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Background: While tobacco exposure is the cause of the vast majority of lung cancers, an important 
percentage arise in lifetime never smokers. Documenting the precise extent of tobacco induced molecular 
changes may be of importance. Also, the contribution of environmental tobacco smoke (ETS) is difficult to 
assess. 
Methods: We developed and validated a quantitative method to assess the extent of tobacco related 
molecular damage by combing the most characteristic changes associated with tobacco smoke, the tumor 
mutation burden (TMB) and type of molecular changes present in lung cancers. Using maximum entropy 
(MaxEnt) as a classifier, we developed a F score. F score values >0 were considered to show evidence of 
tobacco related molecular damage, while values ≤0 were considered to lack evidence of tobacco related 
molecular damage. Compared to the stated patient tobacco exposure histories, the F scores had sensitivity, 
specificity and accuracy values of 85–87%. Using this method, we analyzed public data sets of lung 
adenocarcinoma (LUAD), lung squamous cell (LUSC) and small cell lung cancer (SCLC). 
Results: Less than 10% of LUSCs and SCLCs had negative F scores, while 27% to 35% of LUADs had 
positive scores. The F score showed a highly significant downward trend when LUADs were subdivided 
into the following categories: ever, reformed ≤15 years, reformed >15 years and never smokers. Most of 
the examined bronchial carcinoids (a lung cancer type not associated with smoke exposure) had negative F 
scores. In addition, most LUADs with EGFR mutations had negative F scores, while almost all with KRAS 
mutations had positive scores. 
Conclusions: We have established and validated a quantitative assay that will be of use in assessing 
the presence and degree of smoke associated molecular damage in lung cancers arising in ever and never 
smokers. 
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Introduction

Tobacco exposure is the number one risk factor for lung 
cancer. In the United States, cigarette smoking is linked to 
about 80% to 90% of lung cancers. However, the use of 
other tobacco products such as cigars or pipes also increases 
the risk for lung cancer. Tobacco smoke is a toxic mix of 
more than 7,000 chemicals, many of which are poisons, and 
more than 70 are known to be carcinogenic (CDC.gov). 
Cigarette smokers are 15–30 times more likely to get lung 
cancer or die from lung cancer than lifetime never smokers. 

Former smokers have a lower risk of lung cancer than if 
they had continued to smoke, but their risk is higher than 
the risk for people who never smoked. Smoking cessation 
at any age lowers the risk of lung cancer. Cigarette smoking 
can cause cancer at multiple other sites in the body (1). 
Exposure to secondhand smoke also causes lung cancer, 
although the relative risk is much lower than that of a heavy 
smoker (2,3). 

As definitions for persons with smoke exposure are 
not uniform, standardized approaches to estimation and 
reporting are essential to ensure comparability of results in 
different studies and sources.

We shall use the following definitions for tobacco usage 
and exposure: 
 Current smoker. An adult who has smoked at least 

100 cigarettes in their lifetime and who currently 
smokes cigarettes or has quit within the previous  
12 months. 

 Former (“reformed”) smoker. An adult who has 
smoked at least 100 cigarettes in their lifetime 
but has quit smoking for longer than the previous  
12 months.

 Never smoker. An adult who has never smoked, or 
has smoked less than 100 cigarettes in their lifetime.

 Ever smoker. An adult who has smoked at least 100 
cigarettes in their lifetime (irrespective of whether 
they are currently smoking).

 Environmental tobacco smoke (ETS). Usually 
refers to cigarette smoke in the environment of a 
nonsmoker. ETS is also called second-hand smoke. 
Inhaling ETS is called passive smoking. 

 Pack year measure of tobacco exposure. Calculated 
by multiplying the number of packs of cigarettes 
smoked per day by the number of years the person 
has smoked. For example, 1 pack-year is equal to 
smoking 20 cigarettes (1 pack) per day for 1 year, and 
1/2 pack year is equal to smoking 10 cigarettes per 
day for 1 year.

