difference between female and male patients for any variables or biomarkers.
Similarly, we found no significant results when restricting analysis to solely domestic or workplace
exposure, nor when considering PSYs divided into tertiles (data not shown).

14 testing not indicated
(early stage or squamous

histology)

7 testing not feasible 
(not enough tumour 

sample or DNA) 76 (28%) only
during adulthood

122 (37%) during 
childhood at least

60 (18%) exposed 
at workplace

198 (59%) with 
domestic exposure

n=107 n=206

174 HER2
tests

164 PIK3CA
tests

196 BRAF
tests

171 ALK
tests

256 KRAS
tests

297 EGFR
tests

115 (34%) never exposed to 
passive smoking

334 with clinical data on passive 
smoking exposure

384 patients included in the 
BioCAST/IFCT-1002 study

Refusal n=21
Cognitive/functional n=2
Death/palliative care n=24
Unknown n=1

48 questionnaires not
completed

2 with missing data on
passive smoke exposure

219 (66%) ever exposed to 
passive smoking

Both
n=39

FIGURE 1 Study flow chart. EGFR: epidermal growth factor receptor; KRAS: Kirsten rat sarcoma viral oncogene
homologue; ALK: anaplastic lymphoma kinase; HER2: human epidermal growth factor receptor 2; PIK3CA:
phosphatidylinositol-3-kinase, catalytic subunit α; BRAF: v-Raf murine sarcoma viral oncogene homologue B.
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We observed no differences in the distribution of mutation type (based on exons in EGFR, and the
transversion or transition mechanism for KRAS) according to the exposure to overall passive smoke
(table 5). However, there was a nonsignificantly higher frequency of KRAS transversion in patients exposed
to passive smoke compared with those who were never exposed (82% versus 60%, respectively).

Profile of HER2, BRAF and PIK3CA according to passive smoke exposure
The univariate analysis results for low-frequency biomarkers have been provided in the table S1. We
observed no significant association between somatic profile and exposure to passive smoke. Multivariate
analyses were not performed due to the very low number of mutations and the expected wide 95%
confidence intervals.

TABLE 1 Main characteristics of the population according to overall exposure to passive smoking

All Never exposed to passive smoking Ever exposed to passive smoking# p-value

Subjects n 334 115 219
Males n (%) 58 (17) 30 (26) 28 (13) 0.002
Age years mean±SD 70±12 69±12 70±12 0.399
Origin n (%)
Europe 302 (90) 105 (91) 197 (90) 0.690
Other 32 (10) 10 (9) 22 (10)

BMI kg·m−2 median (IQR) 24 (5) 25 (5) 24 (6) 0.508
Relatives¶ with lung cancer

0–1 n (%) 252 (76) 95 (83) 157 (72) 0.022
⩾2 n (%) 80 (24) 19 (17) 61 (28)
Missing n 2 1 1

Personal medical history n (%)
Any cancer 62 (19) 20 (17) 42 (19) 0.317
Chronic bronchial disease+ 49 (15) 16 (14) 33 (15) 0.777
Lung infection§ 112 (34) 43 (37) 69 (32) 0.279

Solid fuel exposureƒ

>50% of lifetime n (%) 67 (26) 26 (29) 41 (24) 0.465
Missing n 75 24 51

Cooking oil exposure

⩾10 cooking dish-years## n (%) 67 (21) 21 (19) 46 (22) 0.585
Missing n 12 5 7

Definite occupational exposure
⩾1 carcinogenic agent¶¶ 43 (13) 16 (14) 27 (12) 0.660
Missing n 1 1

Age at menarche++ years median (IQR) 13 (2) 13 (2) 13 (2) 0.871
Missing n 13 3 10

Parity++,§§ median (IQR) 2 (2) 2 (2) 2 (1) 0.022
Age at first live birth++ years median (IQR) 23 (5) 24 (5) 23 (5) 0.331
Missing n 22 12 20

Age at menopause++ years median (IQR) 50 (7) 50 (5) 50 (7) 0.584
Missing n 40 10 30

Hormone intake for contraception or HRT++

⩾10 years n (%) 78 (30) 24 (30) 54 (30) 0.951
Missing n 17 6 11

Histology n (%)
Squamous cell carcinoma 29 (9) 10 (9) 19 (9) 0.317
Adenocarcinoma 285 (85) 95 (83) 190 (87)
Other and NOS 20 (6) 10 (9) 10 (5)

Stage

I–IIIA n (%) 81 (25) 23 (20) 58 (27) 0.188
IIIB–IV n (%) 250 (76) 91 (80) 159 (73)
Missing n 3 1 2

BMI: body mass index; IQR: interquartile range; HRT: hormone-replacement therapy; NOS: not otherwise specified. #: domestic and or
workplace; ¶: first-degree biological relatives; +: includes asthma, chronic obstructive pulmonary disease, bronchiectasis and emphysema;
§: includes pertussis, pneumonia and tuberculosis; ƒ: cooking and heating; ##: 1 cooking-dish-year was defined as frying or stir-frying one dish
per day in 1 year; ¶¶: includes asbestos, silica, chrome, diesel, paint and polycyclic aromatic hydrocarbons; ++: among women only; §§: live birth.
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Overall somatic profile
Figure 2 presents the frequency of mutation for each biomarker tested, according to CDE for passive
smoke and in never-smokers never exposed to passive smoke.

Overall, 248 patients underwent a full biomarker analysis. The mutation profile, categorised by passive
smoke exposure, is presented in figure S1. Once more, we observed the same trend for a decreasing
frequency of EGFR mutation correlating with CDE increase. Interestingly, “wild-type” status often tended
to increase along with CDE. The frequency of multiple mutations (more than one mutation in different
genes) was stable across all categories.

TABLE 2 Exposure to passive smoking in the BioCAST population

Domestic exposure Workplace exposure Overall exposure+

Overall Childhood# Adulthood¶

Exposure n (%)
Never 136 (41) 212 (63) 258 (77) 274 (82) 115 (34, 95% CI 29–40)
Ever 198 (59) 122 (37) 76 (23) 60 (18) 219 (66, 95% CI 60–71)

Index smokers n median (IQR) 1 (1) 1 (1)
Missing n 12

PSYs median (IQR) 24 (20) 18 (6) 22 (19) 18 (24) 26 (23)
Missing n 4 5 1 12 8

CDE years median (IQR) 24 (20) 18 (6) 22 (19) 15 (25) 26 (22)
Missing n 4 5 1 1 3

n=334. IQR: interquartile range; PSY: passive smoker-year; CDE: cumulative duration of exposure. #: at least; ¶: only; +: domestic and workplace.

TABLE 3 Main somatic mutation profile according to exposure to passive smoking in univariate analysis

EGFR# KRAS¶ ALK+

Mutations n (%) p-value Mutations n (%) p-value Rearrangements n (%) p-value

Exposure to passive smoking

Never 46 (46, 95% CI 36–56) 0.486 6 (7, 95% CI 3–15) 0.867 7 (13, 95% CI 6–26) 0.726
Ever 81 (41, 95% CI 34–49) 12 (7, 95% CI 4–13) 13 (11, 95% CI 6–19)

Cumulative duration of exposure
Never 46 (46) 0.866 6 (7) NC 7 (13) NC
⩽20 years 28 (44) 4 (7) 2 (5)
20–30 years 28 (42) 4 (7) 4 (10)
>30 years 25 (39) 4 (8) 6 (18)
Missing 3 1 2

Time of exposure
Never 53 (45) 0.799 8 (8) 0.940 7 (11) 0.522
Childhood 45 (41) 6 (7) 10 (15)
Adulthood only 29 (43) 4 (7) 3 (8)

Workplace exposure

Never 105 (43) 0.942 15 (7) 0.643ƒ 18 (12) 0.442ƒ

Ever 22 (42) 3 (7) 2 (8)
Domestic exposure
Never 53 (45) 0.542 8 (8) 0.458ƒ 7 (11) 0.533ƒ

Ever 74 (41) 10 (7) 13 (12)
Childhood exposure
Never§ 82 (44) 0.550 12 (7) 0.784 10 (10) 0.320
Ever 45 (41) 6 (7) 10 (15)

p-values were calculated by the Chi-squared test unless otherwise stated. EGFR: epidermal growth factor receptor; KRAS: Kirsten rat sarcoma
viral oncogene homologue; ALK: anaplastic lymphoma kinase; NC: not computable. #: 297 tested samples; ¶: 256 tested samples; +: 171 tested
samples; §: never-exposed to passive smoking and exposed during adulthood only; ƒ: Fisher test.
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Discussion
In this study, we demonstrated that the mutation profile was not affected by exposure to passive smoke in
a French population of never-smoker lung cancer sufferers for any biomarker of the tested (EGFR, KRAS,
HER2, BRAF, PIK3CA and ALK).

