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Background: With the wide application of multislice spiral computed tomography (CT), the frequency of detection of multiple
lung cancer is increasing. This study aimed to analyze gene mutations characteristics in multiple primary lung cancers (MPLC)
using large panel next-generation sequencing (NGS) assays.

Methods: Patients with MPLC surgically removed from the Affiliated Hospital of Guangdong Medical University from Jan 2020
to Dec 2021 enrolled the study. NGS sequencing of large panels of 425 tumor-associated genes was performed.

Results: The 425 panel sequencing of 114 nodules in 36 patients showed that epidermal growth factor receptor (EGFR) accounted
for the largest proportion (55.3%), followed by Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2) (9.6%), v-Raf murine sarcoma
viral oncogene homolog B1 (BRAF), and Kirsten rat sarcoma viral oncogene (KRAS) (8.8%). Fusion target variation was rare
(only 2, 1.8%). ERBB2 Y772_A775dup accounted for 73%, KRAS G12C for about 18%, and BRAF V600E for only 10%. AT-
rich interaction domain 1A (4RID1A4) mutations were significantly higher in invasive adenocarcinoma (IA) which contained
solid/micro-papillary malignant components (p = 0.008). The tumor mutation burden (TMB) distribution was low, with a median
TMB of 1.1 MUTS/Mb. There were no differences in the TMB distribution of different driver genes. In addition, 97.2% of MPLC
patients (35/36) had driver gene mutations, and 47% had co-mutations, mainly in IA (45%) and invasive adenocarcinoma (MIA)
(37%) nodule, with EGFR (39.4%), KRAS (9.1%), ERBB?2 (6.1%), tumor protein 53 (7P53) (6.1%) predominately.
Conclusions: MPLC has a unique genetic mutation characteristic that differs from advanced patients and usually presents with
low TMB. Comprehensive NGS helps to diagnose MPLC and guides the MPLC clinical treatment. ARIDIA is significantly
enriched in IA nodules containing micro-papillary/solid components, suggesting that these MPLC patients may have a poor
prognosis.
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Introduction

Currently, lung cancer is the second most common
malignancy in new diagnosed cancer cases worldwide
(11.4% of all new cases) and remains the leading cause of
cancer deaths (18.0% of all cancer deaths) [1]. In China,
it still ranks first in the list of cancer incidence and mortal-
ity [2,3]. Multiple primary lung cancers (MPLC) account
for 5 to 20% of lung cancers [4,5]. MPLC is detected more
frequently due to the widespread use of computed tomog-
raphy (CT), fluorescent endoscopy, and positron emission

tomography [6,7]. The diagnosis and treatment of isolated
primary lung adenocarcinoma are well established. How-
ever, from a clinical pathological point of view, identifying
malignancies at the onset of the disease is a challenge and
needed. The prognosis is expected to be better in patients
with independent primary tumors than in patients with in-
trapulmonary metastases (IM) [8,9].

With the development of high-throughput sequenc-
ing techniques, mutation analysis of specific driver and in-
hibitory genes helps distinguishing between multiple pri-
mary tumors and lung metastases [10]. Many reports
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have shown inconsistencies between paired primary and
metastatic lung cancer specimens with epidermal growth
factor receptor (EGFR) and Kirsten rat sarcoma viral onco-
gene (KRAS) mutations, suggesting tumor heterogeneity.
This was shown by one metaanalysis which found a high
rate of inconsistencies between EGFR and KRAS mutations
(about 15%) [11].

Next-generation sequencing (NGS) platforms have
been widely implemented in clinical diagnostic laborato-
ries. NGS provides mutation analysis with higher analytical
sensitivity to detect mutations, lower allele frequencies and
a more comprehensive range of reportable mutations [12].
Distinguishing between MPLC and IM is crucial for clini-
cians treating patients MPLC to select the appropriate treat-
ment strategy and accurately predict patients’ prognosis. In
this study, the characteristics of gene mutations in MPLC
were analyzed by NGS large panel detection, which pro-
vides clinical guidance for diagnosing and treating MPLC.

Materials and Methods

Patient Selection and Data Collection

Patients with surgically removed multiple non-small
cell lung cancer (NSCLC) that were in the Affiliated Hos-
pital of Guangdong Medical University from Jan 2020 to
Dec 2021 enrolled the study. Inclusion criteria was as fol-
lows: (a) Clinical diagnosis of primary lung cancer and ade-
nocarcinoma in situ (AIS) was established; (b) Surgery to
remove more than 2 malignant lesions; (c) Age >18 years;
(d) All patients are newly treated. Exclusion criteria was:
(a) Patients with other primary malignant tumors; (b) Pa-
tients with apparent liver and kidney dysfunction, immune
system, and hematologic system diseases.