Because quitting is relatively easy to initiate but difficult 
to maintain, many smokers repeatedly attempt to quit, 
usually for short or moderate periods (<1 year). Thus, 
a former smoker is defined as one who has quit for at 
least one year. As the risk of lung cancer decreases with 
the duration of quitting (4), former smokers may also be 
subdivided into those that quit (reformed) less than 15 years 
and those that quit (reformed) for longer than 15 years. 
However, for heavy former smokers, an increased risk of 
developing lung cancer remains for their lifetime, and never 
returns to the baseline levels of a lifetime never smoker (5).

Measurement of tobacco exposure is important for 
tobacco prevention and control monitoring systems (6) 
and for determining the risk of various tobacco products. 
Pack years of exposure is the most widely used quantitative 
measure of overall tobacco use. However, the use of this 
subjective parameter has major limitations: (I) as daily 
tobacco usage often varies during the lifetime of a smoker, 
often interspersed with repeated attempts at quitting for 
varying times, accurate estimates of smoke exposure over 
the smoker’s lifetime are difficult; (II) ETS exposure, which 
often occurs during childhood, is even more difficult to 
estimate and likely to be a rough approximation; (III) 
obtaining the most accurate smoke exposure history 
often requires a trained health care professional and a 
carefully crafted questionnaire; (IV) an individual’s genetic 
susceptibility may vary with a number of factors including 
family history, gender and ethnicity, resulting in different 
degrees of smoke induced damage from similar exposures; 
(V) the risk from usage of different tobacco products (such 
as cigars, pipes, beedis etc.) may vary, making estimates of 
exposure and their possible harmful effects difficult; (VI) 
finally, a lung cancer patient may deliberately misstate his or 
her tobacco exposure for a number of reasons. 

Smoke exposure results in characteristic genetic changes 
in the resultant lung cancers. These findings are consistent 
with the proposition that tobacco exposure results in 
cancer risk by increasing the somatic mutation load, both 
in number and type (1). The tumor types with the highest 
odds ratio for developing cancer in individuals who smoke 
an average of more than 30 cigarettes a day are those that 
occur in tissues directly exposed to tobacco smoke (such as 
lung cancer and larynx). In fact, it is estimated that smoking 
a pack of cigarettes a day causes 150 mutations in each lung 
cell every year (1). These mutations represent the start of a 
cascade of genetic damage that can eventually cause cancer. 
However, the molecular changes associated with smoking in 
other tissues not directly exposed to tobacco smoke is more 
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complex and variable.
One of these molecular changes is an increased number 

of somatic mutations (of all types) (7). The three common 
types of lung cancer [lung adenocarcinoma (LUAD), lung 
squamous cell (LUSC), and small cell lung cancer (SCLC)] 
are among the five cancer types having the highest tumor 
mutation burden (TMB). The average TMB is more than 
several fold lower in never-smokers than in smokers (8,9). 

The other major molecular difference between cancers 
arising in ever and never smokers involves the pattern of 
DNA substitution mutations. DNA substitution mutations 
are of two types: transitions are interchanges between two-
ring purines (A or G) or of one-ring pyrimidines (C or T)—
they therefore involve bases of similar shape. Transversions 
are interchanges of purine for pyrimidine bases, which 
therefore involve exchange between one-ring and two-
ring structures. Although there are twice as many possible 
transversions (8 transversions, 4 transitions), the molecular 
mechanisms by which they are generated result in transition 
mutations usually occurring at higher frequencies than 
transversions (“transition bias”) (10). In addition, transitions 
are less likely to result in amino acid substitutions, and are 
more likely to cause silent single nucleotide polymorphisms 
(SNPs).

In  smoker  assoc ia ted  cancers ,  C to  A/G to  T 
transversions are the commonest form of DNA substitution 
mutations (8,9,11). This specific transversion is relatively 
rare in most tumor types, and has been attributed to the 
mutagenic action of carcinogens in tobacco smoke, in 
particular to polycyclic aromatic hydrocarbons (11). By 
contrast, the commonest DNA substitution mutation 
present in never smoker lung cancers is C to T/G to A 
transitions (8,9).

In this report, we have combined the two DNA mutation 
changes that distinguish smoker and never smoker 
associated cancers to generate and validate a quantitative 
score for assessing smoke associated damage in lung cancers. 

