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ABSTRACT The big percentage of lung adenocarcinomas (LUAD) arising in lifetime nonsmokers and the
low sensitivities of known major tobacco biomarkers urgent the identification of real molecular signatures
for corresponding personalized treatment. Moreover, cancer is presumed to have a symptomatology strongly
dependent on modules of functionally-related genes rather than on a unique important gene. Our aims,
therefore, are to identify signature genes by optimizing the tobacco exposure pattern (TEP) classification
model and to uncover their interaction relationships at different molecular levels. A new method, TTZ,
is proposed to extract features as input variables to TEP classification model. Based on the Z-curve method,
TTZ is able to extract features not only from mutation frequencies but also from sequencing information
of insertions and deletions. Two independent LUAD datasets, The Cancer Genome Atlas (TCGA) and
Broad data, are downloaded to train and test the TEP classification model. Thirty-four genes are identified
as tobacco related mutational signature genes with the accuracies of 93.55% and 92.65% for train and
validation data, respectively. The inference of genetic and protein-protein interaction (PPI) networks uncover
that LAMA1, EGFR, KRAS and TNN are the most connected core genes. Six signature genes are proved
significantly involved in the cilium damage pathway, which is considered as one of the root causes of lung
cancer. The identified signature genes may serve as potential drug targets for the precision medicine of
LUAD.Most importantly, the TTZ feature extractingmethod can be easily extended to other disease or cancer
related mutational signature identification issues.

INDEX TERMS Biological network inference, lung adenocarcinomas, mutation signature identification,
tobacco exposure, Z-curve method.

I. INTRODUCTION
Lung cancer has been the leading cause of cancer-related
mortality throughout the world for decades [1]. Cigarette
smokers are proved to be 15-30 times more likely to get lung
cancer or die from it than lifetime nonsmokers. It is linked
to about 80% to 90% of lung cancers in United States. Even
though tobacco smoking is the major risk for lung cancer,
however, there are still 10-15% of cancer patients of western
world who have no history of tobacco exposure [2], [3]. Most
of them tend to suffer lung adenocarcinoma (LUAD) [4],
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[5]. More importantly, it’s been shown that smoking during
cancer therapy may influence radiotherapy and chemother-
apy outcomes [6]. Therefore, when considering therapies for
LUAD patients, the carcinogenic mechanisms of smokers are
believed to differ from those of nonsmokers [7]–[9]. Unfor-
tunately, more and more well-known major mutations have
been proved high false positive or high false negative by accu-
mulated research results. Taken the two well-known major
mutations frequently present in LUADs, KRAS and EGFR
mutations, as examples: Riely et al. [10] found that KRAS
mutations in LUADs occurred at a frequency of only 25% in
smokers but at a frequency of as high as 15% in nonsmoker;
By contrast, in a large meta-analysis study, Ren et al. [11]
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found that EGFR mutations in NSCLC were approximately
only 5 times more common in nonsmokers than in smokers.
Consequently, the rising proportion of nonsmokers in LUAD
urges the precision treatment for the patients with different
tobacco exposure, which further urges the deep understanding
of the difference in the carcinogenic mechanisms between
smokers and nonsmokers.

Somatic DNA mutations are relatively stable and are
believed to lead to initiation and progression of many types
of cancer. It has been proved that tobacco exposure results in
cancer risk by increasing the somatic mutation load, both in
number and type [9], [12]. The average mutation frequency
is more than 10-fold higher in smokers than in nonsmok-
ers. Uncovering signature mutation genes for the difference
in tobacco exposure pattern (TEP) holds high promise for
the deep understanding of the difference in the carcino-
genic mechanisms between smokers and nonsmokers. Con-
sequently, it holds high promise for fasting development of
personalize treatment for LUAD.

To uncover TEP related mutation signatures, various
efforts have been made to incorporate cancer-specific muta-
tion information into analysis. Most of these tools can be
classified into three categories based on their basic prin-
ciples. 1) Frequency-based methods: identifying signature
genes that are more frequently mutated than the background
mutation rate [9], [13]–[15]. 2) Subnetwork methods: identi-
fying signature genes based on prior knowledge of pathways,
proteins or genetic interactions [16], [17]. 3) Hotspot-based
methods [18]–[20]. The term hotspot refers to hotspot muta-
tion regions, which are driven by positive selection and espe-
cially located in functional domains or important residues for
three-dimensional protein structures [21], [22].