The patients’ clinical features were collected, includ-
ing sex, age, smoking history, surgical modality, tumor lo-
cation, postoperative pathological outcomes, International
Association for the Study of Lung Cancer (IASLC) grad-
ing, tumor stage, CT components, consolidation tumor ratio
(CTR) and special CT image (lobes, burrs, cavities, pleu-
ral traction, vessel penetration, etc.). Pathological staging
of individual lesions of MPLC was performed by TASLC
guidelines 2016. Lung cancer staging was based on Inter-
national Union Against Cancer (UICC) 8th Edition Tumor
Node Metastasis (TNM) staging.

DNA Extraction and Sequencing Library Preparation

For each patient, a sample of formaldehyde-fixed
paraffin-embedded (FFPE) tumor tissue obtained by en-
doscopic biopsy before treatment was taken for DNA ex-
traction. Pathologists confirmed that all samples had a tu-
mor content was at least 10%. Eight 10 um FFPE slices
were dewaxed with xylene, and then the genomic DNA
was extracted using the QIAamp DNA FFPE Tissue Kit
(166046348, Qiagen, Hilden, Germany). The amount and
quality of DNA were assessed using a Qubit 3.0 fluorom-

eter and a Nanodrop 2000 (AZY 1601637, Thermo Fisher
Scientific, Waltham, MA, USA). Genomic DNA sonication
was then broken into 350 bp fragments using the Covaris
M220 ultrasound system and purified with Agencourt AM-
Pure XPbeads (26220001, Beckman Coulter, Mississauga,
Canada).

DNA fragments library preparation after ultrasound
fragmentation was made using the KAPA hyper library
preparation kit (0000109693, KAPA Biosystems, Wilm-
ington, MA, USA). Libraries with different molecu-
lar tags were mixed. The hybrid libraries were tar-
geted and enriched with Integrated DNA Technologies
(IDT) xGen Lockdown Reagents and custom probes
(0000593655, IDT, Coralville, 1A, USA), which cov-
ered exon regions of 425 genes and introns of 57 fusion
genes. The enriched library was amplified using Illu-
mina p5 (5-AATGATACGACCACCGA-3'), and p7 (5'-
CAAGCAGAAGACGGCATACGAGAT-3") primers and
KAPA Hifi Hot-Start ReadyMix (0000121538, KAPA
Biosystems, Wilmington, MA, USA), then, AgencourtAM-
Pure XPbeads Purification were performed. The sequencer
library was then quantitatively sequenced using the KA-
PALibrary Quantification kit (0000103958, KAPA Biosys-
tems, Wilmington, MA, USA) by the qPCR (quantita-
tive polymerase chain reaction) method, and the fragment
size distribution was examined using Bioanalyzer2100
(DE54108086, Agilent Technologies, Stanta Clara, CA,
USA). The final library was sequenced using the [llumina
Hiseq 4000 platform, with an average sequencing depth of
at least 250 x.

Sequencing Data Analysis

Sequencing Data was analyzed by a validated auto-
mated process of Gene Biogene, main steps are described
below. BCK2fastq (92122, San Diego, CA, USA) was
used for data splitting, and then FASTQ file quality fil-
tering (QC) was performed with Trimmomatic. Low-
mass based (based on Phred score below 20) or N bases
were removed. Burrows-Wheller Aligner (BWA-mem, ver-
sion0.7.12, Palo Alto, CA USA) was used to compare
the measured sequences with the human reference genome
HG19. Picard was used to remove the repetitive sequences
caused by PCR. Genome Analysis Toolkit (GATK ver-
sion3.4.0, Broad Institute, Cambridge, MA, USA) was used
to perform local assembly correction comparisons around
the insertion-deletion and the base mass fraction was re-
calibrated. Single nucleotide variant (SNV) and inser-
tion/deletion mutations were determined using VarScan2
software (version2.4.4, MD Anderson Cancer Center, Ox-
ford, UK), with the parameters as follows: Minimum se-
quencing depth = 20, minimum base mass = 25, minimum
variant allele frequency (VAF) = 0.03, minimum variation
support reading = 3, both positive and negative chains mea-
sured variation, and chain bias of no more than 10%.
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Table 1. Patient characteristics.

