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Background: Analysis of mutational signatures is becoming routine in cancer genomics, with implications 
for pathogenesis, classification, and prognosis. Among the signatures cataloged at COSMIC, mutational 
signature 4 has been linked to smoking. However, the distribution of signature 4 in Chinese lung cancer 
patients has not been evaluated, and its clinical value has not been evaluated. Here we survey mutational 
signatures in Chinese lung cancer patients and explore the relationship between signature 4 and other 
genomic features in the patients.
Methods: We extracted mutational signatures from whole-exome sequencing data of Chinese non-small 
cell lung cancer patients. The data included 401 lung adenocarcinoma (LUAD) and 92 squamous cell 
carcinoma (LUSC). We then performed statistical analysis to search for genomic and clinical features that 
can be linked to mutation signatures.
Results: We found signature 4 is the most frequent mutational signature in LUSC and the second most 
frequent in LUAD. Fifty-six LUAD and thirty-five LUSC patients were named with high signature 4 
similarities (cosine similarity >0.7). These patients have shorter survival and higher tumor mutational burden 
comparing to those with low signature 4 similarities. Dozens of genes with single nucleotide variation, index 
mutations, and copy number variations were differentially enriched in the patients with high signature 4 
similarities. Among these genes, CSMD3, LRP1B, TP53, SYNE1, SLIT2, FGF4, and FGF19 are common in 
both LUADs and LUSCs with high signature 4 similarities, showing that these genes are tightly associated 
with signature 4.
Conclusions: The present study is the first to report a comparison in Chinese NSCLC patients with or 
without COSMIC mutational signature 4. These results will help find the Signature 4 related mutational 
process in NSCLC.
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Introduction

Lung cancer causes the highest number of both recent 
cases (2.09 million) and deaths (1.76 million) among all 
cancers worldwide in 2018 (1). In China, lung cancer is 
also the most commonly diagnosed cancer (18.1%) and the 
most common cause of cancer-related deaths (30.9%) (2).  
Non-small cell lung carcinoma (NSCLC) accounts for 
80% to 85% of lung cancers. Lung adenocarcinoma 
(LUAD) and lung squamous cell carcinoma (LUSC) are 
the major histological types of NSCLC, and together make 
up approximately 70% of all cases of lung cancers (3-5). 
Cigarette smoking is the primary contributor to LUADs 
and LUSCs, but a substantial portion of LUADs are 
from non-smokers (6). LUADs of non-smokers are more 
common in females and occur more frequently in younger 
people than other types of lung cancer (7). Although some 
environmental factors, including second-hand smoking and 
occupational exposure to carcinogens, are correlated with 
LUADs of non-smokers, the cause of tumorigenesis in non-
smoking LUADs remains unknown (6). 

Genetic alterations in LUADs and LUSCs are primarily 
distinct. The fundamental oncogenic alterations in 
LUADs, including point mutations in EGFR and KRAS 
and gene fusions comprising ALK, RET, and ROS1, are 
rarely found in LUSCs (8,9). TP53 mutation is dominant 
in LUSCs, reaching nearly 90% cases (8). Apart from 
the genomic variations, epigenetic modifications, 
including hypermethylation of CDK13, RUNX3 and 
APC, and hypomethylation of CDKN2A and MGMT, 
were magnificent in LUADs but not LUSCs (10). These 
differences in either genome or epigenome explain that 
drugs targeted for LUADs are unsuitable for LUSCs in 
most cases. 

Genetic comparison between non-smokers and smokers 
has been performed multiple times in LUADs and LUSCs. 
It has been determined that the amplification frequency of 
FGF19, FGF3, FGF4, and CCND1 was five-times higher in 
smokers than non-smokers in LUSCs (11). Point mutations 
in EGFR are more frequent in non-smokers than in smokers 
of LUADs (9). Although the above discoveries highlighted 
the difference of oncogene alterations between LUADs 
and LUSCs, the mutational signatures and the driver genes 
related to them are still unknown. 

