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Abstract. Tumor mutation burden (TMB) is an independent
indicator used to select patients sensitive to immunotherapy.
The present study aimed to investigate the clinicopathological
and molecular characteristics of patients with hypermutant
lung cancer to identify an economical, simple and comple-
mentary method for predicting TMB and immunotherapy
responses. In total, 1,000 patients with lung cancer were
randomly selected, and their samples were submitted to
next-generation sequencing, with their TMB status reviewed.
The threshold of hypermutation was set to 17.24 mutations
(muts)/Mb. The proportion of smokers was higher in the hyper-
mutant cohort (n=67) compared with in the non-hypermutant
cohort (n=933; 85.1 vs. 46.6%; P<0.0001). Compared with in
the non-hypermutant cohort, the proportion of squamous cell
carcinoma cases and small cell lung cancer cases was higher
in the hypermutant cohort (22.4 vs. 13.1% and 6.0 vs. 2.6%,
respectively). In addition, compared with in the non-hyper-
mutant cohort, mutations in the low-density lipoprotein
receptor-related protein 1B were more frequently observed in
the hypermutant cohort (67.2 vs. 14.3%; P<0.0001). A similar
trend was obtained for all genes tested, except for the EGFR
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gene. Furthermore, in the hypermutant cohort, the prevalence
of microsatellite instability was extremely high (9.0%). The
mutation frequency in DNA damage response (DDR) genes
was notably higher in the hypermutant cohort, where several
DDR-associated genes were enriched, compared with in the
non-hypermutant cohort. The enrichment analysis revealed a
strong association between mutations in Notch signaling and
high TMB. To the best of our knowledge, the present study is
the first to comprehensively investigate the clinical and genetic
characteristics of patients with hypermutant lung cancer in a
Chinese population. The results of the current study suggested
that hypermutant lung cancer exerted distinctive clinical and
genetic features, which may be used as complementary indica-
tors for screening patients sensitive to immunotherapy.

Introduction

Lung cancer is the leading cause of cancer-associated death
among males and females, accounting for an estimated
600,000 associated deaths in China in 2015 (1). Immune
checkpoint blockade has emerged as a promising strategy
in several malignancies, including both non-small cell lung
cancer (NSCLC) and small cell lung cancer (SCLC) (2-6). The
CheckMate-032 study investigated the efficacy of nivolumab,
an anti-programmed cell death-1 (PD-1) antibody, alone or in
combination with ipilimumab, an anti-cytotoxic T lympho-
cyte antigen-4 antibody in recurrent patients with SCLC,
who progressed after one or more prior regimens (6). In the
aforementioned study, the objective response rates (ORRs)
were 10, 23 and 19% for patients treated with 3 mg/kg
nivolumab, 1 mg/kg nivolumab + 3 mg/kg ipilimumab and
3 mg/kg nivolumab + 1 mg/kg ipilimumab, respectively (6).
Among the patients with metastatic NSCLC who progressed
following platinum-based chemotherapy, nivolumab was
associated with significantly longer median overall survival
time compared with docetaxel [OS; non-squamous NSCLC,
12.2 vs. 9.4 months; hazard ratio (HR),0.73; 95% CI,0.59-0.89;
P=0.002; squamous NSCLC, 9.2 vs. 6.0 months; HR, 0.59;
95% CI, 0.44-0.79; P<0.001] (7,8). Other immune checkpoint
inhibitors, including pembrolizumab, an anti-PD-1 antibody
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[programmed death-ligand 1 (PD-LI1)-positive NSCLC
population, 10.4 vs. 8.5 months; HR, 0.71; 95% CI, 0.58-0.88;
P=0.0008], and atezolizumab, an anti-PD-L1 antibody (13.8
vs. 9.6 months; HR, 0.73; 95% ClI, 0.62-0.87; P=0.0003), also
exhibited improved OS compared with chemotherapy (9,10).
However, the response rate of immune checkpoint inhibi-
tors was relatively low in unselected patients (5). Therefore,
multiple biomarkers have been investigated for selecting
patients who can benefit from immunotherapy.