TABLE 4 Odds ratios for somatic mutation according to passive smoking exposure and cumulative duration of exposure

Crude Adjusted for age and sex Comprehensively adjusted#

OR (95% CI) p-value aOR (95% CI) p-value aOR (95% CI) p-value

EGFR
Exposure to passive smoking
Ever 0.84 (0.52–1.37) 0.49 0.81 (0.49–1.32) 0.40 0.80 (0.47–1.36) 0.41
Never 1.00 1.00 1.00

Cumulative duration of exposure
⩽20 years 0.96 (0.51–1.80) 0.89 0.93 (0.49–1.76) 0.83 0.90 (0.46–1.79) 0.77
20–30 years 0.88 (0.47–1.65) 0.69 0.84 (0.44–1.58) 0.59 0.87 (0.44–1.72) 0.69
>30 years 0.77 (0.41–1.45) 0.41 0.71 (0.37–1.37) 0.31 0.68 (0.34–1.37) 0.28

KRAS
Exposure to passive smoking
Ever 1.09 (0.40–3.01) 0.87 1.09 (0.39–3.05) 0.87 1.11 (0.34–3.60) 0.86
Never 1.00 1.00 1.00

Cumulative duration of exposure
⩽20 years 1.12 (0.30–4.16) 0.87 1.19 (0.32–4.46) 0.80 1.24 (0.29– 5.21) 0.77
20–30 years 1.04 (0.28–3.85) 0.96 1.03 (0.27–3.87) 0.96 0.86 (0.19–3.86) 0.85
>30 years 1.14 (0.31–4.25) 0.84 1.07 (0.28–4.13) 0.92 1.31 (0.30–5.78) 0.72

ALK
Exposure to passive smoking
Ever 0.84 (0.31–2.24) 0.73 0.76 (0.28–2.09) 0.60 1.35 (0.39–4.71) 0.64
Never 1.00 1.00 1.00

Cumulative duration of exposure
⩽20 years 0.36 (0.07–1.85) 0.22 0.35 (0.07–1.81) 0.21 0.64 (0.10–4.08) 0.64
20–30 years 0.71 (0.19–2.60) 0.60 0.64 (0.17–2.39) 0.50 1.05 (0.22–5.02) 0.95
>30 years 1.44 (0.44–4.71) 0.55 1.28 (0.38–4.39) 0.69 3.26 (0.71–14.95) 0.13

aOR: adjusted odds ratio; EGFR: epidermal growth factor receptor; KRAS: Kirsten rat sarcoma viral oncogene homologue; ALK: anaplastic
lymphoma kinase. #: adjusted for sex (binary), age (continuous), body mass index (continuous), number of relatives with lung cancer
(continuous), personal history of chronic bronchus diseases (binary), personal history of respiratory infection (binary), histology
(adenocarcinoma, squamous cell carcinoma or other), definite exposure to any main bronchus carcinogen (binary), percentage of lifetime
exposed to solid fuels for cooking and heating (continuous), and cooking dish-years (continuous).

TABLE 5 Distribution of mutation type according to exposure to overall passive smoking for
EGFR and KRAS

Never exposed Ever exposed p-value

EGFR
Mutation in exon 18 0 (0) 3 (4) NC
Mutation in exon 19 27 (60) 49 (60)
Mutation in exon 20 2 (4) 3 (4)
Mutation in exon 21 14 (31) 24 (30)
Double mutation in EGFR gene 2 (4) 2 (2)
Missing 1

KRAS

Transition# 2 (40) 2 (18) 0.547* Q5
¶Transversion¶ 3 (60) 9 (82)

Missing 1 1

Data are presented as n (%) or n, unless otherwise stated. EGFR: epidermal growth factor receptor; KRAS:
Kirsten rat sarcoma viral oncogene homologue; NC: not computable. #: G13D, G12G or G12D; ¶: G12V,
G12R or G12A.
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There have been studies previously focused on this topic, such as the study by LEE et al. [13] involving 179
consecutive Asian LCINS patients with detailed self-reported data on environmental tobacco smoke
exposure. Those authors found that passive smoke exposure negatively correlated with EGFR mutation
frequency in a multivariate logistic regression model adjusted for sex and histology. That study also
reported a trend for a dose–response relationship with PSYs, with a decreasing frequency of EGFR

mutation observed when PSYs increased (OR for the highest quartile: 0.22, 95% CI 0.08–0.62). These
results were consistent with those previously reported by TAM et al. [16] in 241 patients (all smoking
statuses included), proving that passive smoke exposure tends to decrease the probability of EGFR

mutation compared with never-smoking alone in univariate analysis (61.1% versus 74.8%, respectively;
p=0.257). However, KAWAGUCHI et al. [14] reported contrasting findings in a population of 126 Asian
LCINSs. They demonstrated that EGFR mutation frequency increased significantly among increasing CDE
quintiles. In a multivariate model, which took into account sex, age and family history of cancer, they
showed that CDE was positively linked to the incidence of an EGFR-activating mutation. The same team
reported similar results at the 2013 World Lung Cancer Congress in 498 LCINSs of various ethnicities
(425 from Asia). EGFR mutation was again positively associated, in a multivariate model, with CDE,
though only in women (OR 1.084, 95% CI 1.003–1.171 (p=0.0422) for each 10-year CDE increase) [22].
Finally, TAGA et al. [15] reported their findings for 143 never- and long-term former smokers from two US
cohorts. They observed a higher EGFR mutation frequency among patients who were not exposed to
passive smoking compared with exposed patients in one of the two cohorts, while they found the opposite
in the second cohort.

All these conflicting results could be explained by the inherent difficulty in accurately reporting
passive-smoke exposure [23]. In all these studies, including our own, passive smoking is only self-reported
by the patients. A biological assessment of passive smoking, such as blood plasma or urine cotinine
concentration measurement [4], or even urinary 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol and its
glucuronides [24], may be more reliable, yet is also more costly and thus not used in our study, nor in the
other previously mentioned studies. Furthermore, biological assessment is only relevant for current, not
former, exposure. The frequency of overall passive-smoke exposure differs strongly between each of these
studies, despite a common definition: 135 (75%) out of 179 patients in the study by LEE et al. [13], 73
(51%) out of 143 patients in that by TAGA et al.[15], 124 (98%) out of 126 patients in that by KAWAGUSHI

et al. [14] (445 (89%) out of 498 in the latest update [22]), 19 (9%) out of 241 patients in that by TAM

et al.[16] and 219 (66%) out of 334 patients in our study. Moreover, some bias, such as memorisation or
redaction bias. could occur when reporting this exposure. In addition, dose and duration variables may
also be inappropriate for accurately assessing cumulative exposure. As an example, in our cohort, a
barman exposed daily to passive smoking from many smokers over 10 years was unable to enumerate the
number of index smokers to whom he had been exposed. Thus, we were only able to compute the CDE,
which was 10 years. In contrast, someone exposed to two index smokers at the same time would have a
CDE that was twice as long (20 years) as that of the the barman. Similar concerns may occur for the PSY
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variable. In addition, the population in which the studies were conducted differed from study to study,
ranging from Asian only [13, 14, 16] to primarily Caucasian [7, 15], and from never-smoker only [13, 14]
to all smoking statuses mixed [16]. These differences may also account for the conflicting results, as
genomic susceptibility and confounding related to risk-factor exposure could differ depending on
geographical origin [2, 25].