However, despite the rapid progress in computational
approaches to prioritize cancer mutational signature genes
with the advent of next generation sequencing technologies,
the ultimate goal of discovering a complete catalog of genes
truly associated with TEP is far from being achieved. Sig-
nature gene lists predicted from these tools lack consistency
[18]. Many tools are not optimally balanced between preci-
sion and sensitivity [23]. The apparently significant muta-
tion genes tend to be highly enriched for genes encoding
extremely large proteins because of their prominence inmuta-
tion burden caused by the sequence length. Most importantly,
the sequence information of insertions and deletions has
never been considered in any of these tools. Moreover, recent
studies showed that cancer is presumed to have a symptoma-
tology strongly dependent on modules of functionally-related
genes rather than on a unique important gene [24], [25].

Therefore, we proposed a newmutational sequence feature
extracting method, named TTZ-feature, to extract features
from not only mutation frequencies but also from sequences
of insertions and deletions to identify TEP mutational sig-
nature genes for LUAD. Afterwards, networks at genetic
and proteinic levels were inferred to uncover the modules of
functionally related signature genes. Then, pathway analysis
was explored to verify them according to their functions.

FIGURE 1. The study outline. We proposed a new mutational sequence
feature extracting method, named TTZ-feature, to identify tobacco
exposure mutation signature genes using PLS (Partial Least Squares)
algorithm. Afterwards, subnetworks at different molecular levels were
inferred to analyze their relationships. Then, KEGG and GO enrichment
analysis were conducted to analyze their molecular functions and
associated pathways.

TABLE 1. Summary of the sample datasets.

Correspondingly, the aim of this study is two-fold: 1) to
identify mutation signature genes highly related with TEP
from hundreds of thousands of genome-wide genes; 2) To
uncover the important relationships among identified genes
from differentmolecular levels, i.e., gene expression level and
protein level. Fig. 1 shows the study outline.

II. MATERIALS AND METHODS
A. LUAD DATASETS
Two independent datasets of LUAD were downloaded for
training and testing the TEP classification model for signa-
ture gene identification. The somatic variants of the whole
exome sequencing (WXS) of TCGA (Legacy Genomic Data
Commons, https://portal.gdc.cancer.gov/projects) data were
measured with MuTect Variant Calling Pipeline. Mutation
profiles of total 22549 genes of 564 samples were available
for analyzing.
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FIGURE 2. The flowchart of Feature extraction. The first row represents a
WES sequence fragment on which are Gene A and Gene B. The second
row shows a hypothetical sequence for Gene A and Gene B. There are
two SNVs(I, II) in Gene A and INS together with DEL in Gene B. The left
part of ‘Feature Transforms’ is the SNV patterns considered in the TTR
feature. The right part is DEL and INS that can be mapped to Cartesian
coordinate system according to the Z-curve theory. The coordinates of the
sequence variation then can be transformed to ZC feature by the formula.
The sum of all above features together with TNA is the TTZ feature
calculated from the mutated sequence of a gene.

Another LUAD dataset consisting of somatic variants and
clinical information named Broad dataset was downloaded
from a published paper [8]. The mutation variations of its
183 LUAD samples were examined with a combination
of WES or whole genome sequencing (WGS): 159 WES,
23WES andWGS, and only 1WGS. In this study, we focused
only on the WES mutations. Consequently, mutation profiles
of total 14809 genes were used. The information of these two
datasets was summarized in Table 1.

B. THE PROPOSED TTZ FEATURE EXTRACTING METHOD
BASED ON THE Z-CURVE ALGORITHM
To extract useful information as comprehensive as possible,
features should contain information not only from muta-
tion frequencies but also from the mutated sequences from
insertions and deletions (indels). Therefore, the TTZ feature
consists of three parts: ZC feature extracted from indels, TTR
(transversion/transition ratio for a gene) and TNA (total num-
ber of alterations for a gene). The flow of feature extraction
is shown in Fig. 2.