In this study, we aim to characterize the genomic 
landscape of Chinese LUADs and LUSCs grouped by 
mutational signatures on the one hand and to explore 
the mutational process in them, however. We found that 

mutational signature 4 is the most prevalent mutational 
signature in LUSC patients and the second prevalent in 
LUAD patients. We found that signature 4 is a prognostic 
factor in both LUADs and LUSCs, although the finding 
in LUSCs is less robust because of the limited patient 
number. Different gene mutation features, including single 
nucleotide variation of CSMD3, LRP1B, TP53, SYNE1, 
and SLIT2 and copy number variation of FGF4 and 
FGF19, displayed in both LUADs and LUSCs when they 
are further grouped by mutational signature 4 status. We 
present this article in accordance with the MDAR reporting 
checklist (available at http://dx.doi.org/10.21037/atm-20-
5952).

Methods

Patients and samples

Specimens from 493 Chinese lung cancer patients, including 
401 LUADs and 92 LUSCs, were collected from 2015 to 
2019. Patients were selected mainly based on the following 
three rules. First, they were clinically diagnosed as primary 
LUAD or LUSC. Second, collected tissue/biopsy samples 
passed quality check and gave quality sequencing data. 
Third, clinical and follow-up information are available for 
analysis. All of them have signed informed consent. From 
each patient, both tumor tissue and matched normal blood 
samples were collected. All procedures performed in this 
study involving human participants were in accordance with 
the Declaration of Helsinki (as revised in 2013). The study 
was approved by Tongji Hospital (No. K-W-2020-014) and 
informed consent was taken from all the patients. 

Whole exome sequencing (WES) analysis

WES and analysis were performed at the Genomics 
Laboratory of GenomicCare Biotechnology (Shanghai, 
China). For thawed soft tissue or blood, DNA was extracted 
using the Maxwell RSC Blood DNA Kit (cat# AS1400, 
Promega, Madison, WI, USA) on a Maxwell RSC system 
(cat# AS4500, Promega). For formalin-fixed, paraffin-
embedded (FFPE) tissue, DNA was extracted using the 
MagMAX FFPE DNA/RNA Ultra Kit (cat# A31881, 
ThermoFisher, Waltham, MA, USA) on a KingFisher Flex 
system (ThermoFisher). The extracted DNA was sheared 
using a Covaris L220 sonicator. Then, the exome DNA 
was captured using the SureSelect Human All Exon V7 kit 
(cat# 5991-9039 EN, Agilent). After that, it was prepared 
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for the library using the SureSelectXT Low Input Target 
Enrichment and Library Preparation system (cat# G9703-
90000, Agilent, Santa Clara, CA, USA), and sequenced on 
an Illumina NovaSeq-6000 sequencer (Illumina, San Diego, 
CA, USA) to generate 150×150 bp paired-end reads. Image 
analysis and base calling were done using Illumina onboard 
RT3 software (Illumina). After removing adapters and 
low-quality reads, the reads were aligned to NCBI human 
genome reference assembly hg19 using the Burrows-
Wheeler Aligner alignment algorithm and further processed 
using the Genome Analysis Toolkit (GATK, version 3.5), 
including the GATK Realigner Target Creator to identify 
regions that needed to be realigned. 

Bioinformatic analysis

The aligned sequences of tumor tissue and whole blood 
samples were compared to call somatic mutations. Somatic 
single-nucleotide variants (SNV), Indel, and copy number 
variation (CNV) were determined using the MuTect/
ANNOVAR/dbNSFP31, VarscanIndel, and CNVnator 
software, respectively, as reported in (12). The mutational 
signature classification was from COSMIC Mutational 

Signature (version 2 – March 2015), which were generated 
from studies performed by others (13-15). Tumor mutation 
burden (TMB) was defined by the number of somatic 
nonsynonymous mutations using a previously described 
method for WES data (16).

Statistical analysis

Statistical analysis and data visualization were processed 
by R (version 4.0.0) and GraphPad Prism 8. The package 
MAFtools was implemented in R.

Results

Characteristics of LUADs and LUSCs

Tumor tissue and matched normal blood samples were 
collected from 401 LUAD and 92 LUSC patients 
from 2015 to 2019. The tumor content was assessed by 
independent pathologists to confirm that it was above 20%, 
the minimum value required by our bioinformatic analysis 
pipeline to give an accurate calling of somatic mutations. 
The clinical characteristics of the patients, excluding the 
missing information, are shown in Table 1. The median age 
is similar between LUAD and LUSC (59 vs. 61 years). The 
median survival time is also similar between LUADs and 
LUSCs either (20 vs. 20.5 months) (Table 1).