With the exception of EGFR, other oncogenes have been poorly investigated in this setting. KRAS

mutation frequency was found not to differ between never-smokers and passive smokers (3.6% versus 0%,
respectively; p=1.000) in one study [16]. In addition, KUBO et al. [22] and RYAN et al. [26] reported no
association between passive smoke exposure and the frequency of ALK rearrangement.

Our findings suggest that passive smoking exposure is not the only risk factor for lung cancer in
never-smokers, and possibly not the leading one either. This actually constitutes one of the possible reasons
why mutation spectrum is not affected by indirect smoking exposure. These findings are in line with recent
observations obtained by whole-genome sequencing [27]. Thus, some other risk factor may be suspected in
this setting, such as environmental pollution (including natural radon and atmospheric pollution),
occupational exposure, domestic pollution (cooking and heating fumes, or cooking oil), personal history of
cancer or respiratory disease, or familial history of cancer supporting the role of genetic factors [2]. As
BioCAST has a large dataset on exposure to these factors, we will fully explore these issues in further
analysis. Electronic cigarettes should also be closely assessed for lung cancer risk in future studies.

Our study had some limitations. Firstly, the biomarker analyses were not centrally performed and used
different processes depending on the centre. However, the performance and concordance of sample
processing and mutation screening methods across participating centres had previously been investigated
in blinded cross-validation studies, producing good results [21]. Secondly, except for EGFR, the number of
mutations was low for all oncogenes, ranging from 18 for KRAS to four for PIK3CA. Our study may
therefore lack power yet, to our knowledge, our cohort remains the largest and most comprehensive of its
field in a European population. However, European descents are heterogeneous. Thirdly, we had to deal
with some missing values, especially PSYs, along with the biomarker mutation testing, in which missing
value rates ranged from 11% for EGFR to 51% for PIK3CA (fig. 1). Nevertheless, all missing values have
been reported as such in the results section.

Our study also had some strengths. Firstly, inclusion was strictly restricted to never-smokers. In addition,
we recorded a substantial amount of data about potential confounders and were able to compute a more
comprehensive adjustment for most of them than other studies have. Secondly, this represents the largest
study involving almost exclusively European-descent patients. It is also the first reported study
investigating six of the major lung cancer oncogenes, namely EGFR, KRAS, HER2, BRAF, PIK3CA and
ALK, concomitantly regarding passive smoke exposure. Thirdly, we collected all indicators of passive
smoke exposure used in previous studies, such as CDE, PSYs, childhood exposure, etc., in order to provide
an easy and comprehensive comparison with others.

In conclusion, never-smoker patients with lung cancer exposed to passive smoke were found to not carry a
smoker-like somatic mutation profile in terms of EGFR, KRAS, HER2, BRAF, PIK3CA and ALK together
when compared to unexposed never-smoker patients. Passive smoking alone appeared to be insufficient to
determine a somatic profile in lung cancer.
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Noninvasive Diagnosis of Actionable Mutations by Deep

Sequencing of Circulating Free DNA in Lung Cancer from
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Abstract

Purpose:Tumor somaticmutation analysis is part of the standardmanagement ofmetastatic lung cancer.

However, physicians often have to deal with small biopsies and consequently with challenging mutation

testing. Circulating freeDNA (cfDNA) is a promising tool for accessing the tumor genome as a liquid biopsy.

Here, we evaluated next-generation sequencing (NGS) on cfDNA samples obtained from a consecutive

series of patients for the screening of a range of clinically relevant mutations.

Experimental Design: A total of 107 plasma samples were collected from the BioCAST/IFCT-1002 lung

cancer study (never-smokers cohort). Matched tumor DNA (tDNA) was obtained for 68 cases. Multiplex

PCR-based assays were designed to target specific coding regions in EGFR,KRAS, BRAF, ERBB2, and PI3KCA

genes, and amplicon sequencing was performed at deep coverage on the cfDNA/tDNA pairs using the NGS

IonTorrent Personal Genome Machine Platform.

Results: CfDNA concentration in plasma was significantly associated with both stage and number of

metastatic sites. In tDNA, 50mutations (36 EGFR, 5 ERBB2, 4KRAS, 3BRAF, and 2 PIK3CA)were identified,

of which 26 were detected in cfDNA. Sensitivity of the test was 58% (95% confidence interval, 43%–71%)

and the estimated specificity was 87% (62%–96%).

Conclusion: These data demonstrate the feasibility and potential utility of mutation screening in cfDNA

using IonTorrent NGS for the detection of a range of tumor biomarkers in patients with metastatic lung

cancer. Clin Cancer Res; 20(17); 4613–24. �2014 AACR.

1International Agency for Research on Cancer, Section of Mechanisms of
Carcinogenesis, Molecular Mechanisms and Biomarkers Group, Lyon
Cedex, France. 2Department of Pulmonology, Lyon Sud University Hos-
pital, Hospices Civils de Lyon, Lyon, France. 3Lyon Sud Faculty of Med-

icine, Lyon 1 University, Pierre B�enite Cedex, France. 4Laboratorio de

Gen�omica, Instituto Nacional de Cancerología, Tlalpan, M�exico. 5Unidad

de Biomedicina, FES-Iztacala, UNAM, M�exico. 6International Agency for
Research on Cancer, Genetic Cancer Susceptibility Group, Lyon Cedex,
France. 7Centre for Clinical Epidemiology, Lady Davis Institute for Medical
Research, Jewish General Hospital, Montreal, Quebec, Canada. 8Depart-
ment of Epidemiology and Biostatistics, McGill University, Montreal, Que-
bec, Canada. 9The Jean Dausset Foundation – CEPH, Paris, France.
10Department of Respiratory Medicine, Hôpital Louis Pradel, Hospices
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Introduction

Somatic mutation analysis of known or potential drug-

gable oncogenes has gradually become part of the routine
practice in thoracic oncology (1, 2). In non–small cell lung
cancer (NSCLC), the type of somatic mutations and the
genes affected are related to smoking status. Indeed, lung

cancers in never-smokers (LCINS) harbor a specific muta-
tion profile characterized in particular by mutations in the
EGFR tyrosine kinase domain (3). Thus, EGFR mutation

status is now used to select patients eligible for a treatment
with a tyrosine kinase inhibitor (4–7).

In thoracic oncology, tumor samples are often limited

as they are mainly obtained through minimally invasive
procedures such as bronchial (ultrasono-) endoscopy or
CT-guided trans-mural punctures. Testing a wide range of
molecular biomarkers in addition to pathologic diagnosis

may thus be challenging because of the limited amount of
material that can be extracted from these small samples
(8, 9).

Circulating free DNA (cfDNA) are small double-stranded
fragments of DNA found in plasma. In patients with cancer,
the release of cfDNA in the bloodstream is thought to be

related to apoptosis, necrosis, as well as active secretion
from tumor cells (10). CfDNA recently attracted growing
interest in oncology for multipurpose use (11). It has been

considered as a prognostic and predictive biomarker (12,
13), and as a "liquid biopsy" to performnoninvasive testing
for biomarker detection (14–20). However, the main chal-
lenge remains technical because, inmany cases, tumorDNA

(tDNA) may only represent a very small fraction of cfDNA
(21, 22). The level of detection of tumor mutations in
cfDNA is thus limited by the sensitivity of the detection

method used.
Massive parallel sequencing comprises a new set of

promising technologies in the field of cancer research and

personalized medicine. Several studies showed that these

technologies can be applied to the detection of somatic

mutation and suggested that they can be used in clinical
settings (23).