Tumor mutation burden (TMB) is an emerging biomarker
to independently predict response to immunotherapy (11,12).
For example, the retrospective analysis of the Checkmate-032
study suggested that the efficacy of nivolumab combined with
ipilimumab was improved in patients with high TMB compared
with in those with low TMB (ORR, 46.2 vs. 22.2%) (11).
Currently, the evaluation of TMB is based on expensive,
large next-generation sequencing (NGS) gene panels or
whole-exome sequencing. Several studies have demon-
strated that single gene mutations, such as driver mutations
in polymerase ¢ catalytic subunit A (POLE)/polymerase o
catalytic subunit gene 1 (POLDI) genes and pathogenetic
mutations in mismatch repair genes, are associated with
high TMB, which may provide an economical, simple and
complementary method for predicting TMB and response to
immunotherapy (13-15). However, the aforementioned studies
mainly focused on colorectal and endometrial carcinoma. The
molecular characteristics that may contribute to high TMB
in lung cancer have not been fully documented. Therefore, in
the present study, a retrospective, cohort study was conducted
to comprehensively investigate the clinicopathological and
molecular features of patients with lung cancer with extremely
high mutation burden (hypermutation).

In addition to TMB, other molecular biomarkers have been
identified to affect patient response to immunotherapy. High
levels of microsatellite instability (MSI), deficient mismatch
repair and PD-L1 expression have been approved by the Food
and Drug Administration (FDA) as predictive biomarkers
of immunotherapy across multiple types of cancer, such as
NSCLC, triple-negative breast cancer and gastric or gastro-
esophageal junction adenocarcinoma (16-19). Additionally,
alterations in DNA damage response (DDR) genes may be
associated with high TMB and improved clinical benefits
from immunotherapy in patients with NSCLC (20). Tumors
with co-occurring TP53/KRAS gene mutations exhibited
remarkable clinical benefit from immunotherapy with PD-1
inhibitors (21). However, some driver mutations in NSCLC tend
to predict a poorer response to immunotherapy, such as EGFR
sensitive mutations and ALK fusions (22). Somatic mutations
in PTEN, B-2 microglobulin (B2M), serine-threonine kinase
11 (STK11), Kelch-like ECH-associated protein 1 (KEAPI),
murine double minute 2 (MDM?2) and 11q13 amplification
have also been negatively associated with immunotherapy
response (23-27). The current study aimed to explore the
prevalence of these immunotherapy-associated biomarkers in
a hypermutant lung cancer cohort.

Materials and methods

Patient samples. A total of 1,000 patients with lung cancer
who underwent genetic testing using the NGS technology at

Geneplus-Beijing (Beijing, China) between November 2017
and September 2019 were retrospectively enrolled in the
present study, irrespective of the type of prior treatment and
treatment response. The clinical characteristics of the patients
are summarized in Table I. Fresh tissues or tissues fixed using
10% formalin at room temperature for 24 h and embedded in
paraffin [formalin-fixed paraffin-embedded (FFPE) tissues],
including those prepared from pleural effusions, and 10 ml
matched peripheral blood were obtained from each patient to
perform a matched tumor-normal NGS testing. All procedures
were conducted in accordance with the Declaration of Helsinki
and written informed consent was provided by all participants.

Sequencing and analysis. Comprehensive genomic profiling was
performed using a custom-designed NGS panel containing 1,021
cancer-associated genes. The captured genomic regions included
the most common driver genes of solid tumors, including lung
cancer. Sample processing, DNA extraction, library prepara-
tion, target capture, sequencing and bioinformatic analysis were
conducted as previously described (28,29). Briefly, the genomic
DNA from white blood cells isolated from peripheral blood, fresh
tissues and FFPE samples was extracted using the CWE9600
Blood DNA kit (CoWin Biosciences) and the Maxwell® 16
FFPE Plus LEV DNA Purification kit (Promega Corporation)
according to the manufacturer's protocol. Illumina TruSeq DNA
Library Preparation kits (Illumina, Inc.) were utilized to prepare
the sequencing libraries. The libraries were then hybridized to
custom-designed biotinylated oligonucleotide probes (Roche
NimbleGen, Inc.) targeting 1,021 genes, including 14 genes with
therapeutic value, recommended by the National Comprehensive
Cancer Network guidelines (30-34) or approved by the FDA, and
220, 98 and 689 genes with therapeutic, diagnostic or prognostic
value based on well-powered studies, multiple small studies,
and small studies or case reports, respectively (Table SI). The
prepared libraries were sequenced on the NextSeq CN 500 system
(Illumina, Inc.), according to the manufacturer's instructions. The
calling of somatic single nucleotide variants (SN'Vs) and small
insertions and deletions (InDels) was executed using the MuTect
(v1.1.4) and GATK (v3.4-46-gbc02625) softwares (both Broad
Institute). Copy number variations and structural variations were
identified using Contra (v2.0.8) (35) and NoahCare structural
variations detection (in house), respectively. TMB was calculated
as the number of somatic non-synonymous SN'Vs and InDels
per Mb in the coding region, with a variant allele fraction of
=>0.03. The threshold of hypermutation was determined using
the following formula, previously used by Zehir et al (36) from
Memorial Sloan Kettering Cancer Center: Median (TMB) + 2 x
IQR (TMB), where IQR represents the interquartile range. The
MSI status was inferred using the MSIsensor (v0.5) software (37)
and MSI-high was defined on an empirically defined cut-off of
MSI score >8%. SN'Vs and InDels, copy number variants, struc-
tural variants and TMB and MSI are provided in Tables SII, SIII,
SIV and SV, respectively.