Mutational signature distribution in LUADs and LUSCs

During oncogenesis, mutagenic forces leave mutational 
“scares” characteristic to each of them as specific changes 
of individual nucleotides and their combinations on the 
genome. Alexandrov et al. define these characteristic changes 
as “mutational signatures” (17-19). Some mutational 
signatures have been studied extensively and proven 
valuable in guiding cancer treatment and prevention (20,21). 
To learn the mutational signatures in the LUAD and 
LUSC patients, we analyzed their WES data and extracted 
mutational signatures according to the COSMIC database 
(version 2), which includes 30 defined signatures. In the 
LUAD patients, the ten most frequent signatures are 6, 4, 
5, 3, 8, 15, 29, 24, 1, and 13 ordered in frequency from high 
to low and ranged from ~16% to 5% of patients (Figure 1).  
The list of top 10 signatures in the LUSC patients is almost 
identical, but their occurrence rates and order differ from 
the LUAD patients (Figure 1). A higher part of LUSC 
patients has identifiable mutational signatures than LUAD 

Table 1 Clinical data summary

Patient characteristics LUAD LUSC

Age at diagnosed (years)

Median 59 61

Range 1–88 33–85

Sex

Male 231 85

Female 170 7

Median overall survival (months) 20 20.5

Patients with follow-up data 197 37

Missing 204 55

Tumor stage

I 4 1

II 3 0

III 16 4

IV 80 13

Missing 298 74

LUAD, lung adenocarcinoma; LUSC, lung squamous cell 
carcinoma.
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patients.
The most notable signature among the top 10 lists 

in both LUADs and LUSCs is signature 4, suggested 
associating with smoking (17). Its occurrence frequency 
is the highest in LUSC (~38%) and the second highest in 
LUAD (~16%). However, not necessarily all smokers with 
LUAD and LUSC have the scare of signature 4 in their 
genome (6). Because of the limitation of clinical records, 
we only know the smoking history of 25 LUAD patients. 
Among those we know their smoking history, signature 4 
was discovered in 7 (28%) patients. These findings showed 
that at least a portion of smokers with LUADs (72% of the 
known cases) do not harbor signature 4, consistent with the 
above statistics from literature. The findings favored our 
analysis in that about one-third of LUAD smokers displayed 
minor to no contribution of signature 4 (7). 

Signature 3 is another notable signature as it is associated 
with the failure of DNA double-strand break repair by 
homologous recombination (17). The most prevalent 
mutational signature in LUADs was signature 6, associated 
with defective DNA mismatch repair. Both signatures 
3 and 6 favor cancer progression and the accumulation 
of mutations. It is interesting to find that the rates of 
signatures 6 and 15 in LUSC are lower than those in 
LUAD, while the rates of other significant signatures in 
LUSC are always higher than in LUAD. Signature 6 and 

15 are characterized predominantly by C>T transition 
and share similar mutational features, which are associated 
with many insignificant (shorter than 3 bp) insertions and 
deletions at mono/polynucleotide repeats (17). Although 
79 environmental agents have been evaluated for their 
effects on the induction of mutational signatures (22), the 
mutagens of signature 6 and 15 are still unexplained. An 
understanding of the cause of signatures 6 and 15 would 
contribute to the explanation of this phenomenon. 