To date, no study has reported an inclusive multiplex

analysis of relevant biomarkers in NSCLC from plasma
cfDNA using massive parallel sequencing. Here, we used
the IonTorrent Personal Genome Machine (PGM) for the
deep sequencing of the most clinically relevant hotspot

somatic mutations in tDNA and plasma cfDNA of never-
smoker NSCLC patients.

Materials and Methods

Patients

Patients were consecutive cases recruited in the Bio-
CAST/IFCT-1002 study (ClinicalTrials.gov identifier
NCT01465854). BioCAST is a prospective, multicentric

cohort sponsored by the French intergroup IFCT,
designed to describe clinical, pathologic, and molecular
epidemiology of LCINS in a French population. The

detailed protocol is reported elsewhere (24). Briefly,
newly diagnosed cases of NSCLC from self-declared non-
smokers were included and surveyed. All patients pro-
vided written informed consent for participation in the

study and consent for blood and tumor samples collec-
tion. Overall, from December 2011 to January 2013, 384
patients were included in 75 active centers. IFCT ensured

the quality insurance of data management according to
international standards.

The present study was planned to be restricted to the 100

first consecutives cases of patients recruited with complete
blood sample and tumor molecular analysis (up to May
2012).

Ethical approval
The BioCAST study was approved by the Sud-Est IV Ethics

Committee of Lyon and by the National Advisory Com-
mittee on Information Processing in Health, Paris. Sample

collection was declared to French Ministry of Superior
Education and Research and to the National Committee
for Ethic in Informatics. This ancillary study was also

approved by the International Agency for Research on
Cancer (IARC) Ethics Committee.

Tumor DNA samples and routine tumor biomarker
analysis

tDNA samples were obtained from a network of
genetic laboratories. This network was initiated by the
French National Cancer Institute (INCa) to perform

routine molecular analysis (2). The performance and
concordance of sample processing and mutation screen-
ing methods across participating centers were previous-

ly investigated in blinded cross-validation studies (25).
Standards for sample collection and processing used
in each laboratory are described in Supplementary

Table S1. Most of the paraffin-embedded samples were
first microdissected. DNA was extracted using commer-
cial kits.

Translational Relevance

Obtaining a sufficient amount of tumor material for
the analysis of somatic mutations in targetable genes
can be challenging. Circulating free DNA (cfDNA) orig-

inating in the tumor has been proposed as a tool for
liquid biopsy. However, the level of detection of tumor
mutations in cfDNA is limited by the sensitivity of the

detection method used. We have developed an IonTor-
rent-based deep-sequencing multiplex-PCR assay cover-
ing hotspot mutation regions of EGFR, KRAS, BRAF,

HER2/ERBB2, and PIK3CA. Taking mutations found in
tumorDNAas the reference, the sensitivityof our testwas
58%, and the estimated specificity was 87%. We also
found that cfDNA concentration in plasma was associ-

ated with both clinical stage and number of metastatic
sites. This study shows the relevance of deep sequencing
for the detection of tumor mutations in cfDNA.

Couraud et al.
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Blood samples and circulating free DNA isolation and

quantification
All patients included in BioCAST underwent a blood

sampling before receiving any cancer treatment. Samples

were shipped at room temperature and within 24 hours
from each center to the BioCAST central laboratory in Paris
(Centre d’�etude du polymorphisme humain - Fondation Jean

Dausset). Blood samples were immediately processed upon

receipt (mean time between delivery and processing: 19 �

13 minutes) to isolate plasma. Plasma was isolated from
EDTA tubes by centrifugation at 1,600 g during 10 minutes

at 4�C. Plasmas were then aliquoted and stored at �80�C.
Plasma samples were shipped to IARC according to inter-
national standards. CfDNA was extracted from aliquots

(1 mL) of plasma using the QIAamp circulating nucleic
acid kit (Qiagen) with the QIAvac 24 Plus vacuum mani-
fold, following themanufacturer’s instructions. CfDNAwas
quantified by picogreen.

Amplicon design and multiplex-PCR conditions
A set of 12 primers pairs was designed using Primer3

software (v4.0) with default parameters (26) to amplify
sequences of 98 to 125 bp covering hotspot regions of
EGFR, BRAF, ERBB2 (HER2), KRAS, and PIK3CA (see

Supplementary Table S2 for primer sequences and tar-
geted regions). For amplicon production, 2 ng of DNA
were used in multiplex PCR reactions (Supplementary

Table S3) with the GoTaq HotStart DNA polymerase
(Promega Corporation) and with the following program:
30 seconds at 94�C, 3 cycles of 30 seconds at 58.5�C, 30
seconds at 72�C, then, the annealing temperature was

decreased from 0.5�C every 3 cycles until reaching 55.5�C;
then 15 cycles of 30 seconds at 94�C, 45 seconds at 50�C,
30 seconds at 72�C, and a final extension of 7 minutes at

72�C.

Library preparation

One microliter of each PCR multiplex reaction was
loaded on a gel to check levels of amplification and adjust
for the quantity of each multiplex to be pooled by sample

for equalizing multiplex representation. Multiplex pools
were purified with Agencourt AMPure beads (Beckman
Coulter Incorporated) and quantified by Qbit (Invitrogen
Corporation). Library preparation was done using 100 ng

of multiplex pools and the NEBNext End Repair Module
(New England Biolabs) following the manufacturer’s
instructions. Individual barcodes (designed in-house and

produced by Eurofins MWGOperon) were ligated to each
multiplex pool for sequencing.

Next-generation sequencing with IonTorrent and
variant calling
The libraries were sequenced with the IonTorrent PGM

sequencer (Life Technologies) at deep coverage (aiming

for 10,000X for plasma and 1,000X for tumors) using the
Ion OneTouch 200 Template Kit v2 DL and Ion PGM
Sequencing 200 Kit v2 with the 314 or 316 chip kits (all

produced by Life Technologies), following the manufac-

turer’s instructions. Six runs were performed to process all

samples. For cfDNA, amplicons that failed to reach the
targeted depth of coverage and were negative for an
expected mutation (according to routine biomarker anal-

ysis of tDNA) were repeated in an independent run to
obtain a minimum coverage of 10,000X.

The sequencing reads were aligned to the human ref-
erence hg19 genome with the IonTorrent Suite V3.4.2.

The IonTorrent Variant Caller (ITVC) v3.4 was used
for the detection of mutations in tDNA, setting a frequen-
cy above 5% for a variant to be called. Variant annotation

was done with ANNOVAR (27). For the detection of ultra-
low frequency variations in cfDNA, an in-house program
was used to extract, from BAM files (Binary sequence

Alignment/Map format), various statistics on read counts
at the targeted hotspot positions. These statistics were
used to filter variants based on three criteria: (i) mini-
mum number of reads carrying the mutation � 5 (a priori

choice), (ii) variant allele frequency � 0.2%, and
(iii) variant reads strand orientation ratio � 0.33 and
� 3 (a priori choice based on the range of strand bias

values, 99% of 3,760 observations within this range,
observed in plasma samples for reference alleles at posi-
tions of mutations reported in the COSMIC database

within the analysed regions). To determine the minimum
allele frequency threshold, we calculated the average
variant allele frequencies (0.13%) for 272 non-hotspot

mutations reported in the COSMIC database within the
analyzed regions as an estimate of the background
sequencing noise. Mutations were called if above this
threshold. Mutations identified with these parameters

were further checked by manual inspection of BAM files
using the Integrative Genomics Viewer (IGV) 2.2 (Broad
Institute, Cambridge, MA; ref. 28). Low allele frequency

mutations (below 1.5%) in cfDNA were confirmed by
independent PCR reactions and resequencing of the
amplicons indicative of the presence of mutations.

