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metastasis through microbiota-geneset correlation network

Peng Liang#, Hongsheng Deng#, Yi Zhao#, Ying Chen, Jingna Zhang, Jianxing He^*, Wenhua Liang^*

Department of Thoracic Surgery and Oncology, the First Affiliated Hospital of Guangzhou Medical University, Guangzhou Institute of Respiratory 

Health, State Key Laboratory of Respiratory Disease, National Clinical Research Center for Respiratory Disease, Guangzhou, China

Contributions: (I) Conception and design: P Liang, W Liang; (II) Administrative support: P Liang, J He; (III) Provision of study materials or patients: 

P Liang, H Deng, Y Zhao; (IV) Collection and assembly of data: P Liang, Y Chen, J Zhang; (V) Data analysis and interpretation: P Liang, H Deng, 

Y Zhao; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.
#These authors contributed equally to this work as co-first authors.

*These authors contributed equally to this work as co-corresponding authors.

Correspondence to: Wenhua Liang, MD; Jianxing He, MD. Department of Thoracic Surgery and Oncology, the First Affiliated Hospital of Guangzhou 

Medical University, Guangzhou Institute of Respiratory Health, State Key Laboratory of Respiratory Disease, National Clinical Research Center for 

Respiratory Disease, 151 Yanjiang Road, Guangzhou 510120, China. Email: liangwh1987@163.com; drjianxing.he@gmail.com.

Background: The tumor-resident microbiota in lung squamous cell carcinoma (LUSC) has been reported 
to be associated with the initiation and progression of cancer. And the gut microbiome can modulate the 
efficacy of immunotherapies. However, it remains to be understood whether the tumor-resident microbiome 
promotes lymph node (LN) metastasis, which is important for clinical decision-making and prediction of 
a patient’s prognosis. To investigate the potential role of tumor-resident microbiota in LN metastasis, we 
worked on the microbiota-geneset interaction profiles to characterize the molecular pathogenesis. 
Methods: RNA sequencing data and their matched clinical and genomic information were obtained from 
The Cancer Genome Atlas database. The matched microorganism quantification data were accessed via the 
cBioPortal database. The mutational signature analysis, transcriptome analysis, gene set enrichment analysis, 
immune infiltration, and microbiota-geneset network analysis were performed.
Results: In this paper, we identified the tumor microbiota composition and microbial biomarkers in 
patients with and without LN metastases. In addition, significantly upregulated gene sets characterize the 
transcript profiles of patients with LN metastases, for example, Myc Targets, E2F Targets, G2M Checkpoint, 
Mitotic Spindle, DNA Repair, and Oxidative Phosphorylation. Finally, we found that Proteus and Bacteroides 
were strongly correlated with gene sets related to tumor development and energy metabolism in the 
networks of patients with LN metastases.
Conclusions: We found the associations between intratumor microbiota and transcripts. Our results shed 
light on the correlation network of Proteus and Bacteroides, which may serve as a novel strategy for modulating 
LN metastasis.
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Introduction

Clinical and biological cancer studies have revealed that 
well-known genetics (1) and environmental exposure (2,3) 
are two of the main carcinogenic factors. Host-microbiota 
is another crucial mediator in modulating cancer initiation 
and progression (4-7). Intra-tumoral microbiota is present 
in at least 33 major cancer types (8), and its diversity can 
be distinct across various cancers (9). The co-localization 
of pan-bacterial markers and immune and epithelial-cell 
targets suggests that the intra-tumoral microbiota may be 
intracellular (8). It has already been reported that, in various 
types of cancer, tumor-resident microbiota is related to 
cancer risk (10), tumor progression (4,11-13), treatment 
response (14-16), and chemotherapy resistance (17). 
Recent studies have also revealed that distant metastasis 
can be regulated by microbiota; for example, intracellular 
microbiota can promote breast cancer metastasis by 
activating the RhoA-ROCK pathway and reorganizing 
the actin cytoskeleton (12). Fusobacterium nucleatum (18) 
was found to persist consistently between paired primary 
colorectal tumor and liver metastasis (19). However, for 
lung squamous cell carcinoma (LUSC), the specific ways 
and related signaling pathways in which tumor-resident 
microbiota affects cancer cells have not been fully revealed.