The prognosis of patients with different signatures in 
LUADs and LUSCs

To test the possibility of using the mutational signatures 
in lung cancer as prognostic predictors, we evaluated the 
survival of patients with or without specific top-ranked 
signatures, one at a time, in LUADs and LUSCs. In LUADs, 
patients with signatures 4, 8, 29 and 24, respectively, showed 
a worse survival compared with the patients without the 
indicated individual signatures (P=0.0031, P=0.013, P<0.001 
and P=0.002, respectively) (Figure 2A and Table S1). It has 
been reported that signature 4 exhibits transcriptional strand 
bias for C>A mutations and is also associated with CC>AA 
dinucleotide substitutions. Signatures 8, 29, and 24 all 
exhibit strand bias for C>A substitutions. Signature 8 and 29 
are associated with CC>AA double nucleotide substitutions 
(13,17). Therefore, there is some similarity between these 
four mutational signatures. Almost all LUAD patients with 
signature 8, signature 29, or signature 24 were segregated 
compared to those with signature 4 (Figure S1), suggesting 
these four signatures are clustered together. In LUSC, 
signature 4 showed a correlation with worse survival but did 
not reach a significant threshold, probably because of the 
limited sample size in this group (Figure 2B). Only 38 LUSC 
patients have effective survival data. The survival of LUAD 
and LUSC patients cannot be distinguished according to the 
other mutational signatures (Tables S1,S2). 

Genome-wide mutational process in LUADs and LUSCs

Besides a worse survival prognosis, the TMB is much higher 
in patients with signature 4 than those without in both 
LUAD and LUSC (P<0.0001, Figure 3). Mutation load 
has been confirmed as a predictor for immune checkpoint 
inhibition (ICI) therapy in NSCLC (23,24). The above 
results suggested that patients with signature 4 could receive 
help from ICI treatment. 

EGFR and TP53 are the top two mutated genes and 

Figure 1 Rates of mutational signatures in patients according to 
the COSMIC mutational signature database (version 2). Only the 
top 12 signatures are shown. LUAD, lung adenocarcinoma (white 
column), LUSC, lung squamous cell carcinoma (black column).
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present in almost half of LUAD patients (48%, Figure 4A), 
which is consistent with a previous report that studied 128 
Chinese LUADs (25). Interestingly, there are no other 
common genes, except KRAS, on the top mutated gene 
lists in our study and the other report. None of these genes 
mutated in over 15% of patients in both studies; that may 
explain the discrepancy (<15%). It may also be because 
of the divergence of mutational processes since the first 
oncogenesis induced by mutations on EGFR or TP53.

When LUAD patients were grouped according to their 
signature 4 status, correlated to survival, a striking difference 
was observed. Thirty-six genes were mutated differentially 
between the two groups (P<0.01) (Figure 4B,C). Among 
them, only one gene, EGFR, was enriched in patients 
without signature 4 (54%), and the rest 35 genes were more 
enriched in patients with signature 4. KRAS was mutated in 
signature 4 LUADs (42%), versus 7% in LUADs without 
signature 4, showing that KRAS mutation was strongly 
related to signature 4. Also, a little higher TP53 mutation 

was observed in signature 4 LUADs (69% vs. 45% LUAD 
without signature 4). To follow the same logic of this 
finding, we evaluated the association of different signatures 
with EGFR or KRAS mutations, respectively. We found an 
apparent enrichment of signature 4 in LUADs with KRAS 
mutation (52.94%), but there was no biased distribution of 
other signatures in LUADs with or without EGFR mutation 
(Figure S2). Besides EGFR and TP53, the most common 
oncogenes in LUAD, LRP1B was the next most significant 
gene with different distribution between LUAD patients 
with and without signature 4. Previous research on somatic 
mutations in LUAD has revealed that LRP1B was among 
the top mutated gene in that study (26). Moreover, Xiao  
et al. compared the genetic alterations in LUADs with and 
without the chronic obstructive pulmonary disease (COPD). 
They found a higher prevalence of LRP1B among the 
LUADs with COPD (27). Cigarette smoking is one of the 
major risk factors correlated with COPD (28,29). To some 
extent, our results showed a potential link between signature 

Figure 2 Kaplan-Meier survival analysis of patients with or without signature 4. (A) Patients with LUAD; (B) patients with LUSC. The red 
line shows patients with signature 4; Blue line indicates patients without signature 4. Ticks, censoring events. P value, log-rank analysis. The 
follow-up is cut at 60 months. HR, hazard ratio; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.
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4 and smoking. Also, CSMD3 mutation is rarely observed in 
LUADs in Caucasians (26,30). In our cohort, CSMD3 was 
the third most mutated gene in LUADs and had a much 
higher prevalence in signature 4 LUADs. These are one of 
the primary differentially mutated genes between Asians 
and Caucasians. Liu et al. showed that loss of CSMD3 
results in increased proliferation of airway epithelial cells 
in NSCLC (31). Furthermore, CSMD3 was found to be 
the most significant single gene mutation resistant to  
etoposide (32). Besides these top mutated genes, mutations 

in other genes, including STK11, ADAMTS20, PKHD1, 
SPTA1, and TERT, also support that signature 4 is a 
preferred mutation scar in LUADs. 