Statistical analysis
Categorical variables are expressed in percent and com-

pared with c2 tests if expected count in each category is at
least 5. Plausibility of normal distribution assumption for
continuous variables was assessed with the one-sample
Kolmogorov–Smirnov test. Continuous variables are

expressed in mean and SD or median and interquartile
range (IQR) if non-normally distributed. Differences in
distribution of continuous variables between two indepen-

dent samples were assessed by Mann–Whitney U test, or
Kruskal–Wallis one-way ANOVA when comparing more
than two independent samples. Correlations between

non-normal distributed variables were assessed with the
Spearman correlation coefficient (rho).

Tests using plasma cfDNA were compared with tDNA
analysis, which was considered as the reference. True

positives were considered when both tDNA and cfDNA
samples carried the same mutation and true negatives
when both samples had no mutation; false positives

were considered when a mutation was found in cfDNA

Deep Sequencing of Plasma DNA for Tumor Mutation Diagnosis
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but not in tDNA; and false negatives when a mutation

was found in tDNA but not in cfDNA. Sensitivity and
specificity were calculated as appropriate. In addition,
we computed the mutation detection rate (n mutation

detected in cfDNA/n mutation detected in tDNA) and
concordance rate [(true positive þ true negative)/n]. All
analyses were performed with IBM SPSS Statistics version
20 (IBM Corp). All statistical tests were conducted two

sided and a P value <0.05 was considered to indicate
statistical significance. No correction of P values was
performed in the course of multiple testing; however,

results of all performed tests were thoroughly reported,
allowing for an informal adjustment for multiplicity
while reviewing the data (29). To express uncertainty of

estimated probabilities, 95% Wilson confidence intervals
(CI) were reported.

Results

cfDNA and clinical correlates

One hundred and seven patients were included in this
study (Supplementary Fig. S1). CfDNA extraction failed
in one sample. The main characteristics of the remaining
106 patients are shown in Table 1. Most of patients were

women (88%) with adenocarcinoma (86%) and stage IV
disease (75%). Characteristics of patients included in the
molecular analysis (n ¼ 68), and those with a stage IV

disease (n ¼ 50) are also shown in Table 1. These two
subpopulations were similar to their respective comple-
ment populations except that adenocarcinomas were

more frequently represented (P ¼ 0.035 and 0.005,
respectively).

Overall, the median cfDNA concentration in plasma

samples was 67.1 ng/mL (IQR ¼ 122.11 ng/mL). CfDNA
concentration was not associated with the histologic
subtype, tumor size ("T"), or node status ("N"). However,
cfDNA concentrations were significantly higher in stage

IV cases when compared with stages I to III (median
concentration 92.3 ng/mL vs.34.7, respectively; P ¼

0.002), and in patients with higher number of metastatic

sites (Table 2 and Supplementary Fig. S2). CfDNA con-
centrations were also significantly correlated, although
modestly, both to stage and number of metastatic sites

(Table 2).

Next-generation sequencing of tDNA and cfDNA with
the IonTorrent PGM platform

Among the 107 patients recruited, 68 had both cfDNA
and tDNAavailable formolecular analyses. The 68matched
cfDNA/tDNA samples were analyzed by deep sequencing

(Supplementary Fig. S1). In tDNA, a hotspot mutation was
found in 50 samples (74%) while 18 samples (26%) were
wild-type at hotspot positions (Supplementary Table S4).
Five mutations identified by next-generation sequencing

(NGS) were not detected by routine clinical biomarker
analyses. Among them, two had not been tested for the
corresponding amplicons by routine clinical biomarker

analyses, and three had variant allele frequencies �25%

(which is the usual limit of level of detection by biomarker

assays used in clinical settings). In addition, one tumor
mutation expected from clinical testing was not confirmed
by NGS. As shown in Fig. 1, mutations were mainly located

in EGFR exon 19 (44%) and EGFR exon 21 (18%). No
mutation was found in PIK3CA exon 20, BRAF exon 11,
KRAS exon 3, and ERBB2 exon 19. No sample was found to
carry multiple mutations. Most mutations were insertions

or deletions (n ¼ 29; 58%). The median mutant allele
frequency was 20% (�29%) in tDNA sample.

In cfDNA, seven of the 50 (14%) mutations expected

from tDNA results were called by the manufacturer’s
ITVC. However, using the in-house program and filtering
strategy described in the Materials and Methods section,

28 (56%) tumor mutations were found in cfDNA with
allele frequencies ranging from 0.2% to 44% (median �

IQR ¼ 2.0% � 12%; Fig. 1 and Supplementary Table S4).
Three cfDNA samples had hotspot mutations (two in

EGFR and one in PIK3CA) that were not called in tDNA
and were thus considered as false positives. However,
examination of the tDNA BAM files with IGV showed

that two of these mutations were present at allele fre-
quencies below 5% (allele frequency threshold value used
for variant calling in tDNA).

Mutation detection in cfDNA and clinical correlates
Results of the comparative analyses of cfDNA and

tDNA, using tDNA as reference, are presented in Table
3. When evaluating each amplicon independently, sensi-
tivity ranged from 55% for EGFR exon 19 to 100% for
EGFR exon 18. Overall, considering all amplicons, the

sensitivity was 58% (95% CI, 43%–71%), the mutation
detection rate was 52%, and the concordance rate was
68%. We estimated the specificity of the assay by taking

into account only cases that reached at least 10,000X of
coverage for cfDNA and 50X in tDNA (Table 4). We
obtained a specificity value of 86% for PI3KCA exon 9,

88% for EGFR exon19, 100% for other amplicons, and
87% (62%–96%) overall.

Although it didnot reach statistical significance, therewas

a trend for a better detection rate of point mutations
compared with insertions/deletions: in the 19 patients with
a tDNA mutation but no mutation detected in cfDNA, six
tDNA mutations (32%) were point mutations and 13

(68%) were insertions or deletions compared with 15 and
16, respectively, for true positives (P ¼ 0.376). Among
cfDNA-positive patients, no correlation was found between

mutant allele frequency in plasma and mutant allele fre-
quency in tumor (Spearman rho¼�0.227, P¼ 0.246), nor
between mutation concentration in plasma (computed as

mutant allele frequency in cfDNA multiplied by cfDNA
concentration in ng/mL) and mutant allele frequency in
tumor (Spearman rho ¼ �0,051, P ¼ 0.797). In a posthoc

analysis restricted to stage IV cases only (n ¼ 50), the

sensitivity was higher 65% (Supplementary Table S5) but
we found no significant difference or correlation between
the detection ofmutation in cfDNA and disease stage or any

other clinical variable (not shown).

Couraud et al.
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Discussion

In this proof-of-concept study, we assessed the perfor-
mance of the NGS IonTorrent PGM platform for the

detection of tumor mutations in cfDNA using samples
collected in conditions close to routine practice. Assay’s
sensitivity was 58% (26 mutations on 50 detected).