1) ZC FEATURE
Z-curve has been a geometrical approach for genome
sequence analysis since proposed in 1990s. It’s a three-
dimensional curve or a point which represents a given DNA
sequence and necessarily contains all the information that the
corresponding DNA sequence carries. In our case, we cre-
atively extract DEL and INS sequence information of each
gene by applying the Z-curve theory. The resulting curve has a
zigzag shape, hence the name Z-curve. The 3D curve or point

of a given DNA sequence is calculated from the frequencies
of the four bases occurring in it [26].

In the original Z-curve algorithm, the frequencies of
nucleotides A, C, G and T occurring in a DNA fragment are
denoted by a, c, g and t , respectively. Based on the Z-curve
method, a, c, g and t are mapped onto a point in a 3D space,
which are denoted by x, y, z [27].

x = (a+ g)− (c+ t)
y = (a+ c)− (g+ t)
z = (a+ t)− (c+ g)

(1)

Consequently, compared with the wild sequence of a gene,
we can get the 1x, 1y and 1z for the mutated sequence:

1x = (1a+1g)− (1c+1t)
1y = (1a+1c)− (1g+1t)
1z = (1a+1t)− (1c+1g)

(2)

where 1a, 1g, 1c, and 1t are the differences in the frequen-
cies of bases a, g, c and t in themutated and the corresponding
wild sequence of this gene.

According to the quadratic form of x, y and z in [26].

x2 + y2 + z2 = 4S − 1 (3)

where S, the ‘‘genome order index’’ [28], is defined as

S = a2 + c2 + g2 + t2 (4)

Thus, the relationship among x, y, z and a, t , c, g is:

x2 + y2 + z2 + 1 = 4
(
a2 + c2 + g2 + t2

)
(5)

To avoid the Dimensional curse problem (the number of
variables is dozens of times of the number of samples), 1x,
1y and 1z are better to be combined into one variable.

Therefore, we defined the ZC-feature as (6):

ZC =
1x2 +1y2 +1z2 + 1

4
(6)

Consequently, for deletion mutations (DEL) of a mutated
gene:

1xij=−xiDELj=
(
ciDELj+tiDELj

)
−
(
aiDELj+giDELj

)
1yij=−yiDELj=

(
giDELj+tiDEL j

)
−
(
aiDELj+ciDELj

)
1zij=−ziDELj=

(
ciDELj+giDELj

)
−
(
aiDELj+tiDELj

) (7)

where aiDELj, giDELj, ciDELj and tiDELj are the frequencies of
bases A, G, C and T in the jth deleted segment of the ith
gene, respectively; xiDELj, yiDELj and ziDELj are their Z-curve
parameters.

Combining (6) and (7), the ZC-feature of the deletion can
be written as:

ZC iINSj =
1xiINSj2 +1yiINSj2 +1ziINSj2 + 1

4
(8)
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correspondingly, for the inserted fragment (INS) of a mutated
gene:

1xij = xiINSj =
(
aiINSj + giINSj

)
−
(
ciINSj + tiINSj

)
1yij = yiINSj =

(
aiINSj + ciINSj

)
−
(
giINSj + tiINSj

)
1zij = ziINSj =

(
aiINSj + tiINSj

)
−
(
ciINSj + giINSj

) (9)

then

ZC iINSj =
1xiINSj2 +1yiINSj2 +1ziINSj2 + 1

4
(10)

where aiINSj, giINSj, ciINSj and tiINSj are the frequencies of
bases A, G, C and T in an inserted segment of the ith mutated
gene, respectively; xiINSj, yiINSj and ziINSj are their Z-curve
parameters and ZCiINSj is the corresponding ZC-feature.
Hence for the ith mutated gene with k deletions and l

insertions, the corresponding ZC-feature should be:

ZC i =

k∑
j=1

ZC iDELj +

l∑
j=1

ZC iINSj (11)

Through this method, all kinds/lengths of mutation deletions
and insertions can be transformed into a score which varies
only with the mutated sequence.

2) TNA FEATURE
To quantify how many alterations happened to a mutated
gene, TNA (total number of alterations) feature is defined
as the total number of alterations of a mutated gene in a
certain sample compared with its corresponding wild type.
Note: deletion, insertion or any other non-SNV alterations
are all considered.