Methods

Datasets of the three major lung cancer types (LUAD, 
LUSC and SCLC) were used in our study, and an additional 
one for bronchial carcinoids.

LUAD datasets

Two independent datasets of LUAD were downloaded for 
training and validation. Genomic Data Commons (GDC) 

data was downloaded through the public GDC Data Portal 
(https://docs.gdc.cancer.gov/Data/) [which utilizes data 
from The Cancer Genome Atlas (https://cancergenome.nih.
gov)]. The somatic variants of the whole exome sequencing 
(WXS) data were measured with MuTect variant calling 
pipeline. Data from 567 samples were available. More 
details are available from the GDC website. 

The other LUAD dataset was the Broad dataset that 
was downloaded from a published report (9). The mutation 
variations of its 183 LUAD samples were examined with a 
combination of WXS or whole genome sequencing (WGS): 
159 WXS, 23 WXS and WGS, and 1 WGS only. Because 
in this study, we focused on the WXS mutations, we used 
the 159 WXS samples as the validation data. 

LUSC dataset

A GDC LUSC dataset with 492 available samples was also 
used as another validation dataset. It also included the WES 
somatic variants measured with MuTect variant calling 
pipeline. 

SCLC datasets

Two independent SCLC datasets were downloaded from 
published reports and were also used as validation datasets. 
SCLC I consisted of 30 WXS of primary tumors, published 
by Rudin et al. (12) and SCLC II contained WXS of 27 
tumors, downloaded from Peifer et al. (13).

Bronchial carcinoid dataset 

WXS of 13 carcinoid samples in Fernandez-Cuesta were 
downloaded for this report (14). The somatic mutations 
were detected by their in-house method. 

Trend analysis among different groups

Mann-Kendall (MK) test was used to statistically assess if there 
was a monotonic upward or downward trend of the tumor 
mutation burden (TMB) and the transversion/transition ratio 
(TTR) (see below) for different smoking history groups (15,16). 

Classification analysis

To test whether TTR and TMB can be used to quantify 
the smoking exposure, we used them as variables to 
classify samples into ever/never smoker groups with 



442 Song et al. Smoke damage in lung cancers

© Translational lung cancer research. All rights reserved.   Transl Lung Cancer Res 2018;7(4):439-449tlcr.amegroups.com

maximum entropy discriminant (MED) classification  
algorithm (17,18). 

The GDC samples were separated into four smoking 
exposure groups: never, reformed longer than 15 years, 
reformed less than 15 years and current. However, pack 
year exposure history was available for both LUAD data 
sets. Therefore, we also separated samples into three groups 
according to their pack year information:

(I)	 Heavy smoker: pack year ≥60;
(II) Light-moderate smoker: 0< pack year <60;
(III) Never smoker: pack year =0.
We realize that these are not standard definitions for 

exposure, but reflect useful categories for our analyses. 
GDC LUAD contained the most samples. Therefore, 

it was used as the training set. The Broad LUAD, GDC 
LUSC and the two SCLC datasets were used for validation 
data sets. The details of these sets are shown in Table S1. 
For additional indirect validation, we compared the F scores 
from these samples with the presence of KRAS or EGFR 
mutations. The F scores of bronchial carcinoids were also 
calculated.

Fi=0.4615xi + 0.8681yi+0.3584 [1] 

where xi is the nornalized log2 (TMB) of sample i and yi is 
the normalized TTR of sample i.

All samples were normalized by the mean value [mean 
(log2TMB) =7.1848, mean (TTR) =1.0255] and standard 
deviation [STD (log2TMB) =1.8573, STD (TTR) =0.9077] 
of the training samples. To improve the classification 
accuracy, the training model used only heavy smokers as 
positive samples and never smokers as negative samples. 
The prediction performance of the lung cancer data sets 
was used for optimizing the final classification model. All 
analyses were performed in MATLAB and the scripts are 
available upon request. 