CfDNA concentration was positively associated with
tumor stage and with the number of metastatic sites,

in agreement with other studies in lung and other cancer
types (11–13). NGS for the detection of tumor mutation

in cfDNA may thus be clinically meaningful because
biomarker analysis is currently only useful for the selec-
tion of treatment in patients with lung cancer with met-

astatic disease.
Toour knowledge, this study is thefirst to report theuseof

the Ion Torrent PGM for the detection of tumor mutations
in cfDNA. The main advantage of this technology is that it

Table 1. Main characteristics of patients and samples included in the study

All patients

Patients with paired

samples analyzed by

NGS

n ¼ 106 % n ¼ 68 % Pa

Sex Male 13 12.3% 10 14.7% 0.370b

Female 93 87.7% 58 85.3%

Age at diagnosis (mean � SD) 68.7 � 13.7 68.0 � 13.6 0.498

Geographical origin Africa 5 5.4% 4 6.5% 1.0b,c

Europe 84 91.3% 56 90.3%

Asia 1 1.1% 1 1.6%

Caribbean 2 2.2% 1 1.6%

Missing 14 6

Histology SCC 8 7.5% 2 2.9% 0.035d

ADC 91 85.8% 62 91.2%

LCC 4 3.8% 2 2.9%

Othere 3 2.8% 2 2.9%

TTF1 Immunostaining Negative 16 15.1% 7 10.3% NC

Positive 83 78.3% 56 82.4%

Not required 7 6.6% 5 7.4%

tDNA sample origin Tumor 68 64.2% 42 61.8% NC

Nodes 5 4.7% 3 4.4%

Metastasis 33 31.1% 23 33.8%

tDNA sample type Biopsy 95 89.6% 59 86.8% 0.321b

Cytology 11 10.4% 9 13.2%

Stage Stage I 10 9.6% 6 9.0% 0.810f

Stage II 3 2.9% 2 3.0%

Stage III 13 12.5% 9 13.4%

Stage IV 78 75.0% 50 74.6%

Missingg 2 1

Number of metastatic sites None 27 26.0% 18 26.5% 0.950

1 site 33 31.7% 22 32.4%

2þ sites 44 42.3% 28 41.2%

Missing 2 —

NOTE: A total of 106 were included, 68 had matched samples considered for NGS analysis.

Abbreviations: NC, not computed; SCC, squamous cell carcinoma; ADC, adenocarcinoma; LCC, large cell carcinoma.
a
P value was computed between samples included in the NGS analysis (n ¼ 68) and those which were excluded (n ¼ 38; column not

shown).
bFisher exact test (two-sided); others are c2 tests (categorical) or Student (continuous).
c
P value was computed between the European and the non-European categories.

d
P value was computed between the adenocarcinoma and the non-adenocarcinoma categories.

eIncludes one adenosquamous carcinoma and two sarcomatoid carcinomas.
f
P value computed between the stage I to III and the stage IV categories.
gOne was recorded as "nonmetastatic disease not otherwise specified" in the database.
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allows the simultaneous screening of a broad range of
known hotspot mutations in a large number of samples
in a cost and time effective way compatible with clinical

practice. Deep sequencing (10,000X) allowed the detection
of mutations with frequencies as low as 0.2% in cfDNA.
However, the manufactured PGM variant caller was not
designed to call low abundant mutations diluted in wild-

type genomic DNA (30). We thus had to use an in-house
variant calling strategy, which improved the overall sen-
sitivity from 16% (ITVC approach for all amplicons

together) to 58% (Supplementary Table S6). This limita-
tion of the manufacturer variant caller should be
addressed in the future by dedicated software to allow

the implementation of the test in clinical settings. Accu-
rate detection of insertions and deletions is another
limitation of NGS technologies, including the IonTorrent

PGM (31). Given that the expected deletions and inser-
tions were of defined size and location, they could be
unequivocally detected with IGV, even those with an
allele frequency as low as 0.2%. However, we found a

trend for a lower detection rate of insertions/deletions
compared with point mutations. This may be due to the

principle of the technology that may fail to properly align
reads to the reference genome in the presence of inser-
tions or deletions. Using a NGS technology that uses

paired-end sequencing may improve the detection of
insertions/deletions in this setting. However, this would
need to be investigated in a dedicated study directly
comparing such technology with IonTorrent.

Several studies have previously investigated the potential
use of cfDNA for the noninvasive detection of diagnostic
biomarkers in lung cancer using variousmethods (Table 5).

However, most have focused only on one biomarker and
included small series of patients. In addition, the majority
has only included advanced stages (IIIB/IV). The reported

sensitivity of these studies ranged from 36% to 100%, and
the specificity from 80% to 100%. Our results are thus
consistent with those previously published in the field.

However, our method has the advantage to assess several
biomarkers simultaneously and to be easily scalable to a
higher number of biomarkers.

Only a handful of studies have usedNGS technologies for

the detection of tumor somatic mutations in body fluids
(22, 23, 32–34). Narayan and colleagues, for example,

Table 2. cfDNA concentrations according to histology and stage, and correlations between cfDNA

concentration and the corresponding variable in all samples (n ¼ 106)

n

cfDNA concentration

Median � IQR (in ng/mL) P

Spearman

rho Pcorrelation

Histology Non-adenocarcinoma 15 50.2 � 71.0 0.580a þ0.054 0.583

Adenocarcinoma 91 68.4 � 126.7

Tumor "T" stage T1 18 42.4 � 152.1 0.195b þ0.057 0.578

T2 36 70.4 � 119.8

T3 16 40.7 � 33.9

T4 29 81.0 � 130.5

Missing (Tx) 7

Node "N" stage N0 29 70.0 � 123.0 0.536b �0.014 0.895

N1 10 114.6 � 339.8

N2 37 49.1 � 52.0

N3 21 124.3 �187.7

Missing (Nx) 9

Metastatic "M" stage M0 27 34.7 � 25.0 0.001a þ0.313 0.001

M1 78 92.3 � 128.0

Missing 1

Number of metastatic sites 0 27 34.7 � 25.0 0.003b þ0.322 0.001

1 33 69.7 � 146.1

2þ 44 103.0 � 117.8

Missing 2

TNM stage Stage I–II 13 32.6 � 170.9 0.002b þ0.327 0.001

Stage III 13 34.7 � 24.0

Stage IV 78 92.3 � 127.9

Missing 2

Overall 106 67.1 � 122.1 — — —

aMann–Whitney U test.
bKruskal–Wallis one-way ANOVA test.
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showed that a deep-sequencing approach can be an appro-

priate strategy for the detection of low abundant point
mutations in surrogate tissues (32). Our work, assessing
a larger panel ofmutations, including both pointmutations

and insertions/deletions, andperformedona larger series of
patients, further supports and extends the applicability of
the NGS for the detection of aberrant genetic events in

cfDNA.
In the present study, two EGFR and one PIK3CA hot-

spot mutations were detected in cfDNA but were not
called in tDNA. Two of these mutations were found at

a 4% allelic fraction in tDNA by manual inspection with
IGV. We have set a 5% allelic fraction threshold for calling
variant in tDNA to look for mutations representative of

the tumor content. Results on these samples suggest that
mutations poorly represented in tDNA can still be found
in cfDNA. However, it is also possible that the analyzed

tumor biopsy was not representative of the tumor content
(sampling bias). Indeed, recent findings provide strong
evidence that a tumor may host different subclonal popu-
lations carrying distinct somatic mutation profiles (35,

36). This point is particularly critical for the molecular
analysis of small biopsies (36). Some studies have iso-
lated circulating tumor cells to detect tumor-specific

molecular alterations (37, 38). Although this approach

would require less sensitive techniques for detecting rel-

evant mutations, it may have the same drawback as
biopsies because these cells may also represent a limited
set of subclones of the tumor. Therefore, applying highly

sensitive NGS-based techniques on cfDNA (that may
come from different tumor subpopulations) may provide
a better assessment of the spectrum of alterations present

in the entire tumor. However, this hypothesis remains to
be tested. Indeed intra-tumor heterogeneity about EGFR
remains controversial, as a recent study suggested that
heterogeneous distribution of EGFR mutations is

extremely rare and may simply be artefacts due to differ-
ences in EGFR DNA sequences amplification (39).