3) TTR FEATURE
Transversion/transition ratio (TTR) feature is the ratio
between single nucleotide variation types of transversions
and transitions of a mutated gene. In total, there are 8 types
tranversions and 4 types transitions. According to our previ-
ous study, the ratio of C > A/G > T (transversions) vs. C >

T/G > A (transitions) is highly related with TEP. Therefore,
TTR was particularly defined as the ratio of C > A/G > T
(transversions) vs. C > T/G > A (transitions) happened in a
mutated gene.

4) TTZ FEATURE
Taken together, for the ith mutated gene in the jth sample,
TTZ-feature can be calculated as:

TTZ ij = ZC ij + TNAij + TTRij (12)

where TTZij is the TTZ-feature; TNAij is the total number
of alterations; TTRij is the ratio between C > A/G > T
(transversions) and C > T/G > A (transitions); ZCij is the
feature extracted based on the Z-curve method.

From the definition of TTZ-feature, we can see that TNA
and TTR consider both the SNV (single nucleotide varia-
tion) and non-SNV alteration frequencies of mutated genes

while ZC considers the sequence information of non-SNV
alterations. Therefore, TTZ-feature takes both frequency and
sequence information of all types of mutations into consider-
ation. Additionally, it doesn’t need any information beyond
DNA sequence information which makes it very practical for
further applications.

5) PARTIAL LEAST SQUARES (PLS)
PLS is a widely used algorithm for modeling relationship
between sets of observed variables by means of latent vari-
ables. It comprises regression and classification tasks as well
as dimension reducing and modeling [29]. Instead of finding
hyperplanes of minimum variance between the response and
independent variables, it finds a linear regression model by
projecting the predicted variables (i.e., classification labels)
and the observed variables (TTZ features in our case) to a
new lower space. Therefore, it performs very well for the
analysis of high-dimension-small-sample data in bioinfor-
matics. Additionally, the linearity characteristic of it makes
it possible to identify important features according to their
contributions to the classification model, which is the main
aim of this study. Please see the Supplementary document for
more details.

C. THE IDENTIFICATION OF MUTATIONAL SIGNATURE
GENES USING THE DEEP SELECTING METHOD
Besides quantifying mutation information, another big chal-
lenge in identifying the mutational signature genes or the
mutational biomarkers from thousands of genome-wide
genes is the ‘Curse of Dimensionality’. It means the num-
ber of variables is much bigger than the number of avail-
able samples (e.g. 13363 TTZ-features vs. 564 samples in
TCGA LUAD dataset). Therefore, inspired by the concept
of ‘‘Deep Learning’’ methods for extracting features step by
step, the deep selecting method based on PLS algorithm was
proposed to identify TEP signature genes. It consists of the
following steps: 1) initiating a TEP classification model with
TTZ features of whole exome genes as input variables; 2)
sorting genes according to their contributions to the clas-
sification model; 3) removing certain number of the least
important genes; 4) remodeling the classification model; 5)
repeating steps 2-5 iteratively until the classification accuracy
couldn’t be improved anymore. Then the remaining genes are
considered as the signatures since using only TTZ features
extracted from their mutated sequences can accurately predict
the TEP of patients.

For the TEP classification model, the TCGA LUAD sam-
ples were used as the training samples and the Broad LUAD
samples were used as the independent validation samples.
The heavy smokers were taken as positive samples and
nonsmokers were taken as negative samples. 5-fold cross-
validation were performed to train the classification model.
The details and corresponding pipeline are available in Sup-
plementary material and Fig. S1.
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D. CONSTRUCTION OF THE DIFFERENTIAL
COEXPRESSION GENETIC NETWORK
Differential coexpression analysis is emerging as a comple-
ment to conventional gene coexpression analysis in response
to environmental stresses or genetic changes. It’s an efficient
way not only to uncover the unique structural characteristics
of a gene interaction network but also to provide new insights
into the biological significance and the underlying gene cor-
relation dynamics. The differential coexpression network of
signature genes was constructed using their gene expression
data as follows:

1) Calculate Pearson correlation coefficient of each pair
of the identified signature genes with their expression
values in heavy smokers and nonsmokers, respectively.
Gene pairs whose p value >= 0.05 were removed.