We also analyzed the sites of mutation in three well-
known genes in LUAD, EGFR, KRAS, and TP53. In EGFR, 
the most frequent mutation is L858M/Q/R in the amino 
acid sequence, consistent with previous findings (33).  
However, we found this type of mutation only in patients 
without signature 4 (Figure S3A). In KRAS, the missense 
and hot spot mutations, including G12V/A/D/C/S and 

Figure 4 Genetic mutation profile of LUAD patients. (A) Overview of top 20 mutational genes with different forms of mutation and their 
frequencies. (B) Forest graph of differentially mutated genes between patients with and without signature 4. The dots and horizontal bars 
denote the hazard rate and 5–95% CI. **, P<0.01; ***, P<0.001 (Fisher’s exact test). Only the genes passed a significant test (P<0.01) are 
listed. (C) The prevalence of EGFR, KRAS, and TP53 mutation in patients with and without signature 4. LUAD, lung adenocarcinoma; 
EGFR, epidermal growth factor receptor; KRAS, Kirsten rat sarcoma 2 viral oncogene homolog; TP53, tumor protein p53.

49% 
48% 
15% 
15% 
11% 
11% 
11% 
11% 
10% 
9% 
9% 
8% 
8% 
8% 
7% 
7% 
7% 
7% 
7% 
7%

TP53 
EGFR 

CSMD3 
LRP1B 
KRAS 

MK/67 
KMT2C 
ZFHX3 
PRSS1 
RBM10 
SYNE1 
PCLO 

SPTA1 
KMT2D 
ARID1B 

DST 
USP6 
RELN 

SMARCA4 
FAT4

LRP1B 
KRAS 
EGFR
CSMD3 
STK11 
ADAMTS20 
PKHD1 
SPTA1 
TERT 
SLIT2 
KDR 
SMARCA4 
GRM8 
ERBB4 
EPHA5 
KEAP1 
TLR4 
PTPRD 
TAF1L 
TP53 
FAT4 
PCLO 
RELN 
DST 
DMD 
NF1 
SYNE1 
ASPM

31 
24
5
26
13 
12 
12 
15 
8 
9 
9 
13 
8 
10
9
11
8 
10
10 
40 
11 
12 
11 
11
10
9
12 
8

28 
22 
186 
33 
8 
7 
8 
17 
2 
5 
5 
16 
4 
9 
7 
13 
6
12
13 
158 
17 
21 
18 
19 
16 
14
25 
13

***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
***
**
**
**
**
**

In_frame_del 
Missense_mutation 
Nonsense_mutation 
Frame_shift_del

Splice_site 
Frame_shift_ins 
In_frame_ins 
Multi_hit 

Signature 4
Other Signature 4         Other

Altered in 358 (89.28%) of 401 samples. 0	 198 Other (n=345) v/s Signature 4 (n=56) P-valueOtherSignature 4

Clin_classification

Clin_classification
–3.44 0.00 3.44

Log odds ratio

Other (N=345)Signature 4 (N=56)

9%

43%

71%

54%

6%

46%

EGFR

LRAS

TP53

Missense_mutation
In_frame_del 
Frame_shift_del
In_frame_ins 

Nonsense_mutation 
Splice_site
Multi_hit 
Frame_shift_ins 

A

C

B



Annals of Translational Medicine, Vol 8, No 18 September 2020 Page 7 of 13

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(18):1176 | http://dx.doi.org/10.21037/atm-20-5952

G13D/C, were similar in all patients irrespective of their 
status of signature 4 (Figure S3B). The DNA binding 
domain of TP53 is a mutation hot spot. The most frequent 
one is Y220C in patients without signature 4 (Figure S3C). 
There were insignificant differences in mutational site 
distribution in KRAS. However, some differences were 
observed in EGFR and TP53 between LUADs with/without 
signature 4.