In some samples, tumor mutations could not be

detected in cfDNA even if the coverage obtained for the
amplicons carrying the expected mutation was high (13
samples had above 30,000X coverage, including 5 sam-

ples above 60,000X). In other cases, some mutations
were detected in cfDNA while the obtained coverage was
low (between 400X and 800X). Thus, although high
sensitivity allows the detection of low abundant muta-

tions, parameters related to the tumor biology may be
the most important factors influencing the capacity to
detect tumor mutation in cfDNA. Our results show that

metastatic stage is one major factor. Stage IV cases have

Figure 1. Summary results of NGS sequencing for all matched samples (n ¼ 68). Top frequency chart, details of mutations found in tumors in each

specific sample. (Red dot indicates mutated samples). Middle frequency chart, cfDNA samples positive for the tumor somatic mutation indicated in

top panel. Bottom frequency chart, clinical characteristics of the tumors. Top bar graph, allelic frequency of mutation in tDNA. Middle bar graph,

allelic frequency of mutation in cfDNA. Bottom bar graph, total coverage at the position of the mutation in cfDNA or median coverage of all amplicons in

wild-type samples.
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higher concentration of cfDNA. These results suggest

that a part of cfDNA may come from metastatic sites
and that cfDNA reflects the tumor burden. However, the
origin of cfDNA is still poorly understood and further

studies would be needed to fully address this question.

A possible limitation of our study resides in subopti-

mal cfDNA samples. Indeed, the BioCAST study protocol
allowed storage of blood samples at room temperature
for up to 24 hours before plasma isolation. Thus, plasma

DNA may have been contaminated with genomic DNA

Table 4. NGS test specificity estimate for each individual amplicon and overall, using tDNA for reference

cfDNAþ cfDNA�

n tDNAþ tDNA� tDNA� tDNAþ Specificity

PI3KCA exon 9 7 1 6 86%

PI3KCA exon 20 6 6 100%

EGFR exon 18 8 2 6 100%

EGFR exon 19 33 7 2 15 9 88%

EGFR exon 20 13 11 2 100%

EGFR exon 21 18 3 13 1 100%

BRAF exon 11 8 8 100%

BRAF exon 15 31 29 2 100%

KRAS exon 2 9 2 6 1 100%

KRAS exon 3 6 6 100%

ERBB2 exon 19 6 6 100%

ERBB2 exon 20 28 3 23 2 100%

Overall (95%CI; all patients, at least one amplicon) 51 17 2 13 19 87% (62%; 96%)

NOTE: This analysis was restricted to paired samples for which deep sequencing with the coverage reached at least 50X in tDNA and

10000X in cfDNA (n ¼ 51).

Abbreviations: cfDNAþ, mutation in detected in cfDNA; cfDNA�, no mutation detected in cfDNA; tDNAþ, mutation detected in tDNA;

tDNA�, no mutation detected in tDNA.

Table 3. IonTorrent NGS test on cfDNA properties for each individual amplicon and overall, using tDNA for

reference in all matched samples (n ¼ 68)

cfDNAþ cfDNA�

n tDNAþ tDNA� tDNA� tDNAþ

Mutation detection

rate (sensitivity)

Concordance

rate

PI3KCA exon 9 61 1 59 1 — 97%

PI3KCA exon 20 60 60 — 100%

EGFR exon 18 59 3 56 100% 100%

EGFR exon 19 59 11 2 37 9 55% 81%

EGFR exon 20 60 58 2 — 97%

EGFR exon 21 61 6 53 2 75% 97%

BRAF exon 11 60 60 — 100%

BRAF exon 15 61 58 3 — 95%

KRAS exon 2 59 3 55 1 75% 98%

KRAS exon 3 58 58 — 100%

ERBB2 exon 19 59 59 — 100%

ERBB2 exon 20 63 3 58 2 60% 97%

Overall (95%CI; all patients,

at least one amplicon)

68 26 3 20 19 58% (43%; 71%) 68% (56%; 78%)

All 12 amplicons together (95% CI) 56 21 3 16 16 57% (41%; 71%) 66% (53%; 77%)

Abbreviations: cfDNAþ, mutation in detected in cfDNA; cfDNA�, no mutation detected in cfDNA; tDNAþ, mutation detected in tDNA;

tDNA�, no mutation detected in tDNA.
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released from necrotic white blood cells, resulting in the

dilution of tDNA in plasma, negatively affecting the
detection of tumor mutations in cfDNA (10). This con-
tamination with genomic DNA could also explain the

absence of correlation between mutation allelic frequency
in the tumor and mutation detection rate in cfDNA or
mutation allelic frequency in plasma. Nonetheless, the
detection rate obtained in these suboptimal conditions

shows the potential of this approach in samples obtained
in more controlled clinical settings. Indeed, plasma sam-
ple quality could be easily addressed in future cohorts by

processing (centrifuging and freezing) samples within 3
hours after blood collection, which is achievable in rou-
tine clinical settings (40).

One of the strengths of our study is that the analyzed
never-smoker population carries a high frequency of
actionable mutations of various types that represent the
most relevant driver mutations in the field of thoracic

oncology. We were thus able to test our NGS IonTorrent
PGM platform approach on a panel of deletions, inser-
tions, and point mutations (12 hotspot regions targeting

five genes) that have not been evaluated in other cfDNA-
based studies.

In conclusion, we showed that targeted NGS with the

IonTorrent platform for the detection of tumor muta-
tions in cfDNA is applicable to clinical samples in lung
cancer. The assay could therefore be a good alternative

for initial molecular diagnosis when the obtained his-
tologic sample is poor and could be used as a nonin-
vasive test for assessing regularly the efficacy of targeted
therapy by monitoring mutations in blood. Further

studies on prospective validation cohorts are required
to determine whether an optimized version of the assay
may be applicable in routine clinical practice.
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B Y  S A R A H  D E W E E R D T

T
he lung-cancer patients that thoracic 
oncologist Sébastien Couraud remem-
bers most are those who have never 

smoked cigarettes. He recalls one woman 
who tried for years to get her husband to stop 
his heavy habit, but in the end it was her, not 
him, who developed lung cancer — perhaps 
from breathing second-hand smoke. Another 
patient, the wife of a smoker, developed lung 
cancer long after her husband died of the 

disease. Couraud also remembers a group of 
colleagues who had been exposed to the same 
workplace carcinogen and who attended 
chemotherapy treatments together — until one 
day one of them didn’t. “It’s these patients you 
keep in your mind,” says Couraud, who works 
at Hospices Civils de Lyon in France. 

About one quarter of lung-cancer cases 
worldwide occur in people who have smoked 
fewer than 100 cigarettes in their life. In Europe 
and the United States, people who have never 
smoked account for 10–15% of lung cancers. 

In southeast Asia, half of all the women who 
develop lung cancer have never smoked. In 
fact, if lung cancer in never-smokers were 
considered a distinct disease, it would be the 
seventh leading cancer killer worldwide1 (see 
‘Killing without smoke). 

It makes sense to consider lung cancer in 
never-smokers separately. “It is almost like a 
different disease,” says Joan Schiller, a lung-
cancer specialist at the University of Texas 
Southwestern Medical Center in Dallas. Lung 
cancer in people who have never smoked is 
almost always a subtype of non-small-cell lung 
cancer called adenocarcinoma. By contrast, 
smokers get not only adenocarcinoma but also 
squamous cell carcinoma and small-cell lung 
cancer. Tumours in never-smokers tend to be 
less aggressive than in smokers, although they 
are frequently diagnosed at a more advanced 
stage because never-smokers, and their  
doctors, regard lung cancer as an exceedingly 
unlikely prospect and so often miss the early 
signs. 