2) The difference of coexpression of signature gene i and
gene j under two different conditions h (heavy smokers)
and n (nonsmokers) was measured as:

de =
∣∣∣Pi,jh − Pi,jn ∣∣∣ ∗max(

∣∣∣Pi,jh ∣∣∣, ∣∣∣Pi,jn ∣∣∣) (13)

where Pi,j (differential edge) was the correlation coefficient
between gene i and gene j. Here, we modified the method
proposed by Hsu et al. [30] using the absolute value of∣∣∣Pi,jh − Pi,jn ∣∣∣ to identify differentially coexpressed gene pairs.
The de value of each gene pair was considered as ‘‘weight’’.
The differential coexpression network was visualized using
Cytoscape software [31].

E. INFERENCE OF PPI NETWORK OF SIGNATURE GENES
A weighted PPI network among signature genes was
obtained from the STRING (Search Tool for the Retrieval
of Interacting Genes) database (version 11.0) to search the
known and predicted interactions between related proteins
(https://string-db.org/) [32]. Using it, the interacted pro-
teins or genes can be mapped to a weighted network where
proteins or genes are denoted as nodes and the interactions
are denoted as edges marked with a confidence score (cutoff,
0.4). The visualization of the network was accomplished by
Cytoscape software.

F. GENE ONTOLOGY AND KYOTO ENCYCLOPEDIA OF
GENES AND GENOMES PATHWAY ANALYSIS
The Gene Ontology (GO) knowledgebase is the worldwide
largest source of information about the functions of genes.
It is to develop a comprehensive, computational model of
biological systems, ranging from the molecular to the organic
level, across the multiplicity of species in the tree of life [33].

KEGG (Kyoto encyclopedia of genes and genomes) is
a knowledgebase for systematic analysis of gene functions
at the molecular-level in biological systems, from cells to
organisms and ecosystems. It has been generated by genome
sequencing and other high-throughput experimental tech-
nologies [34]. Both GO and KEGG pathway enrichment
analysis for all signature genes were performed using the

FIGURE 3. Classification plot of both datasets by the 34 significant
tobacco-related gene classifier. Each dot on the plot represents a sample.
The left figure shows the prediction of heavy (in red) and nonsmoker (in
blue) tumors of TCGA (G) and Broad (B) datasets while the right one is the
prediction result for ever and nonsmoker samples. The horizontal line in
both subplots represents the classification boundary of the class
categories (above it is Heavy/Ever group and below it is nonsmoker
group).

OmicShare tools, a free online platform for data analysis
(www.omicshare.com/tools).

Except for KEGG, GO and PPI network, all other analyses
were performed using MATLAB codes. Please refer to sup-
plementary materials for more details.

III. RESULTS
A. THE IDENTIFICATION OF MUTATIONAL SIGNATURE
GENES
According to the classification results obtained by the TTZ-
features extracted from different number of genes, the best
classification performance (shown in Fig. 3 and Table 2)
was obtained by a set of 34 genes. The highest classification
performance normally indicates their closest relationship to
predict tumor’s TEP. Therefore, these 34 genes were con-
sequently considered as the potential tobacco-related muta-
tional signatures. Their gene symbols, TTZ-features and
molecular variations are listed in Table S1.

From Table 2, we could see that: for TCGA LUAD train-
ing dataset, sensitivity (SN), specificity (SP) and accuracy
(ACC) are 94.16%, 92.06% and 93.55%, respectively; for
Broad LUAD validation dataset, they are 93.33%, 91.30%
and 92.65%, respectively. All these measurements are higher
than 90%. More importantly, the differences between SNs
and SPs for these two datasets are both small enough, only
2.10% and 2.03%, which means the false classification for
both heavy smokers and nonsmoker samples are better than
good enough.

To further test its performance for new samples,
we extended the samples to all available ever (including
current smokers) and nonsmokers. The corresponding clas-
sification results are also shown in Fig. 3 and Table 2. From
Table 2, we could see that all performances are a bit worse
than that of heavy/nonsmoker classification. But they are
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TABLE 2. The performance of the classification model for the training
and validation datasets using TTZ-features only of the final 34 mutational
signatures.