Lung cancer is classified into non-small cell lung cancer 
(NSCLC) and small-cell lung cancer, and 80% of lung 
cancers are NSCLC (20), with LUSC comprised of about 

20–30% of NSCLC (21,22). LUSC is characterized by a 
high rate of genetic mutations and chromosomal instability 
(22,23). Unlike lung adenocarcinoma, LUSCs originate 
from the bronchial mucosa; most of the LUSCs are central 
type, growing along the proximal bronchus and invading 
large blood vessels (21). Most of the LUSCs are in stages 
IIIA, IIIB, or IV at the time of diagnosis. Thus, its prognosis 
is relatively poor. Surgical intervention is currently the 
mainstay of treatment for LUSCs, even for locally advanced 
diseases (24,25). However, the indications for surgical 
intervention remain controversial since many factors, 
such as the presence of lymph nodes (LNs) and distant 
metastases, can affect the outcome of surgery. In most cases, 
surgical intervention only provides a good postoperative 
prognosis for LUSCs without LNs and distant metastasis.

The lung is a mucosal tissue with the largest surface area 
in the body, and its mucosal surfaces are exposed to various 
airborne microbes and environmental insults through 
inhalation. Moreover, lung microbes’ characteristics vary 
between tissue/tumor types and partially depend on the 
microbiota-host interaction (26-28). The literature has a 
growing body of evidence linking lung microbiomes and 
NSCLC tumorigenesis. A previous study has confirmed 
that the diversity of tumor-resident microbiome is related to 
the clinical stage: compared with stage I–IIIA NSCLCs, the 
lower airway dysbiotic signature triggered by microbiota 
was more likely to present with those at advanced-stage 
(IIIB–IV) (11). In contrast to lung adenocarcinoma, the 
abundance of acidophilus was positively correlated with TP53 
mutation in LUSCs (29). 

The literature mentioned above indicates complex 
interactions between lung microbiota and gene mutations 
of LUSCs. However, so far, no studies have thoroughly 
investigated the relationship between tumor-resident 
microbes and LN metastasis, which is important for 
clinical decision-making and prediction of a patient’s 
prognosis. Herein, we aimed to compare the microbiota 
landscape in LUSC samples with (LN+) and without LN 
metastasis (LN−) to explore the microbiota biomarkers; 
and by analyzing multi-omics data, the microbiota-genesets 
network was built to investigate the underlying regulation 
signaling pathway of signature microbiota. This novel 
interactive microbiota-genesets network may serve as a 
candidate target in the early monitoring and treatment 
of LUSCs. We present this article in accordance with the 
STROBE and MDAR reporting checklists (available at 
https://tlcr.amegroups.com/article/view/10.21037/tlcr-23-
357/rc).

Highlight box

Key findings 
• A novel microbiota-geneset network was developed for modulating 

the lymph node (LN) metastasis of lung squamous cell carcinoma 
(LUSC).  

What is known and what is new? 
• Surgery only provides a good postoperative prognosis for LUSCs 

without LNs or distant metastases. The tumor-resident microbiota 
is a newly discovered modulating strategy by reorganizing the 
migration activity of cancer cells. 

• We successfully constructed a microbiota-geneset network to 
characterize the associations between microbiota and host genes  
of LUSC.

What is the implication, and what should change now?
• This finding provides a strongly correlation network for LUSC 

with LN metastasis and improve understanding of interaction 
between microbiota and the host, which may shed light on etiology 
of LUSC.

https://tlcr.amegroups.com/article/view/10.21037/tlcr-23-357/rc
https://tlcr.amegroups.com/article/view/10.21037/tlcr-23-357/rc
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Methods

Study design

RNA sequencing (RNA-seq) data of LUSC samples and 
their matched clinical and genomic information were 
obtained from the The Cancer Genome Atlas (TCGA) 
database. The matched proteome and microorganism 
quantification data were accessed via the cBioPortal 
database (http://www.cbioportal.org/), which includes the 
microbial reads generated by Poore et al., re-examining 
whole-genome and whole-transcriptome sequencing studies 
in TCGA by Cerami et al. (30,31). In Figure 1, we present 
a schematic representation of our analysis pipeline. For 
our comparative microbial analysis between lung cancer 
with and without LN metastasis, we included only LUSC 

patients without distant metastasis, i.e., TxNxM0 disease, 
to minimize confounding effects of pathological type, 
tumor size and advanced cancer stage on the intratumor 
microbiota composition (11,32). Samples without available 
microbial information were excluded. Accordingly, eligible 
patients were classified into the positive LN metastasis 
(LN+) group (n=165), defined as the T ≥ 1N > 0M0 disease 
and negative LN metastasis (LN−) group (n=296), defined 
as T ≥ 1N0M0 disease. Consent from patients was waived 
since all data for this study were derived from publicly 
available data. Based on their quantification, we crossed 
microorganism abundance and gene expression data at the 
aliquot level to ensure biological comparability between the 
datasets (33). The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013).