Characteristics N (%)
Median age, years [range] 57 (33-82)
Gender

Female 25 69.4

Male 11 30.6
History of smoking

Yes 3 8.3

No 33 91.7
Number of nodules

2 20 55.6

>3 16 44.4
Spatial distribution of nodules

Ipsilateral lung with lung segment 11 30.6

Ipsilateral lung segments are different 18 50.0

Difterent lateral lungs 7 19.4
Stages

0 1 2.8

Ia 29 80.6

Ib 3 8.3

> 3 8.3

Droplet digital polymerase chain reaction (ddPCR)
was used to validate the copy number variation (CNV) pro-
gram using 38 samples. System noise in copy number data
was reduced by principal component analysis of 100 stan-
dard samples in the same batch. The assay program could
detect 0.4x copy loss at >50% tumor cell content and 4 x
copy number increase at >10%. Logs multiples change rate
>0.67 was used to detect CNV repetitions, while logs mul-
tiples change rates <—0.74 were used to detect CNV dele-
tions.

In the next filtering step, only Catalogue of Somatic
Mutations in Cancer (COSMIC) hotspots with a VAF above
1% and at least 3 mutation readings (recurrence >20) muta-
tions, or other mutations with at least 5 supporting readings,
were read out.

Statistical Methods

The bioinformatics analysis platform of Nanjing Shihe
Gene Biotechnology Co., Ltd. was used to identify gene
variations, comment on mutations, filter variations, and
comprehensive mutation information, such as mutations,
fusions, and amplification deletions at 425 gene points.
Mutation mapping was performed using the R statistical
analysis package (R version3.5.3) and mutation distribu-
tion was done using cBioPortal online (http://www.cbiopo
rtal.org). The statistical difference of two groups and three
groups were tested with Fisher’s exact test. p < 0.05 was
considered statistically significant.
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Table 2. Tissue characteristics.

Characteristics N (%)
Size (mm)
<5 25 21.9
5-15 70 61.4
>15 19 16.7
Histology
AIS 32 28.1
MIA 48 42.1
IA 32 28.1
Other 2 1.8
Stage
0 32 28.1
Ial 55 48.2
a2 12 10.5
Ia3 5 44
Ib 3 2.6
>II 5 44
None 2 1.8
CTR
Pure GGN (CTR = 0) 61 53.5
0<CTR<0.5 28 24.6
05<CTR< 1 10 8.8
Solid (CTR = 1) 14 12.3
Unknow 1 0.9

AIS, adenocarcinoma in situ; MIA, minimally invasive ade-
nocarcinoma; IA, invasive adenocarcinoma; GGN, ground

glass nodule.

Results

Patient and Tissures Characteristics

Patient characteristics are presented in Table 1. Our
study included 36 patients with multiple pulmonary nod-
ules, including 11 men (30.6%) and 25 women (69.4%),
with a median age of 57 years (range: 33 to 82 years). Of
those, 3 (8.3%) patients were smoker and 33 (91.7%) non-
smokers. Among them, 20 had 2 lung lesions removed, and
16 had more than 3 lung lesions removed. 11 cases (30.6%)
occurred in the same lung segment of the ipsilateral lung,
18 cases (50.0%) occurred in different lung segments of the
ipsilateral lung, and 7 cases (19.4%) occurred in different
lateral lungs. A total of 114 lesions were available for this
study, including 112 Iung adenocarcinomas. There was 1
patient (2.8%) in stage 0, 29 patients in stage Ia (80.6%),
3 patients in stage Ib (8.3%), and 3 patients above stage 11
(8.3%).

Among the 114 tissues, we found 95 (83.3%) tis-
sues <15 mm and 104 (91.2%) < stage la. In addition,
non-invasive nodules (AIS + MIA) accounted for 70.2%
(80/114), and pure ground glass nodule (GGN) accounted
for 53.5% (61/114). More characteristics details are listed
in Fig. 1A and Table 2.
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Fig. 1. Genetic profiles in sample tissues and patients. (A) Genetic profiles in 114 sample tissues. Oncoprint depicts stage, histology,

size, CT ingredients and genetic panel. Each column represents one tissue. Total number of mutations detected in each tissue was

graphed on top of the Oncoprint. The right-side bar shows the number of tissues. Mutation detection rate of each gene is on the left.

CTR, consolidation tumor ratio. (B) Genomic profile in 36 patients. Total number of mutations detected in each patient were graphed

on top of the Oncoprint. The right-side bar shows the number of patients. The mutation detection rate of each gene is on the left.