The most dominant mutated gene in LUSC is TP53 at a 
frequency of 76%, far higher than the subsequent frequent 
gene, LRP1B, at 27% (Figure 5A). Seventeen genes were 
found to have different mutation frequencies between 
LUSC patients with and without signature 4 (Figure 5B). All 

of them have a higher mutation rate in signature 4 LUSCs, 
and this is consistent with a higher mutation load in this 
patient group. The mutation frequency of TP53 reached 
94% in LUSC patients with signature 4 (Figure 5C). There 
was no mutation of DPYD, ITGA10, and KIAA1549 in 
LUSCs without signature 4, but they reached 14% in 
signature 4 LUSCs. The enrichment of gene mutations of 
CSMD3 and LRP1B was observed in signature 4 LUSCs. 
These findings intrigued us to investigate whether there 
were more common mutated genes between these two 
groups (LUAD and LUSC) marked by signature 4, although 
LUAD and LUSC have different molecular characteristics. 
Indeed, six genes were present both in LUADs and LUSCs 

Figure 5 Genetic mutation profile of LUSC patients. (A) Overview of top 20 mutational genes with different forms of mutation and their 
frequencies. (B) Forest graph of differentially mutated genes between patients with and without signature 4. The dots and horizontal bars 
denote the hazard rate and 5–95% CI. The three genes with a dot on the left cannot be evaluated because no mutation of these genes was found 
in LUSC without signature 4. *, P<0.05; **, P<0.01; ***, P<0.001 (Fisher’s exact test). Only the genes passed a significant test (P<0.05) are listed. 
(C) Percentage of top 10 differential mutated genes in patients with and without signature 4. LUSC, lung squamous cell carcinoma.
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with signature 4, namely CSMD3, LRP1B, TP53, SYNE1, 
SLIT2, and ERBB4. Other research found that tumor 
suppressor SYNE1 was frequently methylated in lung 
cancers, and that is not associated with age at diagnosis, 
smoking status, or stage of lung cancer (34,35). SLIT2 can 
suppress lung cancer progression, but its low expression 
or mutation was correlated with pathological stage and 
reduced survival in lung cancer patients (36,37). Different 
types of mutations in ERBB4 have been found in NSCLC, 
for example, point mutation and gene fusion (38,39). These 
mutated genes were appointed as “Signature 4 genes” from 
now on.

In addition to base substitutions and indels, we also 
analyzed CNVs in LUADs/LUSCs. Deletions at CDKN2A, 
MTAP, CDKN2B, and TUSC3 loci and amplification at 
EGFR, TERT, NKX2-1, SDHA, and NFKB1A loci were 

found in LUADs (Figure 6A). The difference in copy 
number gain of HIST2H3A is the most significant between 
LUAD patients with and without signature 4 (Figure 6B). 
No patients in the non-signature 4 group had no CNV of 
ERBB2, while the gain of ERBB2 was found in 7% signature 
4 LUADs (Figure 6C). The gene gained most in LUAD 
patients without signature 4 was EGFR, at 21% versus 
5% in LUAD patients with signature 4. Interestingly, an 
amplification region having CCND1, FGF3, FGF4, and 
FGF19 was found eight times more frequent in LUADs 
with signature 4 than without. Moreover, the amplification 
of EGFR and ERBB2 and the region having the above four 
genes occurred exclusively in LUADs with signature 4, 
indicating a highly variable chromosome structure even in 
the same type of patients.