Figure 1 Patients with LN metastases were subjected to poor prognosis. (A) Schematic diagram showing the workflow for LUSC multi-
omics. (B) Tumors with LN metastases were associated with shorter progression-free survival. (C) Multivariate cox regression analysis on 
PFS. The multivariate Cox-proportional hazards model included LN metastasis, sex, age, and smoke. LUSC, lung squamous cell carcinoma; 
RNA-seq, RNA-sequencing; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; NE, not evaluated; LN, lymph node. 
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Somatic mutation and mutational signature analysis

Somatic mutations were identified using MuTect2 and 
summarized by the MAFtools (34). The decomposition 
o f  m u t a t i o n a l  s i g n a t u r e s  w a s  p e r f o r m e d  u s i n g  
deconstructSigs (35) with default parameters based on the 
set of 30 mutational signatures (36) for samples. Cosine 
similarity analysis (36) was used to measure the similarity 
between components and signatures, which ranged from 0 
to 1, indicating maximal dissimilarity to maximal similarity. 

Transcriptome analysis

We used level three pre-processed gene expression data. 
Briefly, we aligned RNA-seq data by STAR (37), and 
mapped reads to each gene using HT-SEQ (38). We 
normalized the read counts using the fragments per kilobase 
of transcript per million mapped reads (FPKM) calculation, 
which divides counts by the gene length and the total 
number of reads mapped to protein-coding genes.

Gene set enrichment analysis (GSEA)

To elucidate expression profiles of hallmark genes 
during tumor metastasis and progression, we performed 
GSEA (39) by using the FPKM matrix of genes using  
clusterProfiler (40). The normalized enrichment scores 
(NES) of hallmark pathway gene sets were calculated by 
projecting the matrix of signed multi-omic feature weights 
(Wsigned) (41). The GSEA workflow was performed 
with the following parameters: gene.set.database = “h.all.
v7.0.symbols.gmt”, sample.norm.type = “rank”, weight =1, 
statistic = “area.under.RES”, output.score.type = “NES”, 
nperm =1,000, global.FDR = TRUE, min.overlap =5, 
correl.type = “z.score”. The differential gene sets obtained 
from GSEA were used for subsequent microbiota-geneset 
network construction.

Immune infiltration

Immune infiltration, based on 22 distinct immune cell 
types, represents the immune landscape of the cancer 
microenvironment. CIBERSORT (42) was employed 
to analyze the immune landscape based on the TCGA 
RNA-seq dataset. The analysis was conducted with 
1,000 permutations. The CIBERSORT values generated 
were defined as immune cell infiltration fraction per 
sample. Immune and matrix scores were calculated using 
the ESTIMATE package (43). The LinkET package 

was used to visualize the degree of correlation between 
representative microbiota and immune cell infiltration. 
The immunological scores were measured by five indexes, 
including cytolytic activity, stromal score, immune score, 
tumor purity, and ESTIMATE score. 

Microbiota abundance and diversity

We used the public microbiota dataset generated by Poore 
et al. as microorganism abundance data (31). To assess 
microbial diversity, we extracted bacterial species’ abundance 
and taxonomic information from the microbial abundance 
dataset. The microbiota counts, sample metadata, and 
taxonomy information were imported using the Microeco 
toolkit (44). The abundant taxon was shown using a stacked 
bar plot (individual samples and group averages). 

For diversity measures, between-group differences in 
the α-diversity indices (Shannon, Fisher, Simpson, and 
InvSimpson) and β-diversity (principal-coordinate analysis 
based on the Bray-Curtis dissimilarity distances) were 
assessed using one-way analysis of variance (ANOVA) 
and PERMANOVA (a non-parametric test similar to 
ANOVA) tests, respectively. LEfSe (45) was used to 
determine the bacterial groups with significant differences 
[|linear discriminant analysis (LDA) scores| >3, P<0.05] in 
abundance from phylum to genus level between the LN+ 
and LN− groups. The bacterial biomarkers were imported 
into the follow-up association network.