Mutation Spectrum and Mutation Signal

Analysis of multiple nodular mutation types showed
that the types of missense mutations and deletion/insertion
mutations were dominant. Overall, 68% of missense muta-
tions and 12% of deletion/insertion mutations. The forms of
base mutations were C > T, C > A, and T > G, accounting
for 28%, 25%, and 24%, respectively.

114 Sample Tissues Genetic Mutation Analysis

Among the 36 patients, there were 114 sample
tissues, with the highest rate of EGFR gene mutation
among all samples (55.3%), followed by tumor protein
53 (TP53) (10.5%) and Erb-B2 Receptor Tyrosine Ki-
nase 2 (ERBB2) (9.6%) (Fig. 1A). It was found that
Bromodomain-Containing Protein 4 (BRD4) co-occurred
significantly with low density lipoprotein-related protein
1B (LRPIB)/DOTIL (DOTIL was the same patient with
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Fig. 2. Genetic mutations in 114 sample tissues. (A) EGFR gene mutation distribution characteristics analysis. (B) BRAF gene mutation
distribution characteristics. (C) KRAS gene mutation distribution characteristics. (D) ERBB2 gene mutation distribution characteristics.

(E) TMB distribution in 114 tissues.

two different mutation forms repeated) (p < 0.01) and AT-
rich interaction domain 1A (ARIDI1A) with DOTIL (p <
0.01). There was no significant mutually exclusive genetic
variation.

Among the 11 drug target genes concerned in NSCLC,
EGFR mutations incidence accounted for 55.3% of the 114
multiple nodules, followed by ERBB2 (9.6%), v-Raf murine
sarcoma viral oncogene homolog B1 (BRAF') (8.8%), KRAS
(8.8%), c-ros oncogene 1(ROS!) (1.8%), anaplastic lym-
phoma kinase (ALK) (0.9%). There was no mesenchymal-
epithelial transition factor (MET) amplification. ALK fu-

sion and ROS! fusion were in 1 case each, and no rear-
ranged during transfection (RET) fusion and neurotrophic
tyrosine receptor kinase (N7RK) 1/2/3 fusion was found
(Supplementary Fig. 1). There were 83 EGFR mutations
detected in 63 nodule samples. Among them, 48 were exon
21 mutations, accounting for 58% of all EGFR mutations.
Exon 19, 20, 18, and 25 mutations accounted for 12%, 13%,
12%, and 5% of all EGFR mutations, respectively.

Further analyzing the most common MPLC gene mu-
tation subtypes, we found that the EGFR exon 20 and 21
mutations were the most abundant, with 9 and 8 mutations,
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Table 3. Major types of mutations in different pathological subtypes.

AIS MIA IA
Gene Name Frequency (%) Gene Name Frequency (%) Gene Name Frequency (%)
EGFR 344 EGFR 56.3 EGFR 78.1
BRAF 28.1 ERBB2 14.6 TP53 34.4
MAP2K1 12.5 CYSLTR2 10.4 KRAS 18.8
T7SCI 9.4 MEDI2 8.3 ARIDIA 9.4
KRAS 9.4 MAP2K1 6.2 BRD4 9.4
MEDI2 6.2 T8C1 6.2 LRPIB 9.4

respectively. Among them, exon 21 mutation was mainly
concentrated in the L858 locus with a mutation ratio of
77%. Exon 19 mutations were all insertion/deletion mu-
tations. The leading mutation site was E746_750del, ac-
counting for 50%. Exon 18 mutation site was G719, ac-
counting for 60% (Fig. 2A). BRAF main mutation site was
L597R, accounting for 20%, while V60OE accounts for only
10% (Fig. 2B). Furthermore, KRAS leading mutation site
was G12, accounting for about 18% (Fig. 2C). ERBB2 mu-
tations were all exon 20 insertion/deletion mutations, of
which the main mutation site was Y772_A775dup, account-
ing for 73% (Fig. 2D).