Methods for quantitation of molecular smoke damage in 
lung cancers

(I) TMB. The TMBs were considerably lower (>6 fold) 
in never smokers than in current smokers, suggesting 
that the TMB could be used as an indicator of smoke 
damage in lung cancers. We used the mean value of 
never smokers plus two standard deviations as a cut 
off value to separate the two groups;

(II) TTR. Based on the different patterns of DNA 
substitution mutations observed in lung cancers 

arising in smokers and never smokers, we reasoned 
that the ratio of C to A/G to T transversions: C 
to T/G to A transitions would be a numerical 
indicator of smoke exposure. We refer to this as the 
TTR. Values greater than one would reflect smoke 
associated mutational damage, while values less than 
one would indicate little or no smoke associated 
damage;

(III) The F score as determined by maximum entropy 
(MaxEnt). This method is described in detail below.

The MaxEnt classification method

In statistics, multinomial logistic regression also known as 
MaxEnt classifier is a classification method that generalizes 
logistic regression to multiclass problems. It is a model that 
is used to predict the probabilities of the different possible 
outcomes of a categorically distributed dependent variable, 
given a set of independent variables. We implemented a 
MATLAB code of a discriminative MaxEnt classifier (17-19).

Performance measurements
To evaluate the classif ication performance of the 
classification of the analysis, prediction accuracy (ACC), 
specificity (SP) and sensitivity (SN) are defined as follows:

TP TNAccurary
TP TN FP FN

+
=

+ + +  [2]

TPSensitivity
TP FN

=
+  [3]

TNSpecificity
TN FP

=
+  [4]

where TP, FP, TN and FN denote true positive, false 
positive, true negative, and false negative, respectively. For 
example, sensitivity is the proportion of heavy smokers 
correctly classified, specificity is the proportion of never 
smokers correctly classified, and accuracy is the proportion 
of both.

Results

The data sets and gender and smoke exposure 
demographics 

Of the two adenocarcinoma data sets studied, the GDC 
data from The Cancer Genome Atlas (TCGA) portal 
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contained the more detailed smoking history and separated 
the samples into four smoke exposure categories. Thus a 
greater number of our analyses utilized this set. Of the 478 
cases with gender and smoking history available, 54% were 
women (Table S1). However, as expected, there were more 
women among the never smoker category (72.5%), while 
the gender distribution among the ever smokers was almost 
equal (50.9% women) (Figure S1). 

The smoke exposure subgroups also showed a highly 
significant downward trend in pack year history, with a 
sharp drop between the reformed ≤15 years and reformed 
>15 years’ subgroups (Figure S2). 

Establishment and validation of the F score method

Since the TTR and TMB were strongly associated with 
tobacco exposure, we decided to use them as combined 
variables to measure smoking damage. MaxEnt was used as 
a classifier. The classification results are shown in Figure 1. 
The accuracies of training and validation data were 86.3% 
and 89.8%, respectively. 

In the training step, we first grouped the lung cancer 
cases into ever or never smoker groups and developed a 
F (fi) score {shown in Eq. [1]} as a quantitative indicator 

of smoking associated molecular damage in lung cancers 
(Figures 2,S1). F score values >0 were considered to show 
evidence of tobacco related molecular damage, while 
values ≤0 were considered to lack evidence of tobacco 
related molecular damage. When compared to the smoking 
histories, F scores had sensitivity, specificity and accuracy 
values in in the 85–87% range. 

Results of quantitation methods for detection of molecular 
smoke damage in lung cancers

Results for the three quantitation methods are shown 
in Table 1. For both the TMB and TTR methods, a 
surprisingly high percentage of current smokers were found 
to lack evidence of smoke exposure. For the TMB method, 
29.2% of LUAD, 31.6% of LUSC and 64.9% of SCLC 
tumors arising in current smokers lacked evidence of smoke 
damage. For the TTR method, 24.2% of LUAD, 40.6% 
of LUSC and 21% of SCLC tumors arising in current 
smokers lacked evidence of smoke damage. By contrast, for 
the F score, method 10.8% of LUAD, 6% of LUSC and 
9.8% of SCLC tumors in current smokers lacked evidence 
of smoke damage. Thus, the data from the F score method 
were more consistent with the smoke exposure histories 
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Figure 1 The F score values compared to smoke exposure histories. TTR, transversion/transition ratio; TMB, tumor mutation burden; SN,
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and with the knowledge that the vast majority of LUSC and 
SCLC cases are smoke exposure related (20,21). 