Microbe-geneset network 

To show the connection between microbiota and hallmark, 
we assessed the correlation between the hallmark genesets 
and the bacterial biomarkers (genus level) using the cal_cor 
function of the Microeco (44). Moreover, the correlation 
was characterized by Spearman. Significant microbe-gene 
correlation (Cor >0.2, q value <0.05) connections were 
imported as input data of the correlative network. Gephi 
software was used to construct a representative microbe-
gene network. Cytoscape V3.5.1 software (46) was used to 
edit the network visually. The size of the visual element 
indicated the degree of a node. Red and blue lines indicate 
positive and negative correlations in networks. 

Statistical analyses

All statistical analyses were performed using the R program 
(version 3.6.3). Log-rank tests were used to compare survival 
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distributions in Kaplan-Meier plots. For the baseline 
characteristic description, binary variables were presented 
as frequencies and percentages, and the numerical variables 
as the median and interquartile range. These two variables 
between LN+ and LN− groups were compared with the 
Pearson chi-squared (or Fisher exact) and Wilcoxon rank sum 
test, as appropriate. Log-rank tests were used to compare 
survival distributions in Kaplan-Meier plots. Significant 
differences were stated if the two-sided P value <0.05.

Results

Characteristics of the LN+ and LN− patients

According to the schematic representation (Figure 1A), 
487 LUSC patients were evaluated for inclusion according 
to the selection criteria, and 461 patients in total were 
finally included, with 165 patients in the LN+ group and  
296 patients in the LN− group (Figure 1A). The median age 
of the patients was 68 years. Forty-one patients (25%) over 
60 years old were in the LN+ group, which was significantly 
higher than that in the LN− group. Most baseline 
characteristics were generally balanced between the groups, 
including sex, smoke, race, neoadjuvant, radiation (Table 1).  
We observed that LN metastasis resulted in a shorter 
progression-free survival (PFS) [hazard ratio (HR): 
1.55, 95% confidence interval (CI): 1.10–2.19; P=0.011]  
(Figure 1B,1C). The median overall survival (OS) was 48.3 
months in the LN+ group and 60.5 months in the LN− 
group (Figure S1), as well as the higher rate of 3-year OS 
and 5-year OS in the LN− group, representing a similar 
trend to the PFS. 

Microbiota diversity in the LN+ and LN− patients

To evaluate the effects of LN+/LN− status on α-diversity, 
we examined measures of Shannon, Fisher, Simpson, and 
InvSimpson index (Figure 2A) and discovered no significant 
difference between groups. At the same time, unsupervised 
principal component analysis (PCA) of Bray-Curtis distances 
(β-diversity) displayed no significant differences (P=0.471) 
(Figure 2B). The discriminative analysis of microbiota 
abundance did not identify major taxa differences. The 
microbiota diversity was similar between the LN+ and LN− 
groups. We then investigated the relative abundances in 
each group at various taxonomic levels. At the genus level, 
Terrabacter (LN+: 22.21%, LN−: 24.25%), Bacteroides (LN+: 
11.75%, LN−: 11.69%), Neisseria (LN+: 8.05%, LN−: 

7.24%), Listeria (LN+: 4.55%, LN−: 5.06%), and Proteus 
(LN+: 5.99%, LN−: 5.96%) at the genus level (Figure 2C) 
were predominant in our included samples. From phylum 
to genus, we observed no significant difference in the 
abundance of the top 5 microbiota (Figure 2D).

To discover high-dimensional biomarkers, the LEfSe 
software was applied to identify predominant bacterial taxa 
associated with different clinical characteristics. We found 
significant differences in two genera, in which Terrabacter 
was more abundant in the LN− group relative to the LN+ 
group (Figure 3A,3B). Contrarily, Neisseria, Bordetella, 
Shigella, Lactobacillus, Proteus, Aeromonas, and Bacteroides 
were significantly more abundant in LN+ than in the LN− 
group (Figure 3A,3B). At the phylum level, Proteobacteria 
and Bacteroidota were more abundant in the LN+ group 
relative to the LN− group (Figure S2). On the other 
hand, Actinobacteria and Firmicutes were significantly more 
abundant in LN− than in the LN+ group (Figure S2).