Differentially mutated genes (DMGs) and pathway enrichment
analysis. The DMGs between cohorts were identified using
two-tailed Fisher's exact test. P<0.05 was considered to indi-
cate a statistically significant difference. Kyoto Encyclopedia
of Genes and Genomes (KEGG) analysis was performed
using the Web-based Gene Set Analysis Toolkit (WebGestalt;
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Table I. Comparison of clinicopathological characteristics between patients with hypermutant (n=67) and non-hypermutant

(n=933) lung cancer.

Characteristics Hypermutant cohort Non-hypermutant cohort P-value
Median age at diagnosis (range), years 62 (43-79) 61 (18-94) 0.0198
Sex, n (%) <0.0001
Male 58 (86.6) 552 (59.2)
Female 9(134) 381 (40.8)
Histological subtype, n (%) 0.0215
Adenocarcinoma 42 (62.7) 742 (79.5)
Squamous 15(22.4) 122 (13.1)
SCLC 4 (6.0) 24 (2.6)
Other 2 (30 15 (1.6)
N/A 4 (6.0) 30 (32)
Clinical stage, n (%) 0.5087
v 4 (6.0) 105 (11.3)
11 6 (90) 75 (8.0)
1AY 26 (38.8) 399 (42.8)
N/A 31 (46.3) 354 (37.9)
Smoking history, n (%) <0.0001
Never smokers 10 (14.9) 498 (534)
Smokers 57 (85.1) 435 (46.6)
Previous treatment, n (%) 0.6062
No 48 (71.6) 695 (74.5)
Yes 19 (28.4) 238 (25.5)
Family history, n (%) 0.5237
Yes 13 (19.4) 151 (16.2)
No 39 (58.2) 560 (60.0)
N/A 15 (22.4) 222 (23.8)
Sample type, n (%) 0.1404
FFPE tissue 61 (91.0) 787 (84 .4)
Fresh tissue 6 (9.0) 146 (15.6)

P-values were calculated using the Mann-Whitney U test or * test. P<0.05 was considered to indicate a statistically significant difference.
Missing information in histological subtype, clinical stage and family history was not included in these statistical analyses. SCLC, small cell

lung cancer; N/A, not available; FFPE, formalin-fixed, paraffin-embedded.

http://www.webgestalt.org/) to explore whether the DMGs
that were more frequently mutated in the hypermutant cohort
were enriched in certain signaling pathways. The significance
of mutation enrichment was determined by applying a hyper-
geometric test and was adjusted for multiple testing using the
Benjamini-Hochberg false discovery rate.

Statistical analysis. The somatic mutation profiles in The
Cancer Genome Atlas (TCGA) database from 1,031 NSCLC
samples, including 562 patients with adenocarcinoma and
469 patients with squamous cell cancer, were downloaded
from CBioPortal (https://www.cbioportal.org). The difference
in age at diagnosis between the cohorts were evaluated using a
two-tailed unpaired Mann-Whitney U test. x* test was utilized
to assess the differences in other demographic characteristics.
Missing data regarding histological subtype, clinical stage and
family history were not included in the statistical analyses. The

correlation between sex and smoking history was examined
using Spearman's rank correlation analysis. Cox multivariate
regression analysis was used to further verify the association
between clinical characteristics and TMB. P<0.05 was consid-
ered to indicate a statistically significant difference. Statistical
analyses were performed using GraphPad Prism 8.0.2
(GraphPad Software, Inc.) or SPSS v19 software (IBM Corp.).