In LUSC patients, SOX2, KLHL6, DCUN1D1, LPP, and 

Figure 6 Copy number variation between LUADs with and without signature 4. (A) Overview of top CNVs and their variational 
frequency. (B) Forest graph of CNVs between patients with and without signature 4. The dots and horizontal bars denote the hazard rate 
and 5–95% CI. *, P<0.05; **, P<0.01; ***, P<0.001 (Fisher’s exact test). Only the genes passed a significant test (P<0.05) are listed. (C) The 
different prevalence of EGFR, ERBB2, CCND1, FGF3, FGF4, and FGF19 CNVs in patients with and without signature 4. LUAD, lung 
adenocarcinoma, CNV, copy number variation.
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TBL1XR1 were found to be the top amplified genes, while 
top deleted genes were like what we found in LUADs, 
including CDKN2A, CDKN2B and MTAP (Figure 7A). 
There is significant amplification of three genes (FGF4, 
FGF19, and TNK2) and significant deletion of one gene 
(EPHA3) in signature 4 LUSCs (Figure 7B). Among 
them, FGF4 and FGF19 were also observed in signature 4 
LUADs, so their CNV is related to signature 4 in NSCLC. 
Although it was not statistically significant, more patients 
with signature 4 had amplification of genes, including 
TAF1L, NUMA1, INPPL1, CCND1, and MYC (Figure 7C).  
These novel genes, in terms of CNV, were found to be 
associated with signature 4 LUSCs.

Discussion

Alexandrov and other researchers brought us a deep 

understanding of mutational signatures in human cancer 
(13,17-19,40,41), but detailed information on genetic 
variation in some signatures is still missing. Related studies 
in Asian populations are even fewer. A considerable body 
of research has shown the difference in gene mutation 
patterns within the same types of cancer between Asians and 
Caucasians (25,42). In this article, we analyzed the pattern 
of mutational signatures in Chinese LUADs and LUSCs 
and explored genetic features associated with the patients 
and mutational signatures.

We discovered that patients with and without signature 4 
have different survival prospects. Signature 4 was enriched 
in LUAD, LUSC, small cell lung carcinoma, head and 
neck squamous, and liver cancers, and most of them are 
attributed to tobacco smoking (17,41). Although signature 
4 was associated with smoking, signature 6 was found to 
be the most enriched in LUADs in our analysis. According 

Figure 7 Copy number variation between LUSCs with and without signature 4. (A) Overview of top CNVs and their mutational frequency 
in LUSC. (B) Four differentially (P<0.05) and eleven statistically non-significantly CNVs between signature 4 LUSCs and others. The dots 
and horizontal bars denote the hazard rate and 5–95% CI. The six genes with a dot on the left cannot be evaluated because no mutation of 
these genes was found in LUSC without signature 4. *, P<0.05 (Fisher’s exact test). NS, not significant. (C) The different prevalence of top 
10 CNVs in signature 4 LUSCs and others. LUSC, lung squamous cell carcinoma; CNV, copy number variation.
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to previous analyses, signature 6 is strongly correlated 
with dMMR and MSI-H (17). However, the MSI score 
of LUADs with signature 6 was less than 1%, a meager 
MSI score. This observation is consistent with published  
data (43). Additionally, signature 6 was reported to be the 
most common in colorectal and uterine cancers (17). The 
distinct characteristics of the same signature were displayed 
in different cancers. 

Unlike MSI, high TMB is a common phenomenon 
in NSCLC and has been recognized as a predictor for 
immune checkpoint inhibition (ICI) therapy in NSCLC 
and melanoma (44,45). Our data showed that there was a 
positive correlation between signature 4 and high TMB. 
These results suggest the mutational signature could also be 
a patient stratification parameter like TMB. For instance, 
their dominant mutational signatures clustered esophageal 
adenocarcinoma patients into three subgroups, and the 
patients were benefited from group-specific therapies (20).

All the differentially mutated genes in LUADs with 
signature 4 were more enriched, except for EGFR. As we 
mentioned above, LRP1B mutation was one of the genes 
that we found to be tightly correlated with signature 4. 
STK11 mutation was identified to contribute to tumor 
heterogeneity in KRAS-mutant LUAD (46). Furthermore, 
it has been reported STK11 alteration is the primary cause 
of resistance to PD-1 blockade in KRAS-mutant murine 
LUAD, suggesting co-occurrence of KRAS mutation and 
STK11 mutation may be an adverse prognostic factor for 
ICI therapy (47). CSMD3, LRP1B, TP53, SYNE1, SLIT2, 
and ERBB4 were found to be mutated both in LUADs 
and LUSCs with signature 4, so may represent the genes 
associated with mutational signature 4 in NSCLC in 
general. Except for TP53 and LRP1B, the other four genes 
were not often reported in other lung cancer genomics 
studies. In addition to base substitution, gene fusion 
(partnered with RNF43) was observed in SYNE1 in lung 
cancer (48). SYNE1 is also methylated in lung cancer cell 
lines and LUAD (35). Wildtype SLIT2 inhibits lung cancer 
invasion in a ROBO-dependent manner (49). However, 
its attenuation was correlated with poor prognosis during 
lung cancer progression by deregulating beta-catenin and 
E-cadherin (37). Like other ERBB family members, mutant 
ERBB4 appears to confer “oncogene” property (50). Some 
studies have confirmed activating driver mutations of 
ERBB4 in NSCLC, which could promote the proliferation 
of lung cancer cells (38,51). 