FIGURE 4. Volcano plot of TTZ-features of the 34 significant
tobacco-related genes. Each dot on the plot is a single gene feature.
Horizontal axis: fold change (in log2 scale); vertical axis: p-value (in
log10 scale). The vertical lines highlight fold changes of {−1} and {+1},
while a horizontal line represents a p-value of 0.05. The red dot
represents the genes with p-value < 0.05 and the triangle and round
bigger markers represent the 34 signature genes.

still greater than 90%, which indicates the generalization
capability for new samples of this model is good enough too.
Consequently, it proves the generalization capability for the
identified TEP signature genes.

The volcano plot of the TTZ-features of the whole
exome genes in TCGA LUAD dataset is shown in Fig. 4.
The corresponding spots of these 34 genes are highlighted
with bigger markers. It is very obvious that TTZ features
of signature genes are all significantly different between
heavy/nonsmokers. Of note, among them, only mean TTZ-
feature in EGFR gene in nonsmokers is more than two-
fold higher than that in heavy smokers. This result is com-
pletely consistent with the well-known knowledge that EGFR
is a mutation signature for nonsmokers [35]. Additionally,
MUC16, TTN, CSMD3 are the three genes whose mutation

FIGURE 5. The differential coexpression genetic network of 31 genes
(31 gene pairs). The soft threshold method was used to calculate the
connectivity of the genes which was expressed using the color of nodes.
The de value was considered as ‘‘weight’’ that was expressed using four
line types, which are dotted line, short dash line, long dash line and solid
line according to its value.

FIGURE 6. The PPI network of 21 signature genes. The network was
drawn by the SRTING database and visualized by Cytoscape software. The
shade of blue and size of nodes represent connectivity (degree) of genes,
which represents the degree of relevance of gene pairs.

patterns are most significantly different in heavy smokers vs.
nonsmokers.

B. GENETIC NETWORK AND PPI NETWORK AMONG
SIGNATURE GENES
Genetic network is shown in Fig. 5. There are 31 links (gene
pairs) consisting of 31 genes in two coexpression networks
that correspond with condition h (heavy smoker sample)
and condition n (nonsmoker sample), respectively. Three
signature genes (PCDH15, RELN, and SALL3) couldn’t be
involved in this network.

Figure 6 shows the PPI network among these 34 genes.
It contains 21 nodes and 21 edges. It shows that 21 out
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of 34 genes have interactions at the protein level. In the
biggest PPI network,EGFR is themajor onewho has themost
interactions with other signature genes at the protein level.
Then KARS and TTN are the second major ones. DNAH9,
DNAH11 and DNAH17 form a small subnetwork.

To further study the related molecular mechanisms in
which the identified signature genes are directly involved,
functional enrichment and pathway analysis were performed.
GO secondary classification map can be seen in Fig. S2.
Signature genes are mostly enriched in anatomical structure
development, single-organism developmental process, bind-
ing and ion binding, extracellular region and other molec-
ular functions. In addition, 34 signature genes are enriched
in 92 KEGG pathways in total, of which PI3K-Akt signaling
pathway, dorso-ventral axis formation, galactose metabolism
are highly significant.

IV. DISCUSSION
Due to the importance of somatic mutations in cancer ini-
tiation and progression, various studies have recently been
conducted to incorporate massive data analysis into cancer-
specific mutation signature identification [9], [15], [17].
However, most methods used only tumor mutation fre-
quencies, tumor mutation burden [36], the frequency ratios
between different categories of SNVs [9], [13], [15], a binary
entity (the presence or absence of a mutation) and other
simple features as variables. The priceless information of the
sequence information of indels has beenwasted due to the fact
that these methods haven’t make any use of it. Consequently,
there are only a few numbers of reports on indels based
mutation signature genes and most of them were achieved by
wet experiments or clinical observations. For example: the
deletion of EGFR [35] and the insertion of HER2 [37]. It’s
in a great necessity to develop a method to quantify mutation
patterns both in number and sequence to uncover mutational
signatures.