Results

Study design and patient demographics. The flow chart of the
methodology of the present study is presented in Fig. 1A. To
determine the threshold of hypermutation in patients with lung
cancer, the TMB status of 1,000 selected patients with lung
cancer was screened. The distribution of TMB is presented
in Fig. 1B. Among these patients, the median TMB was
5 muts/Mb (range, 0-80 muts/Mb). TMB of 17.24 muts/Mb was
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Figure 1. Study design and TMB distribution. (A) Flow chart of the methodology used in the present study. (B) TMB distribution of 1,000 patients with lung
cancer. TMB, tumor mutation burden. TMB, tumor mutation burden; muts, mutations.

defined as the threshold according to the criterion for hyper-
mutation set in the current study. Consequently, 67 patients
were considered to be hypermutant, and the remaining
patients were non-hypermutant (n=933). The median TMB for
the hypermutant and non-hypermutant cohorts was 22 (range,
17.28-80 muts/Mb) and 4.8 muts/Mb (range, 0-17 muts/Mb),
respectively.

The clinicopathological characteristics of patients are
summarized in Table I. The proportion of males (86.6 vs.59.2%)
and smokers (85.1 vs. 46.6%) was higher in the hypermutant
cohort compared with in the non-hypermutant cohort (both
P<0.0001). In addition, a strong correlation between smoking
and sex (male smokers vs. female smokers, 79.5 vs. 9.1%;
Spearman rank correlation, 0.659; 95% CI, 0.551-0.748) was
revealed in the present study (data not shown). Additionally,
compared with in the non-hypermutant cohort, the propor-
tion of patients with squamous cell carcinoma and SCLC
was higher in the hypermutant cohort (22.4 vs. 13.1% and
6.0 vs. 2.6%, respectively; P=0.0215). In addition, the age at
diagnosis of hypermutant patients was significantly increased
compared with that of non-hypermutant patients (P=0.0198).
Cox multivariate regression analyses further confirmed that
TMB was associated with sex, smoking history and histo-
logical subtype, but not with age at diagnosis (Table SVI).

Mutation profiles of hypermutant and non-hypermutant
lung cancer. The somatic mutation profiles of hypermutant

and non-hypermutant samples are presented in Fig. 2 (top 25
genes for each group). As shown in Fig. 2, the occurrence of
mutations in multiple genes was higher in the hypermutant
compared with in the non-hypermutant cohort. TP53 was the
most frequently mutated gene in both groups, with a muta-
tion frequency of 89.6 and 59.9% in the hypermutant and
non-hypermutant group, respectively (P<0.001). Low-density
lipoprotein receptor-related protein 1B (LRP1B) exerted the
most significant difference on mutation rate between the
hypermutant and non-hypermutant cohorts (67.2 vs. 14.3%;
P<0.001). In addition, 51.1% of cases with LRP1B mutations
in the hypermutant cohort harbored >2 mutations, which was
significantly higher compared with in the non-hypermutant
cohort (21.8%; P=0.0002) (data not shown). Only EGFR
mutations were more frequently observed in the non-hyper-
mutant cohort compared with in the hypermutant cohort
(48.9 vs. 22.4%; P<0.001).

Subsequently, the mutational profiles of common driver
genes in NSCLC were compared (Fig. 3). In the hypermu-
tant cohort (Fig. 3A), the most frequently mutated genes
were EGFR and KRAS, with a mutation rate of 18 and 19%,
respectively. EGFR sensitive mutations (exon 19 deletions,
Leu858Arg and other missense mutations that are sensitive
to first- and second-generation EGFR tyrosine kinase inhibi-
tors) and amplification were identified in only 7.5 and 9% of
hypermutant patients, respectively. BRAF non-V600E muta-
tions were found in 4 cases in the hypermutant cohort. In the
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Figure 2. Comparison of mutation frequency in patients with hypermutant and non-hypermutant lung cancer (top 25 genes). Two-tailed Fisher's exact test was
used to evaluate whether significant differences were obtained in the mutation frequency of each gene between cohorts. “P<0.05; “P<0.01; ““P<0.001.