Mutations in Nodules with Different Clinical
Pathological Features

The primary mutation types of nodules in different
pathological subtypes are shown in Table 3. We found
that the highest frequency of gene mutations in the three
different pathological subtypes (AIS, MIA, [A) was the
EGFR gene. The highest mutation frequency in the 1A
group accounted for 78.1%. In addition, we found that
EGFR/TP53/KRAS was more abundant in sample tissues
in the IA group, BRAF was enriched in AIS, and the fre-
quency of EGFR and TP53 mutations increased signifi-
cantly following the degree of malignancy of pathologi-
cal subtypes (Fig. 3A). Among the 32 IA sample tissues, 7
had solid/micro-papillary components. AR/D1A4 mutations
were significantly higher in IA containing solid/micro-
papillary malignant components (p = 0.008) (Fig. 3B). In
addition, ARIDIA gene mutations incidence in the IASLC
3 group was 75% (p = 0.02) (Fig. 3C).

According to the top6 gene in the nodule size (<5 mm,
5-15 mm, >15 mm) analysis and pathological stage (0, Ial,
a2, Ia3), it was found that the larger the nodule, the more
frequent the TP53 occurrence and KRAS frequency occur-
rence increased significantly (Fig. 4A). With the increase of
nodular staging, EGFR and TP53 incidence increased sig-
nificantly, BRAF decreased significantly (Fig. 4B). Our re-
sults showed that BRAF mutations were significantly higher
in pure ground glass, and KRAS, TP53, and ARIDI1A were
significantly higher in solid, CTR >0.5, or nodules with
specific imaging features (Fig. 4C-E).

TMB Analysis of 114 Sample Tissues

TMB (tumor mutation burden) was analyzed in 114
tissues. A TMB low distribution, with a median TMB of 1.1
Mutations per Megabase (MUTS/Mb) was found (Fig. 2E).
There were no differences in the TMB distribution between
different driver genes, but FRBB2 20ins had a downward
trend. In different EGFR subtypes (L858R, 19DEL, 20ins,
18 mutation), EGFR 18exon TMB was significantly higher
than that of the 20ins mutation (p = 0.02). It was found that
the TMB of IA was significantly higher than that of AIS
(p = 0.046) and MIA (p = 0.02). In addition, the IASLC 3
group TMB was also higher than that of IASLC 1 and 2.

With the increase in nodules diameter, TMB distri-
bution tended to increase. TMB of >15 mm nodules was
significantly higher than that of the <5 mm nodules (p =
0.001). Moreover, TMB distribution of nodules with CTR
>0.5 was significantly higher (p = 0.0002), especially in
solid nodules. However, no correlation between TMB and
nodular staging was observed.

Genetic Mutations in 36 Patients Analysis

Gene mutation profiles of all nodule samples from 36
patients was analyzed with a high proportion of EGFR mu-
tations (80.6%), followed by BRAF (25%), TP53 (25%),
and ERBB2 (22.2%) (Fig. 1B). Among them, Neurofi-
bromin 1(NF/) and mitogen-activated protein kinase ki-
nase 1(MAP2KI), and MAP3KI and telomerase reverse
transcriptase (7ERT) coexist significantly (p < 0.05).
The top6 gene was analyzed in groups according to the
number of patients with 2 and >3 nodules. TP53 was
significantly enriched in patients with 2 nodules, and
BRAF/MAPK/Tuberous Sclerosis Complex 1 (7SCI) was
significantly enriched in patients with more than 3 nodules
(Fig. 5A). According to the proportion of IA nodules in the
total number of resected nodules, each patient was divided
into two groups, <50% IA and >50% IA, and the top6
genes were analyzed. TP53 was significantly enriched in
patients with IA accounting for more than 50% (p < 0.01).
MAP2K1 was significantly enriched in less than 50% of pa-
tients with IA (p < 0.01) (Fig. 5B).

Among the 36 patients, 35patients (97.2%) had driver
gene mutations. The number of drive gene mutations in-
volved in each patient ranged from 1 to 4, with a median
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of 1. EGFR single gene accounted for the most signifi-
cant proportion of diver genes (46%), followed by EGFR +
BRAF (14%), EGFR + ERBB2 (9%), EGFR + KRAS (8%),
and ERBB2 (8%) (Fig. 6A). It was observed that patients
with the highest pathological subtype of IA might have had
more driver gene mutations. The highest number of driver
gene mutations (p = 0.007) was observed in IASLC level
3 patients (Fig. 6B). The number of patient-driven gene
mutations distribution may not be related to the diameter,
location, and stage (p > 0.05). Moreover, TMB in pa-
tients tended to increase with in IASLC grading and staging
(Fig. 6C,D).