F scores for the four smoke exposure subgroups are 
shown in Figure 3. While the mean values for current and 
recently reformed (≤15 years) subgroups were identical 
(1.34), there was a sharp drop in value for the longer term 
reformed (>15 years) smokers (0.53) and the never smokers 

had a negative value (−0.60). The Trend Test was highly 
significant. The tobacco pack year exposure decreased with 
length of smoking cessation. However, for all smoking 
subtypes, the pack year exposure varied widely. There was 
no direct correlation between smoke exposure and the F 
score (data not shown).

Women constituted more than 50% of the learning data 
set, and more than 70% of the never smoker subgroup  
(Table S1). Also, there was a highly significant increasing 
mean age of the reformed smokers’ subgroups compared 
to current smokers, accompanied by a decreasing pack year 
exposure (Figures S1,S2).

Bronchial carcinoids are relatively rare low grade (NETs) 
of the lung that are not associated with smoking and have 
a pathogenesis distinct from the common types of lung 
cancer (14,22). We calculated the F scores of 42 bronchial 
carcinoids (Figure 4). Of these, 37 (88%) had negative 
scores, including all 10 with known smoking histories  
(8 ever smokers, 2 never smokers).

For further indirect validation, we examined the F scores 
for LUADs having EGFR or KRAS mutations, pooling 
data from both LUAD data sets (Figure 5). Approximately 
one third of the EGFR and 90% of the KRAS mutations 

Table 1 Results of the three quantitative methods for assessing molecular smoke exposure damage in lung cancers

Category Current Reformed ≤15 yrs Reformed >15 yrs Ever Never Total

MTMB > median value 
for never smokers + 
standard deviation (%)

LUAD (G) 85/120 (70.8) 116/169 (68.6) 56/134 (41.8) 257/423 (60.8) 7/74 (9.5) 264/497 (53.1)

LUSC (G) 91/133 (68.4) 182/244 (74.6) 51/80 (63.8) 324/457 (70.9) 11/18 (61.1) 335/475 (70.5)

SCLC 20/57 (35.1)

TTR >1 (%)

LUAD (G) 91/120 (75.8) 126/169 (74.6) 71/134 (53.0) 288/423 (68.1) 65/74 (87.8) 353/497 (71.0)

LUSC (G) 79/133 (59.4) 143/244 (58.6) 38/80 (47.5) 260/457 (56.9) 13/18 (72.2) 273/475 (57.5)

SCLC 45/57 (79.0)

F score >0 (%)

LUAD (G) 107/120 (89.2) 151/169 (89.4) 93/134 (69.4) 351/423 (83.0) 11/74 (14.9) 362/497 (72.8)

LUSC (G) 125/133 (94.0） 221/244 (90.6) 66/80 (82.5) 412/457 (90.2) 11/18 (61.1) 423/475 (89.1)

SCLC 52/57 (91.2)

The percentages of cases estimated to show evidence of smoke damage are presented. LUAD and LUSC data from GDC data set. Only 
limited smoke exposure data were available for the SCLC cases, and only data for all cases are shown. MTMB, mean tumor mutation 
burden; TTR, transversion/transition ratio; LUAD, lung adenocarcinoma; GDC, Genomic Data Commons; LUSC, lung squamous cell; 
SCLC, small cell lung cancer.
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lung adenocarcinoma; GDC, Genomic Data Commons; LUSC, 
lung squamous cell; SCLC, small cell lung cancer.
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had F scores >0. Most KRAS mutations, which target ever 
smokers (23,24), occurred in ever smokers. By contrast, 
EGFR mutations, which target never smokers and reformed 
smokers >15 years (24), were more frequent in never 
smokers and in tumors with F scores <0. 

We attempted to correlate the F score with clinical 
parameters. The only clinical parameter presents in the two 
adenocarcinoma data bases we utilized was overall survival. 
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There was no correlation between the F score and overall 
survival.