Tumours in never-smokers also tend to 
carry a distinctive set of genetic changes called 
driver mutations that are involved in turning 
cells malignant. Classifying patients accord-
ing to their history of smoking has helped to 
understand lung cancer’s gene mutations over 
the past decade, but researchers have found 
that this is not the best strategy for treating 
individual patients. That is because the most 
effective treatment often depends on the 
molecular characteristics of the tumour, not 
the characteristics of the patient. “Smoking 
status is sort of a surrogate for that, but it’s an 
imperfect surrogate,” says thoracic oncologist 
Charles Rudin at Memorial Sloan Kettering 
Cancer Center in New York City. So the task 
now is not only to continue to work out the 
patterns and consequences of tumour muta-
tions, but also to delve into some of the myste-
rious aspects of lung cancer in never-smokers 
— especially the genetic and environmental 
causes and how to mitigate them.  

GENETIC VARIATIONS
Studying the mechanisms of lung cancer is 
easier in never-smokers because they have 
not been exposed to the onslaught of DNA-
altering chemicals in cigarette smoke. This has 
helped researchers to sort out which changes 
in a lung-cancer cell are driver mutations and 
which are passenger mutations — those that 
are simply along for the ride. “The lung cancers 
that occur in never-smokers are genetically 
simpler,” says Rudin. “They have fewer muta-
tions, but they may have the key mutations that 
are really important drivers.” 

The first clues that studying lung cancer in 
never-smokers might be particularly help-
ful in understanding the mechanisms of the 
disease emerged in the early 2000s. Clinical 
trials analysing a class of cancer medication 
called small-molecule tyrosine kinase inhibi-
tors, which targets a family of proteins that 

A E T I O L O G Y 

Crucial clues
Studies in never-smokers have revealed key lung-cancer 
mutations — but the cause of the disease is still a mystery.
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are mutated in many types of cancer, showed  
that never-smokers, individuals with adeno-
carcinoma, women and people with east Asian 
ancestry were more likely to respond well  
to the drugs than people with a history of 
smoking2. 

In 2004, three independent groups pub-
lished studies that uncovered the molecu-
lar basis behind these observations. This 
class of tyrosine kinase inhibitors is effective 
against lung cancers that carry mutations in 
the epidermal growth factor receptor (EGFR) 
gene3-5. These mutations are more common 
in lung cancers that occur in the groups that 
responded well to the drugs in clinical trials. 
EGFR mutations are seen in 28% of never-
smokers with lung cancer in the United States 
and in 68% of Asian people. By contrast, such 
mutations occur in only 5% of current smokers 
and in 11% of former smokers with lung cancer 
in the United States. 

Since then, researchers have identified  
additional lung-cancer driver mutations that 
are more common in never-smokers than 
smokers1. “Many of the discovery efforts have 
been focused on never-smokers as a way of 
finding these driver mutations,” says Geoffrey 
Oxnard, a thoracic oncologist at Dana-Farber 
Cancer Institute in Boston, Massachusetts. 
Researchers have identified therapies that  
target some of these tumour mutations, and 
the search is on for others.  

FATAL RESISTANCE
The relationship between the types of 
lung-cancer mutations and whether some-
one smokes are not absolute. For example, 
although EGFR mutations are more com-
mon in never-smokers, one-third of lung 
cancers with EGFR mutations occur in smok-
ers — therefore, knowledge of driver muta-
tions and corresponding treatments gleaned 
from studies of never-smokers may benefit  
smokers with the disease. Testing for  
mutations in genes such as EGFR is gaining 
popularity as a tool for lung-cancer manage-
ment in smokers and never-smokers.  

Half to three-quarters of lung-cancer 
patients who have never smoked carry at 
least one mutation that will respond to tar-
geted therapies such as tyrosine kinase inhibi-
tors. This might seem encouraging news for 
never-smokers with lung cancer — but only 
to a point. “Their cancer is more treatable 
than cancer in smokers and they live longer 
as a result of having these targetable muta-
tions, but we’re not curing them,” says Barbara 
Gitlitz, a lung-cancer specialist at the Univer-
sity of Southern California in Los Angeles. 
“It’s still an extremely deadly disease.” In part, 
this is because of the lower lung scrutiny that 
never-smokers get. “We’re diagnosing these 
people at stages where they’re not curable,” 
Gitlitz explains. 

But there is more negative news: the targeted 
therapies that benefit many never-smokers 

with lung cancer eventually stop working 
because the tumours develop drug resistance. 
Tackling drug resistance, suggests Rudin, will 
require better versions of targeted therapies — 
or better ways to use them (see page S8).  

TROUBLESOME RISKS
Perhaps an even bigger mystery is what causes 
lung cancer in never-smokers, and how risk 
factors produce different driver mutations in 
lung tumours. “Lung cancer in never-smokers 
is a very interesting tool to focus on risk factors 
for lung cancer other than smoking,” explains 
Couraud, who is working on a comprehensive 
study of tumour mutations among 384 never-
smokers in France who have lung cancer.  

Some risk factors are well known  — breath-
ing in second-hand cigarette smoke, for 
example, which is responsible for 20–50% of 
lung-cancer deaths in never-smokers in the 

United States. Studies have shown1 that the 
more second-hand smoke a person is exposed 
to, the less likely he or she is to have EGFR-
mutant lung cancer — in other words, breath-
ing in a lot of second-hand smoke is likely to 
cause the same form of lung cancer as that seen 
in smokers. Curiously, however, data from the 
French cohort of never-smokers does not show 
this pattern — in fact, Couraud reports, those 
data show no relationship between second-
hand smoke exposure and any driver mutation. 

And tobacco smoke is not the whole story. 
In east Asia, never-smokers who develop lung 
cancer are disproportionately women, in part 
because of exposure to coal smoke in unven-
tilated homes (see page S16). And in 2013, the 
International Agency for Research on Cancer 
confirmed outdoor air pollution as carcino-
genic (see page S14). As the number of peo-
ple smoking cigarettes continues to decline 
throughout the world, risk factors for lung 
cancer will change. “Lung cancer is not going 
to entirely go away because we convince people 

to stop smoking,” Oxnard says. 
Before cigarette smoking became wide-

spread, lung cancer was rare, leading to just 
0.7% of cancer deaths in the United States in 
1914, versus an estimated 27% in 2014. Res-
piratory cancers — a category that includes 
not only lung cancer but also mesothelioma 

— are the most com-
mon cancers acquired 
as a result of exposures 
on the job to carcino-
gens such as asbestos 
or silica, for example. 

Connecting what 
is known about lung-
cancer risk factors to 
individual patients 

remains difficult. “We don’t have a clear under-
standing of why the majority of never-smokers 
develop lung cancer,” Rudin says.

Some lung-cancer risk probably also comes 
from inherited genetic factors. Until five years 
ago, most studies investigating familial lung 
cancer have focused on families who smoked. 
As a result, there has been no good way to 
distinguish whether it is exposure to second-
hand smoke or genes that have caused lung 
cancer. Researchers are just beginning to 
puzzle out the inherited factors that increase 
lung-cancer risk in the absence of exposure 
to tobacco smoke. A few studies have identi-
fied individuals with an inherited mutation 
in EGFR. This mutation, working through a 
mechanism that is not yet understood, seems 
to produce resistance to targeted therapies 
and also increase susceptibility to develop-
ing lung cancer6,7.  

The population of people who have never 
smoked but have lung cancer has become a 
model for studying other subgroups of peo-
ple with the disease. Oxnard and Gitlitz, for 
example, are co-leading a study of genomic 
changes in patients who were diagnosed with 
lung cancer before the age of 40. Lung can-
cer is rare in this age group, and researchers 
say that studying this population may help 
to uncover additional driver mutations and 
therapeutic approaches — just as studies 
of never-smokers have done. “We as clini-
cians have the responsibility to keep our eyes 
open for such clinical outliers,” Oxnard says, 
“because they may provide unique insights on 
a more deep biological level.”  ■

Sarah Deweerdt is a freelance science writer in 
Seattle, Washington.
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“Lung cancer 
is not going 
to entirely go 
away because 
we convince 
people to stop 
smoking.”
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