Although the median number of co-mutant genes was
0 in 36 patients with multiple nodules, 47% of patients
still had co-mutations, and 21% had more than two co-
mutations. Seventeen co-mutant patients had 73 co-mutant
gene nodules, and co-mutant nodules mainly occurred in
IA (33, 45%) and MIA (37%) nodule types. A total of
85% of patients were single-base variants, including T >
G (35.7%), C > A (28.6%), and C > T (25%). These
results show that co-mutant genes may be more likely to
occur in patients with air cavity dissemination and pleu-
ral invasion, especially air cavity dissemination. More
than 2 co-mutant genes were significantly enriched in pa-

tients with air cavity dissemination (p < 0.05) (Fig. 5C).
Patients with IASLC 3 had a higher probability of more
than 2 co-mutations (Fig. 5D). 47.2% patients (17/36)
had co-mutations, of which the top 5 genes accounted
for EGFR (39.4%), KRAS (9.1%), ERBB2 (6.1%), TP53
(6.1%), DOTIL (6.1%) (Supplementary Fig. 2A). The
first 4 mutation sites of co-mutant genes were functional
mutations, except for EGFR M1007T. There were 9 pa-
tients with EGFR co-mutation with 11 co-mutation sites, of
which L858R accounted for the largest proportion (82%)
(Supplementary Fig. 2B).

Discussion

Evaluation of the genomic profile of multiple lung
adenocarcinomas complements histological findings by en-
abling a more comprehensive assessment of synchronic,
heterochronic, and metastatic lesions in most patients was
found, thereby improving staging accuracy. NGS target-
ing can identify genetic alterations of therapeutic signifi-
cance. A comprehensive molecular evaluation allows the
unambiguous delineation of clonal relationships among tu-
mors [13]. Daryn’s results suggest that gene sequencing
technologies are potentially a more accurate diagnostic and
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prognostic tool than traditional histopathologic evaluation
in patients with suspected MPLCs, which could better guide
treatment and outcomes prediction [14].

Chang et al. [15] compared the results of prospec-
tive histological predictions with subsequent NGS results,
a comprehensive analysis of cancer target mutations (MSK-
IMPACT) NGS. This study covered up to 468 cancer-
associated genes, used to distinguish between IM and
MPLC in clinical practice. Using the clonal relationship,
they established by a large NGS panel, as the molecular
gold standard, the accuracy and defects of MPLC. In ad-
dition, IM histological predictions were analyzed, and the
clinicopathological and genomic features contributing to
the clinical prediction of NSCLC clonality started being

elucidated. In this study we performed NGS testing on 114
sample tissues, including 425 cancer-related genes, with
EGFR gene as the highest rate of mutation of the among
all samples. Followed by 7P53, ERBB2, the median num-
ber of mutations was = 2 in patients with multiple nodules
in the lungs, and the average number of mutations was =
2.79. Among them, BRD4 co-occurred significantly with
LRPIB/DOTIL, and ARIDIA4 with DOTIL. Among the 11
drug target genes concerned in non-small cell lung cancer,
the incidence of EGFR mutations accounted for 55.3% in
114 cases of multiple nodules, followed by ERBB2, BRAF,
KRAS. Fusion mutations were rare. Similar to previous
studies [13,16]. However, other studies found KRAS mu-
tations to be the most common, followed by TP53, EGFR,
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MET, and PIK3CA, which were very different from our re-
sults [14]. Hu et al. [16] showed that the EGFR muta-
tion was mutually exclusive with ERBB2, BRAF, KRAS,
and MAP2K 1 mutations while coexisting significantly with
the T7P53 and RBM10 mutations. In our study, BRD4 co-
occurred significantly with LRPIB/DOTIL and ARIDIA
with DOTIL.

EGFR mutations are more common in Asians. Exon
19 deletion is the most common [17], followed by L858R
as a known hotspot mutation [18]. Li et al. [19] found
a unique FGFR mutation signatures in a large cohort of
MPLC probands. In our study, exon 21 mutation accounted
for 58% of all EGFR mutations, of which the L858 locus
accounted for 77%. Exon 19 mutations accounted for 12%
of EGFR mutations (Fig. 2A). Mansuet’s [20] study found
significant differences between IM patients and MPLC pa-
tients in smoking history, the time interval between tumors,
tumor location, lymph node involvement, and mutational
status of EGFR and KRAS. The literature reports that in 65
cases of non-small cell lung cancer patients with BRAF mu-
tations (BRAF V600E) accounted for the largest proportion