Discussion

The molecular changes between lung cancers arising in 
smokers and never smokers are reflected in differences in 
the somatic mutation load and in the type of mutations. 
LUADs have been divided into transversion high and 
transversion low subgroups as an indicator of smoke  
damage (25). However, this proposed division is a binary 
division and not a numerical one, and ignores the other 
major molecular change, the somatic mutation load, 
which shows multifold differences between tumors 
arising in smokers and never smokers. We also altered the 
Transversion high and Low groups into a ratio comparing 
the transversion characteristic of smoker tumors and 
the transition characteristic of never smoker tumors to 
form the TTR. By combining both molecular changes 
that differentiate smoker and never smoker tumors, we 
generated and validated a F score where values >0 were 
predicted to show evidence of tobacco related molecular 
damage, while values ≤0 were predicted to lack such 
evidence. We compared the three numerical scoring systems 
(TMB, TTR and the F score). Both the TMB and TTR 
had large fractions of current smoker tumors that lacked 
evidence of molecular damage, and were not considered as 
useful. By contrast the F score system had a much smaller 
fraction of ever smoker tumors without lack of smoke 
associated damage, comparable to the expected figures. 

While most lung cancers are smoking related, about 
15% of all lung cancers in the USA arise in lifetime never 
smokers (20,26). Lung cancers arising in smokers and 
never smokers appear to be very different diseases at the 
clinical, epidemiologic and molecular levels (20,27,28). In 
the clear majority of cases, lung cancers in never smokers 
have adenocarcinoma or large cell carcinoma histology 
(20,26). As large cell carcinoma is no longer considered 
to be an independent entity but may represent poorly or 
undifferentiated forms of the other major forms of lung 

cancer (29,30), it may be presumed that LUAD is the 
major form of lung cancer associated with never smokers. 
Consistent with these observations, we found that the 
majority (~90%) of LUSC and SCLC had positive F scores, 
predicting smoke associated molecular damage, while 
LUADs demonstrated a much higher frequency of negative 
F scores. The latter observation reflects the fact that most 
lung cancers arising in never smokers have adenocarcinoma 
histology (20). Thus, the use of these scores to assess 
tobacco associated mutation damage may have limited 
utility in LUSC and SCLC. However, the F scores may 
be more useful in LUADs, which show wide ranges of 
tobacco associated mutational damage, varying with length 
of smoking cessation, and compromising most cancers 
arising in never smokers. A fraction of ever smokers in all 
lung cancer histologies showed negative scores, indicating 
lack of evidence for smoke induced molecular damage. 
The mean pack years of exposure varied in the three ever 
smoker adenocarcinoma groups from 26.5 to 47.5, and it 
is highly unlikely that modest amounts of smoke exposure 
contribute to lung cancer pathogenesis. The definition of 
an ever smoker is a person who has smoked 100 or more 
cigarettes during his or her lifetime, a minute fraction of the 
exposure required to induce lung cancers. Approximately 
15% of current smokers had exposures less than 20 pack 
years, and their exposure may have had modest or even no 
contribution to cancer pathogenesis. However, we were 
unable to demonstrate any direct relationship between pack 
year exposure and the F score. 

Because ETS is a weak carcinogen, we predicted that 
lung cancers arising in lifetime never smokers would have 
very different molecular changes than those arising in ever 
smokers, irrespective of the extent of ETS exposure, and 
that long term former (reformed) smokers would have 
changes intermediate between those of current and never 
smokers. As described in the Results, our predictions 
have largely been confirmed. While no estimates of ETS 
exposure were available for the patient cohorts we studied, 
the F scores of most never smokers were ≤0, indicating little 
or no molecular damage that could be attributed to tobacco 

Table 2 Correlation of F score with EGFR and KRAS mutations and smoking history

Mutation
F score >0 F score <0

Ever smokers Never smokers Ever smokers Never smokers

EGFR [%] 24 [92] 2 [8] 21 [38] 34 [62]

KRAS [%] 139 [97] 4 [3] 8 [62] 5 [38]
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related mutagens in ETS. However, nearly 15% of never 
smokers had positive F scores, possibly indicating ETS, or 
incorrect smoking histories. While ETS is a major health 
hazard, it is a weak carcinogen for lung cancer compared 
to the direct exposure of smokers (2,20,31). Of interest, 
a recent study found no effects of ETS on the molecular 
profile of lung cancers in never smokers (2). Thus, the F 
score may also be useful for assessing the contribution of 
ETS in individual LUADs. 