non-hypermutant cohort (Fig. 3B), EGFR mutations were
detected in 48% of cases. Furthermore, EGFR sensitive muta-
tions were identified in 43.2% of non-hypermutant patients,
and among them, 45 cases harbored EGFR secondary resis-
tance mutations. EGFR amplification was found in 12.2% of
non-hypermutant patients, with 76.3% of cases accompanied
with EGFR sensitive mutations. Compared with in the hyper-
mutant cohort, fewer patients in the non-hypermutant cohort
harbored KRAS mutations (10%). ALK, ROS1 and RET
rearrangements were only observed in the non-hypermutant
cohort with a frequency of 6, 2.3 and 1.3%, respectively.
Finally, BRAF mutations were detected in 23 cases, including
11 V600E and 12 non-V600E mutations, representing 2.5% of
all patients in the non-hypermutant cohort.

Molecular features associated with immunotherapy efficacy.
The genetic factors associated with immunotherapy efficacy
in the hypermutant cohort were analyzed. The results revealed
that MSI-high was observed in 6 cases in the hypermutant
cohort (9.0%) and only 1 patient in the non-hypermutant
cohort (0.1%) (data not shown). Subsequently, the prevalence
of DDR variants (20,38,39) (Table SVII) between the hyper-
mutant and non-hypermutant cohorts was compared. A total

of 105 mutations were identified in DDR genes in 70.1% of
patients in the hypermutant cohort, while 321 mutations
in DDR genes were detected in 27.0% of patients in the
non-hypermutant cohort (data not shown). Mutations in
multiple DDR genes were enriched in the hypermutant
cohort, including mutations in ATM, POLE/POLDI and
BRCA1/2 genes (Fig. 4A). As shown in Fig. 4B and C, 16
mutations (including one copy number variant) were detected
in POLE/POLDI genes. According to the criteria for driver
mutations proposed by Campbell et al (40), no known driver
mutations were detected in POLE/POLDI genes. In addition,
several mutations in POLD1 (E795Q and S816C) and POLE
(A1528T and P1205L) genes were considered as non-driver
mutations, according to the POLE/POLDI variants and
associated mutation burden referred by Campbell et al (40).
The function of other variants remains to be characterized.
TP53 and KRAS co-alterations were identified in 16.4% of
patients in the hypermutant cohort, and significantly fewer in
the non-hypermutant cohort (5.8%; P=0.002; data not shown).
Furthermore, several genetic alterations were negatively asso-
ciated with response to immunotherapy, including three PTEN
loss-of-function (LOF) mutations, two B2M LOF mutations,
five EGFR sensitive mutations, three STK11 LOF mutations,
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one KEAP1 LOF mutation, two cases with 11q13 amplification  Identification of DMGs and enrichment analysis. To identify
(CCNDL, FGF3, FGF4 and FGF19) and one case with MDM2  genes with significantly higher alteration frequency in the
amplification (data not shown). hypermutant group compared with in the non-hypermutant
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cohort, Fisher's exact test was performed. The DMGs enriched
in the hypermutant cohort are summarized in Table SVIII.
Webgestalt was used for the enrichment analysis. The top 10
pathways are shown in Fig. 5A, including the Notch signaling
pathway, MAPK signaling pathway and RAS signaling
pathway. Mutations in the Notch signaling pathway were
enriched in the hypermutant cohort, with an enrichment ratio
of 3.49. This signaling pathway included NOTCH1/2/3/4,
CREB-binding protein (CREBBP), E1A binding protein
P300 (EP300), mastermind-like transcriptional coactivator
2 (MAML?2), nicastrin (NCSTN) and histone deacetylase 1
(HDAC1); these genes were completely mutated in 64.2% of
cases in the hypermutant cohort (data not shown). To vali-
date the enrichment of mutations in the Notch signaling
pathway in the hypermutant cohort, lung adenocarcinoma
and squamous cell carcinoma data from TCGA database