of advanced NSCLC mutations (nearly 83%). KRAS G12C
accounts for the largest proportion of late NSCLC KRAS
mutations (close to 30%) [21,22]. In our study, V600E
mutation accounted for only 10% of BRAF mutations, of
which G12C accounted for about 18% of KRAS mutations
(Fig. 2B,C). Hu et al. [16] indicated that EGFR p.L858R
and exon 19del accounted for 38.46% and 21.89% of EGFR
mutations, respectively; The most common mutant subtype
of ERBB?2 is exon 20ins (21/31, 67.74%). V600E muta-
tions account for 6.25% of BRAF mutations. Their result is
close to our findings. Thus, it is noted that there are signif-
icant differences in the frequency of mutations in multiple
lung cancer and advanced lung cancer. Pei et al. [13] found
thatthe EGFR, TP53, RBM10, ERBB2, and CDKN2A4 muta-
tions frequencies exhibited significant differences between
early and advanced-stage NSCLCs. Their results support
the adoption of a large panel to supplement histology to
strongly discriminating NSCLC clonal relationships in clin-
ical practice.

TMB is a predictive and prognostic biomarker for im-
mune checkpoint inhibitors (ICIS) to treat multiple solid tu-
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mors [23], with an overall low TMB and a median TMB
of 1.1 MUTS/MD is present in patients with multiple nod-
ules in the lungs (Fig. 2E). Chang ef al. [15] recruited
37 patients with MPLC with an average TMB of 7.0 (0—
41.2) MUTS/Mb, significantly higher than the TMB (1.1
MUTS/MD) in our study. In Hu’s [16] study, MPLC of-
ten showed low TMB (1.92), consistent with our results.
In addition, we found that TMB was higher distributed in
IA, >15 mm, CTR >0.5, and solid nodules. For early-
stage lung cancer, tumors with EGFR mutations are more
aggressive than wild-type EGFR tumors and they may be
accompanied by more mutations. This may explain higher
TMB levels in EGFR-mutated cancers [16]. In our study,
the TMB of the EGFR gene mutation was higher but not sta-
tistically significant. Specific gene and concomitant muta-

tions are closely related to TMB in MPLC, which may help
identify patients benefiting from immunotherapy.

ARIDIA is expressed in non-small cell lung cancer
at rates of 1.2% to 7.5% [24-26], consistent with our re-
search. Previous studies have found that abnormal ARID 1A
expression is associated with poor overall survival in pa-
tients with ARID1A4-mutated non-small cell lung cancer
[25-27]. Zhang et al. [28] found that silencing ARIDIA
by siRNA (small interfering RNA) promotes lung cancer
cell proliferation and colony formation capacity, inhibits
paclitaxel-induced apoptosis, reduces ARIDIA expression
in non-small cell lung cancer, and is significantly associated
with lymph node metastasis and TNM staging. ARIDIA
mutations have been reported to be associated with poor
prognosis in breast invasive micropapillary carcinoma and
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micropapillary urothelial carcinoma [29,30]. We found that
ARID1A mutations were significantly higher in A contain-
ing solid/micro-papillary malignancy in multiple primary
lung adenocarcinomas. This finding suggests that these pa-
tients with MPLC may have a poor prognosis. Members
of the ARID family may serve as new biomarkers for im-
mune checkpoint inhibitor treatment of malignant tumors.
Cancer patients carrying mutations in ARID1A4 may benefit
more from cancer immunotherapy.

When patients were studied as study individuals, the
proportion of patients with EGFR mutations was higher
(80.6%), followed by BRAF (25%), TP53 (25%), and
ERBB2(22.2%). Overall, 97.2% had driver gene mutations.
The number of drive gene mutations ranged from 1 to 4.
However, our study did not find a significant association
between the distribution of the number of gene mutations
in patients and the diameter, location, and stage. Among
patients with multiple nodules, 47% had co-mutant genes,
and 21% had more than two co-mutations. More than 2 co-
mutant genes were significantly enriched in patients with
air cavity dissemination, suggesting that co-mutant genes
may be more likely to occur in patients with air cavity dis-
semination.

Patients who share a driver gene may develop more
aggressive cancers. MPLCs are more common in non-
smoking women under 60, manifesting primarily as ground
glass shadows, adenocarcinoma, and stage I lung lesions
[16]. In our study, the first 4 co-mutation sites in co-
mutant genes were functional mutations, except for EGFR
M1007T. There were 9 patients with EGFR co-mutation
with 11 co-mutation sites, of which L858R accounted
for the largest proportion, considering the high incidence
of L858R in the population, the high incidence of mul-
tiple nodules L858R here may be a probability event
(Supplementary Fig. 2B). In addition, it was found a
higher trend in the number of gene mutations, TMB, and
co-mutation in patients with IASLC level 3. This suggests
that patients with IASLC grade 3 multiple lung adenocarci-
nomas may have poorer prognosis.