To overcome the abovementioned disadvantages, Mut-
SigCV was proposed by Lawrence et al. [38]. The significant
feature of it is the correction for patient-specific and gene-
specific mutational heterogeneities by incorporating DNA
replication timing and transcriptional activity. But the com-
pensation factors about DNA replication timing and tran-
scriptional activity need to be induced from other genes with
similar properties (e.g. replication time, expression level),
which makes it less practical. Additionally, MutSigCV is
limited to recognize drivers to distinguish tumor samples
from non-malignant samples, which makes it unsuitable for
gene identification for personalized cancer treatment.

Therefore, we proposed a new feature extraction method,
named TTZ-feature, to fill in the gap for the identification
of TEP signature genes. Our TTZ-feature can consider muta-
tion frequencies by TNA, SNV mutation spectrums by TTR
and non-SNV segment sequence information by ZC-feature.
More importantly, it does not need any other accessory infor-
mation beyond sequence information. Therefore, it is very

easily extended to other cancer related or disease related
mutation signature gene identification.

PLS based deep selection algorithm was used to train the
TEP classification model and to identify mutational signature
genes with TTZ-features as input variables. By removing
the least important genes iteratively, genes with the best
classification performance were uncovered as the final TEP
mutational signatures. The classification accuracies of both
LUAD training dataset (TCGA) and independent validation
dataset (Broad) are higher than 90%. Additionally, the bal-
ance between sensitivity and specificity are good enough
(only 2.10% and 2.03%) too. These exciting high enough
classification accuracies strongly proved the excellent perfor-
mance of the proposed TTZ-feature.

The Volcano plot of TTZ-features of the whole exome
of heavy smokers vs. nonsmokers in TCGA LUAD dataset
is shown in Fig. 4 with the 34 signature genes highlighted.
From this figure, we could see that the P-values of the TTZ-
features of identified signature genes are almost the lowest
(in −log10 scale) ones. It means that their mutation patterns
are most significantly different between heavy smokers and
nonsmokers.

Among them, EGFR is the only one whose TTZ-feature
is much higher in nonsmokers than in heavy smokers. It is
well known from wet experiments that EGFR mutation,
which mainly targets nonsmokers and reformed smokers
>15 years. The deletion mutations of EGFR have been
reported strongly related with lung cancer [39]. According to
Table S1, we could see that 17 out of 63 (27%) nonsmokers
have EGFR deletion mutations. The average deletion fre-
quency is 1.06 per sample and the average sequence length is
13.59nt in nonsmoker LUAD patients with EGFR mutation.
The average ZCDel-feature = 5.77 in nonsmoker samples,
which is much higher than that in heavy smokers (ZCDel-
feature = 0.006). These results strongly proved that the ZC-
feature part in TTZ-feature can take the sequence information
of indels into the consideration. Therefore, it can uncover
signature genes whose indels play important roles in cancer.
TP53 has been reported as the most frequently mutated

gene in lung cancer [40]. It’s average TTZ-feature in
heavy smoker and nonsmoker is 0.33 and 0.18, respec-
tively. The corresponding P-value between these two
groups is 0.0012 which means the mutation patterns in
heavy/nonsmokers are significantly different. But compared
with the 34 signature genes, the difference of it in TTZ
features between heavy and nonsmokers isn’t significant
enough. As a result, TP53 isn’t selected as a tobacco-related
mutational biomarker. On the contrary, even CSMD3 is
reported as the second most frequently mutated gene (next to
TP53) in lung cancer, it is identified as the tobacco-associated
signature [41]. The selection of CSMD3 and the deselection
of TP53 both strongly proved that TTZ method isn’t a fre-
quency depending feature.

To prove the contribution of ZC feature in TTZ, we com-
pared the results obtained by using only TNA and TTR
with orwithout ZC. From the receiver operating characteristic
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curves (ROC) shown in Fig. S3, we can see that the perfor-
mance of TTZ-feature model is a better one. This proves the
contribution of sequence information extracted by ZC feature.

The overwhelming predominance in number of SNVmuta-
tion over indels of all training samples (for example, the aver-
age value of SNV per sample is 378.31 while of indels is
16.42) makes ZC-feature is easily to be buried by TNA and
TTR features. Correspondingly, the improvement of ROCs
with ZC compared ROCs without ZC feature isn’t very
extraordinary. Without enough and clear background knowl-
edge or big enough samples of indels, it’s hard to optimize
the weights of these three parts of TTZ-feature up to now.
It needs more research efforts on the regarding issue.