Two of the major driver mutations frequently present 
in LUADs are KRAS and EGFR mutations. In the largest 
series of cases reported, Riely et al. (23) found that KRAS 
mutations in LUADs occurred at a frequency of 25% 
in smokers and at a frequency of 15% in never smokers. 
Of interest, the mutations in smokers and never smokers 
showed the same patterns of transversions and transitions 
that are characteristic these two groups. By contrast, EGFR 
mutations in NSCLC are more common in never smokers. 
In a large meta-analysis study, Ren et al. found that EGFR 
mutations in NSCLC were approximately 5 times more 
common in never smokers than in smokers (32). Our 
findings are consistent with these reports. EGFR mutations 
frequently occurred in LUADs having scores <0 (68%), and 
almost all (92%) of the mutations occurring in LUADs with 
scores >0 were in smokers. By contrast, 89% of the KRAS 
mutations occurred in LUADs having F scores >0, and the 
clear majority of mutations occurred in ever smokers (94%).

Bronchial carcinoids are low grade NETs of the lung 
which are not associated with smoking, and which arise 
independently of the high grade NETs [SCLC and large 
cell neuroendocrine carcinoma (LCNEC)] (22). Consistent 
with this, the F score indicated that most of the carcinoid 
tumors examined had F scores <0 and, thus, demonstrated 
no evidence of smoking associated molecular damage. 

As most LUSC and SCLC tumors have positive F scores 
indicating that they have evidence of tobacco associated 
molecular damage, the greatest value of the F score system 
appears to be in assessing molecular damage in LUADs. 
Some LUADs arising in never smokers had F scores >0, 
suggesting that they had some degree of smoking associated 
molecular damage. Whether this damage was due to 
incorrect smoking histories or reflected ETS induced damage 
remains to be determined. In addition, some smokers lacked 
evidence of smoking associated molecular damage in their 
tumors, indicating that smoking was unlikely to be the major 
causative factor. A previous study found varying frequencies 
of misclassification of smoking histories, with up to 15% 
being misclassified (33), consistent with our findings.

The F score was not correlated with overall patient 
survival. Apparently, tobacco damage is related to tumor 
pathogenesis, but once a tumor arises, the degree of 
smoke damage may not contribute to its further clinical or 
biological progression. 

Of interest, women constituted more than 50% of the 
learning data set, and more than 70% of the never smoker 
subgroup. This is consistent with multiple observations that 
the fraction of never smokers among women is relatively 
high, more so among East Asians. Another observation was 
the highly significant increasing mean age of the reformed 
smokers’ subgroups compared to current smokers. This 
could reflect the fact that smoke cessation decreases the 
rate of further mutations compared to current smokers. 
The reformed subgroups also had lower pack year histories 
compared to current smokers. 

In summary, we have developed and validated a robust, 
non-subjective, quantitative scoring system for assessing 
smoke associated molecular damage in lung cancers. The 
scoring system will be of use in assessing the presence 
and degree of smoke associated molecular damage in lung 
cancers arising in ever and never smokers. 
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Supplementary

Table S1 Gender distribution among adenocarcinomas by smoke exposure subtypes (GDC)

Current Reformed ≤15 yrs Reformed >15 yrs Ever Never Total

Count (%) 116 (24.3) 167 (34.9) 126 (26.4) 409 (85.6) 69 (14.4) 478 (100)

Women (%) 49 (42.2) 100 (59.9) 59 (46.8) 208 (50.9) 50 (72.5) 258 (54.0)

GDC, Genomic Data Commons.
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Figure S1 Bee swarm plot of patient ages by smoke exposure (GDC data set). GDC, Genomic Data Commons.
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Figure S2 Bee swarm plot of median pack years by smoke exposure subgroups (GDC data set). GDC, Genomic Data Commons.