It is essential to distinguish MPLC and IM at molecu-
lar level. Takahashi et al. [31] used NGS to target and se-
quence 20 lung cancer-associated oncogenes on 82 tumors
of 37 surgically removed MPLC patients. In their study, in
histopathology for MPLC cases (n = 17), mutation evalua-
tion yielded an inconsistent diagnosis in 47% of the cases.
Chang et al. [15] applied 341468 gene MSK-Impact NGS
analysis method to assess 4119 NSCLCs. Forward-looking
histological predictions were inconsistent with NGS by
22%. The prediction inconsistencies with IM were 44%,
which was significantly higher than that of MPLC (12%).
These results suggest that, in addition to histopathological
evaluation, multiple mutation analysis may be a use as a
complementary tool to distinguishing between MPLC and
IM [31].
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Patel et al. [32] assessed whether the use of 50 genes
NGS could be used to facilitate the discrimination between
IM and MPLC. This was the first study to correlate molecu-
lar predictions of NGS lineage allocation with clinical out-
comes in patients with multifocal lung cancer. The results
were consistent with previous findings, and these individ-
uals were examined for consistency in the mutant states
of KRAS, EGFR, BRAF, and TP53 between primary and
metastatic lung cancers [33]. Our results showed a to-
tal of 17 patients with co-mutations, of which the top 5
genes accounted for EGFR, KRAS, ERBB2, TP53, DOTIL
(Supplementary Fig. 2A). In addition, according to the
TCGA (The Cancer Genome Atlas) database, some rare
gene mutations co-mutate, such as STK/! (F354L), MET
T10101, KRAS G12S and PIK3CA H1047R. This suggests
the possibility of intrapulmonary metastases [14]. Some
studies have also shown that mutation profiles quality as-
sessment in pairs of primary and metastatic lung cancer
specimens and multiple metastatic lung cancer specimens
by NGS has resulted in a high degree of consistency within
backbone driver mutations. The backbone driver muta-
tions in the EGFR, KRAS, or BRAF genes were consis-
tent in 15 patients with multiple metastasis. However, they
were inconsistent in 32 pairs of primary and three pairs of
metastatic samples [34]. In MPLC, the driver mutation pro-
file is mutually exclusive among individual tumors, while
it is consistent between metastasized tumors and primary
lesions [35].

It was found that most MPLC patients (35/36, 97.2%)
have at least one nodule with a driver gene mutation, indi-
cating that the driver gene mutation is prevalent in MPLC
patients. WJOG13019L is the first large-scale, real-world
study to implement NGS as a companion diagnostic sys-
tem in clinical practice. It revealed NSCLC genetic muta-
tion profile using the Oncomine Dx Target Test Multi-CDx
System. The success rate of genetic alteration testing of the
four driver genes EGFR, ALK, ROS1, and BRAF was 80.1%
[36]. These results show that optimizing sample size and
quality may improve the clinical application of drive gene
testing [36].

Multiple lung adenocarcinoma gene mutations fre-
quency is generally low, and large panel NGS can de-
termine more, broader, and more complete gene loci at
once, which further help understanding multiple lung ade-
nocarcinomas gene mutations. The main limitations of the
large panel NGS platform include availability, cost, and
turnaround time. Due to the cost of implementation and
the considerable demand for bioinformatics, computing re-
sources, and personnel to analyze and interpret data, not all
institutions currently offer NGS testing.

The vast majority of MPLC patients included in this
study were in the early stage of the disease. It is diffi-
cult to obtain the sample tissue of patients with advanced
MPLC, so the gene map of MPLC in the middle and ad-
vanced stages still needs to be improved. In addition, the
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number of MPLC with micropapillary/solid components is
small, and the prognosis and follow-up of ARID I A-mutated
MPLC with micropapillary/solid components require stud-
ies with larger sample size.

Conclusions

MPLC has a unique genetic mutation characteristic
that differs from advanced patients and usually presents low
TMB. Comprehensive NGS helps diagnosing of MPLC and
guides MPLC clinical treatment. ARIDIA is significantly
enriched in IA nodules containing micro-papillary/solid
components in MPLC patients, which may serve to detect
MPLC patients with high risk of poor prognosis.
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