It should be expected that modules composed of
functionally-related genes, rather than one or a few key
genes, play symptomatology roles in cancer initiation and
progression [24], [25]. The enrichment of the interaction
relationships among identified signature genes at genetic and
protein-protein levels strongly proved they work as several
modules of functionally-related genes for the tobacco related
LUAD. From the differential coexpression genetic network,
we can see that only three genes (PCDH15, RELN, and
SALL3) did not appear in the differential coexpression genetic
network.

It is worth noting that the correlation between LAMA1
and LCT and the correlation between ZNF536 and CSMD3
are significantly different in heavy smokers and nonsmokers.
In other words, the regulatory relationships among these
genes may be very sensitive to tobacco exposure pattern. This
may provide a clue for the difference in the carcinogenesis
mechanisms between smokers and nonsmokers.

To further explore the reliability of selected signature
genes, we constructed their PPI network using STRING
database. According to the database description, our network
has significantly more interactions than expected. This means
that our proteins have more interactions among themselves
than what would be expected for a random set of proteins of
similar size. It is well known that genes with higher between-
ness centrality and degree have more features associated with
malignancies, which are usually called ‘hub’ genes. In our
results, the top three genes with highest betweenness cen-
trality have the highest degree. They are EGFR, KRAS and
TNN. Among them, EGFR and KRAS are two famous proto-
oncogenes and their mutations can activate tumor prolifera-
tion. Numerous studies have shown that mutations in these
genes are closely related to the development of lung cancer
[42], [43]. Our results are highly consistent with previous
studies, which shows that our methods and results are reason-
able. On the other hand, some genes such as TNN have rarely
appeared in previous literature on lung cancer research, which
means they need to be paid more attention.

From PPI network shown in Fig. 6, we also discovered
that DNAH9, DNAH11 and DNAH17 formed a small subnet-
work. Studies have shown that the interaction ofDNAH9with
environmental tobacco smoke exposure can cause disease
associated with abnormalities of pulmonary function [44],

[45]. But the roles play by the co-functions of these three
genes remain unclear. It may worth further studying.

GO and KEGG pathway analysis were performed for
34 signature genes (Figure S4). For cellular component,
six signature genes (DNAH9, DNAH11, DNAH17, USH2A,
PCDH15 and PPEF2) were significantly associated with
cilium damage (Fig. S4c). It’s well known that cilium damage
is one of the root causes of lung cancer. The smoke produced
by smoking permeates all layers of the trachea and bronchus,
which affects the cleaning movement function of cilia and
eventually leads to the development of lung cancer. Addition-
ally, the signal transduction, focal adhesion, ErbB signaling
pathway, Wnt signaling pathway and VEGF signaling path-
way etc. also appear in our pathway enrichment results.

From the fact that the EGFR and other mutation percent-
ages of lung adenocarcinoma are quite different between
Asian and Caucasian LUAD patients, therefore, it is neces-
sary to describe the distribution of Asian and Caucasian in the
datasets. However, the proportions of Asian LUAD patients
in both of these datasets are very low (only 0.9%). Thus,
it’s impossible to get any statistically significant conclusion.
Consequently, the results and conclusion obtained here are
more specific to Caucasian LUAD patients.

V. CONCLUSION
Thirty-four genes were identified as tobacco related muta-
tional signature genes for LUAD patients. Genetic network
and PPI network analysis proved these genes co-operate
as modules at different molecular levels. KEGG and GO
analysis were then performed to verify their involvement in
pathways and molecular functions to LUAD initiation and
progression.

Our work provided a new method to extract molecular
variation features from mutated sequences for identifying
mutational signature genes using advanced statistical anal-
ysis methods. The satisfactory classification performance
strongly proved the effectiveness of TTZ-feature as variables
for data mining in molecular variation scope. Most impor-
tantly, it opens a novel way for disease-independent muta-
tionalmechanism research to improve precisionmedicine and
to identify new drug targets for the development of personal-
ized treatment.
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