were analyzed (n=1,031). Patients with mutations in these
nine genes exhibited more non-synonymous mutations in the
coding regions compared with those without these mutations
(median, 310 vs. 183.5; P<0.0001; Fig. 5B). Similarly, when
the validated genes were expanded to all the genes involved
in the Notch signaling pathway (41) (ARRDCI1, CNTNG6,
CREBBP, EP300, HES1, HES2, HES3, HES4, HES5, HEY],
HEY2, HEYL, KAT2B, KDM5A, NOTCHI1, NOTCH2,
NOTCH3, NOTCH4, NOV, NRARP, PSEN2, LFNG, ITCH,
NCSTN, SPEN, JAGI, APH1A, FBXW7, FHLI1, THBS2,
HDAC2, MFAP2, CULI, RFNG, NCOR1, NCOR2, MFAPS,
HDACI1, NUMB, JAG2, MAML3, MFNG, CIR1, CNTNI,
MAMLI1, MAML2, NUMBL, PSENI1, PSENEN, RBPJ,
RBPJL, RBX1, SAP30, SKP1, SNWI, CTBPI, CTBP2,
ADAMI0, APH1B, ADAM17, DLKI, DLLI1, DLL3, DLLA4,
DNER, DTX1, DTX2, DTX3, DTX3L, DTX4, EGFL7), a
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significant difference was also observed (median, 292 vs.
125; P<0.0001; Fig. 5B).

Discussion

It has been reported that hypermutation is frequently found
in melanoma, lung and bladder cancer (42-44). The present
retrospective cohort study comprehensively explored the
clinicopathological and molecular features of patients with
hypermutant lung cancer. The present study may provide
important insights into hypermutant lung cancer among the
Chinese population. To the best of our knowledge, the present
study was the first to comprehensively investigate the clinical
and genetic characteristics of hypermutant lung cancer in a
Chinese population.

First, the clinical characteristics between cohorts were
compared, and the results revealed that hypermutation was
more frequently observed in certain groups of patients,
including males, smokers and specific histological subtypes. A
previous study investigated the association between smoking
and mutational burden. The results demonstrated that the total
number of point mutations in the coding regions was higher
in smokers (median, 209; range, 104-1,363) compared with
non-smokers (median, 18; range, 10-22) (43). Other studies
also obtained similar conclusions (45,46). Additionally, the
present findings were consistent with the aforementioned
studies. In addition, the strong correlation between smoking
and sex observed in the present study may be associated
with smoking habits in the Chinese population. In China, the
smoking prevalence was 47.2% (range, 46.9-47.5%) for men
and 2.7% (range, 2.6-2.8%) for women in 2013 (47). Therefore,
the present study hypothesized that the significantly higher rate
of males in the hypermutant cohort may result from the higher
number of smokers in this cohort. The current findings were
consistent with a previous study demonstrating higher TMB in
squamous carcinoma and SCLC compared with in adenocar-
cinoma (48).

Subsequently, the mutation spectra of both cohorts were
analyzed. LRP1B was more frequently mutated in the hyper-
mutant cohort. LRP1B encodes a member of the low-density
lipoprotein receptor family. These receptors serve a wide
variety of roles in normal cell function and development by
interacting with multiple ligands (49). Several studies have
demonstrated an association between LRP1B mutations and
a high level of TMB in patients with NSCLC and melanoma;
these studies suggested that in patients with LRP1B mutations,
immune response and cell cycle regulation circuits were among
the top enriched pathways (50,51). Although the mechanism
underlying the association between TMB and LRP1B is not
entirely clear, the current study supported the aforementioned
findings. The distribution of KRAS and EGFR mutations iden-
tified in the present study was also consistent with previous
studies, suggesting the positive effect of KRAS mutations
and negative effect of EGFR mutations on immunotherapy
response (21,52). ALK, ROS1 and RET rearrangements were
only found in the non-hypermutant cohort, which may suggest
a negative association with hypermutation, thereby affecting
the response to immunotherapy (53).

The genetic factors affecting immunotherapy response
were also analyzed. MSI-high was reported in 0.2% of

patients with non-squamous NSCLC (54). In the present
study, the prevalence of MSI-high was extremely high in the
hypermutant cohort (9%), indicating a potential important role
of MSI in hypermutation in lung cancer. The enrichment of
DDR gene mutations in the hypermutant cohort suggested
that mutations in DDR genes may serve as biomarkers for
predicting TMB and patient response to immunotherapy. A
previous study has confirmed elevated TMB and improved
efficacy of immunotherapy in patients with pathogenic DDR
alterations (20). Co-mutations of KRAS and TP53 were more
frequently identified in the hypermutation cohort, supporting
the improved clinical outcomes of patients with KRAS and
TP53 co-mutations during the period of immunotherapy (21).
In addition, several negative biomarkers, such as PTEN
mutations and MDM2/4 amplification, in the hypermutant
cohort were identified, suggesting hyper-progressive disease
or disease resistant to immunotherapy, which should raise
concern.