CNV of FGF4 and FGF19 can be regarded as “Signature 
4 CNV” as they were detected in patients with signature 4 

in both LUAD and LUSC. FGFs/FGFRs play a vital role in 
tumorigenesis by promoting cell proliferation and metastasis 
(52,53). FGF19 is a hormone-like enterokinase released 
postprandially that has recently emerged as a potential 
therapeutic agent for metabolic disorders, including diabetes 
and obesity (54). It has been found that CCND1, another 
well-established proto-oncogene, and FGF19 are related on 
a chromosomal level; further, they both are amplified in lung 
cancer patients (11,55). Recent data showed that the FGF19-
FGFR4 signaling axis might be a key driver in certain forms 
of hepatocellular carcinoma (HCC), raising a strong interest 
in therapeutic inhibition of the pathway in this disease 
setting (56,57). The specificity of these amplifications 
suggested some typical mechanisms of tumor driving 
mutations in LUAD and LUSC patients with signature 4.

Conclusions

In summary, this study brought an overview of mutational 
signature distribution in LUADs and LUSCs of Chinese 
patients. Specific mutational genes and CNV were 
found to be associated with signature 4, associated with 
patient prognosis. These genetic characteristics would 
help individuals understand the molecular mechanism of 
NSCLC profoundly and supply more options for diagnosis 
and drug development in NSCLC.
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Supplementary 

Table S1 Different prognosis of signatures in LUAD

Signatures LUADs with specific signatures Other LUADs P value

Signature 6 28 184 0.909

Signature 4 28 184 0.0031

Signature 5 24 188 0.491

Signature 3 22 190 0.474

Signature 8 18 194 0.013

Signature 15 17 195 0.471

Signature 29 16 196 <0.001

Signature 24 11 201 0.002

Signature 1 8 204 0.389

Signature 13 6 206 0.746

LUAD, lung adenocarcinoma.

Figure S1 Mutational signatures distribution of LUAD patients with signature 4. Fifty-six LUAD patients with signature 4 displayed a 
genomic feature that some of them also harbored mutational signature 8, 24, 29, 3 and 5. LUAD, lung adenocarcinoma.



Table S2 Different prognosis of signatures in LUSC

Signatures LUSCs with specific signatures Other LUSCs P value

Signature 4 19 18 0.608

Signature 8 9 28 0.928

Signature 29 9 28 0.466

Signature 3 8 29 0.653

Signature 24 8 29 0.991

Signature 5 4 34 0.299

LUSC, lung squamous cell carcinoma.

Figure S2 Prevalence of mutational signatures in LUADs with EGFR mutation or KRAS mutation. Signature 6 is the most mutational 
signatures in both LUADs (15.47%, left column) and LUADs with EGFR mutation (18.36%, middle column). While in LUADs with 
KRAS mutation is signature 4 with a high percentage (52.94%, right column). LUAD, lung adenocarcinoma; EGFR, epidermal growth 
factor receptor; KRAS, kirsten rat sarcoma 2 viral oncogene homolog.



Figure S3 Gene mutation sites of EGFR (A), KRAS (B) and TP53 (C) in LUADs with/without signature 4. L858M/Q/R (A) and Y220C (C) 
are hot spots of mutation in EGFR and TP53 respectively in LUADs without signature 4. LUAD, lung adenocarcinoma; EGFR, epidermal 
growth factor receptor; KRAS, kirsten rat sarcoma 2 viral oncogene homolog; TP53, tumor protein p53.
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