DMGs enriched in the hypermutant cohort were identi-
fied in the present study, and an enrichment analysis was
performed. The results suggested that mutations in the Notch
signaling pathway were associated with high TMB, which
was confirmed using molecular profiles of lung cancer in
TCGA database. The Notch signaling pathway activates
cell proliferation and antagonizes apoptosis, as well as
cross-talks with several transcriptional factors to promote
epithelial-mesenchymal transition in lung cancer, thus leading
to enhanced motility, invasion and metastasis of cancer
cells (55). Recently, NOTCHI has been reported to contribute
to an immune-suppressive tumor microenvironment in
melanoma (56). Targeting NOTCHI1 may therefore affect cell
proliferation and survival, and provide an immune-responsive
tumor microenvironment, thus improving the efficacy of
immunotherapy (56). Another study uncovered a marked
association between mutations in NOTCH1/2/3 and improved
outcomes in EGFR- and ALK-wild-type patients with NSCLC
treated with immune checkpoint inhibitors (57). In addition,
deleterious NOTCH mutations exhibited an improved effect
compared with non-deleterious mutations (57). However, the
underlying mechanism remains unknown. Previous studies
found that tumors with Notch family gene (NOTCH1/2/3/4)
mutations exerted higher TMBs in multiple types of cancer,
including hepatocellular carcinoma, esophageal carcinoma,
breast cancer, SCLC, head and neck cancer and cutaneous
carcinoma (58,59), which may explain the predictive value of
NOTCH mutations to immunotherapy response. In the present
study, the strong association between NOTCH gene mutations
and high TMB indicated a potential strategy for immuno-
therapy in patients with lung cancer with mutations in the
Notch signaling pathway. However, the mutation types in genes
involved in the Notch signaling pathway and the specific genes
exhibiting strong predictive value to immunotherapy response
should be further investigated.

The FDA has approved FoundationOne®CDx as the first
companion diagnostic to identify patients with solid tumors
that are TMB-high (=10 muts/Mb) and suitable for treat-
ment with pembrolizumab (60). A previous study conducted
by Foundation Medicine described the distribution of TMB
across a diverse cohort of 100,000 cases of cancer, with TMB
>20 muts/Mb designated as high TMB (61). The percentages of
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cases with TMB >20 muts/Mb were 17, 12.3, 11.3 and 9% for
NSCLC (not otherwise specified) (n=2,636), lung adenocar-
cinoma (n=11,855), lung squamous cell carcinoma (n=2,102)
and lung small cell undifferentiated carcinoma (n=913),
respectively (61). However, in the present study, hypermutant
patients (TMB =17.24 muts/Mb) constituted 6.7% of the whole
population. TMB cut-offs may differ depending on sample
type, tumor type, patient subgroup, therapy investigated and
assay used. More specifically, the capture region, number of
genes, sequencing depth and TMB calculation method of a
panel may affect the TMB threshold. Despite the difference
between TMB cut-offs and sequencing details, the findings
of the present study may be valuable thanks to the scientific
method for TMB cut-off determination and controlled study
design.

However, there were a few limitations due to the retrospec-
tive nature of the present study. Information on whether the
patients received immunotherapy after genetic testing and
corresponding treatment response was not available. The
efficacy of immune checkpoint inhibitors in the hypermutant
cohort was of great value and could be further researched.
In addition, ~78% of patients in the current study were diag-
nosed with adenocarcinoma. It may be interesting to explore
TMB-associated molecular characteristics in adenocarcinoma
only in a Chinese population.

In conclusion, the present cohort study suggested that
hypermutant lung cancer exhibited distinctive genetic profiles,
including high occurrence of MSI-high, high frequency of
mutations in DDR genes and genes involved in the Notch
signaling pathway, which may be associated with high levels
of TMB. In addition, patients with hypermutant lung cancer
may be more likely to have a history of tobacco use and exhibit
the histological subtypes of squamous carcinoma and SCLC.
These characteristics may be used as complementary indica-
tors for screening patients sensitive to immunotherapy.
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