Similar mutation profiles and mutational signatures are 
shared by LN+ and LN− group

To better understand the association between the mutation 
landscape and microbiota profiles, we called a total of 
156,229 single nucleotide variants (SNVs), 4,559 insertion 
and deletion (InDel) and 2,039 insertions. The most 
frequent genes were TP53 (79%), TTN (72%), CSMD3 
(42%), MUC16 (39%), and RYR2 (36%) (Figure 4A). There 
were more ROS1 mutations in the LN− group than in the 
LN+ group (Figure 4B), but the mutation frequency was 
low. The others generally known NSCLC driver genes 
mutation (47) was not found to be associated with LN 
metastases (Figure 4B). Therefore, the mutation profiles of 
LN+ and LN− are similar.

Previous studies have identified more than 30 single-base 
substitutions (SBS) signatures, some of which are common 
in lung cancer, for example, ‘aging’ (Signature 1), ‘smoking’ 
(Signature 4), and ‘APOBEC’ (Signature 13) (48). We 
performed a systematic identification using the nonnegative 
matrix factorization algorithm. Signature 4 showed a 
high cosine similarity value in the LN+ and LN− patients  
(Figure 4C,4D). However, all three common mutational 
signatures, including Signature 1, Signature 4, and 
Signature 13, did not differ significantly between the LN+ 
and LN−. However, the Signature 5, Signature 25, and 
Signature 27 showed significant differences; considering 
the low cosine similarity overall, these signatures might 
not affect the outcome. Thus, the differential microbiota 

https://cdn.amegroups.cn/static/public/TLCR-23-357-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-23-357-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-23-357-Supplementary.pdf
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biomarkers of LN metastases may not be due to the 
contribution of gene mutations or mutational signatures. 

Upregulation of gene sets related to tumor development, 
cell cycle, and energy metabolism in LN metastases

Recently, a study reported that the bacteria affect host 
transcript profiles (49). We comprehensively investigated 
transcriptomes between LN+ and LN− groups. Two 
hundred and fifteen differentially expressed genes were 

identified (Figure S3A). Further, the GSEA showed that 
ten gene sets were enriched in the LN+ group, and two 
gene sets were enriched in the LN− group (Figure 4E). 
The highly expressed genes were significantly enriched in 
the Myc Targets, E2F Targets, G2M Checkpoint, Mitotic 
Spindle, DNA Repair, and Oxidative Phosphorylation 
(Figure 4F). According to oncology function, the enriched 
gene sets are related to tumor development (Myc Targets, 
E2F Targets), cell cycle (G2M Checkpoint, Mitotic 
Spindle), energy metabolism (Oxidative Phosphorylation) 

Table 1 Patients characteristics stratified by LN metastasis

Characteristics Overall (n=461) LN+ (n=165) LN− (n=296) P value†

Age, n [%] 0.008

<60 years 85 [18] 41 [25] 44 [15]

≥60 years 376 [82] 124 [75] 252 [85]

Sex, n [%] 0.7

Female 122 [26] 42 [25] 80 [27]

Male 339 [74] 123 [75] 216 [73]

Smoke, n [%] 0.8

No-smoker 70 [15] 26 [16] 44 [15]

Smoker 391 [85] 139 [84] 252 [85]

Race, n [%] 0.079

Asian 9 [2.0] 4 [2.4] 5 [1.7]

Black or African American 28 [6.1] 10 [6.1] 18 [6.1]

Not reported 97 [21.0] 45 [27.3] 52 [17.6]

White 327 [70.9] 106 [64.2] 221 [74.7]

Neoadjuvant, n [%] 0.8

No 454 [98.5] 163 [98.8] 291 [98.3]

Unknown 2 [0.4] 1 [0.6] 1 [0.3]

Yes 5 [1.1] 1 [0.6] 4 [1.4]

New tumor event, n [%] 0.3

No 255 [55] 92 [56] 163 [55]

Unknown 92 [20] 38 [23] 54 [18]

Yes 114 [25] 35 [21] 79 [27]

Radiation, n [%] 0.2

No 350 [76] 126 [76] 224 [76]

Unknown 61 [13] 26 [16] 35 [12]

Yes 50 [11] 13 [7.9] 37 [13]
†, Pearson’s Chi-squared test. LN, lymph node.

https://cdn.amegroups.cn/static/public/TLCR-23-357-Supplementary.pdf
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and DNA Repair. In addition, PCA clustering based on 
the expression profiles of the enriched gene sets showed 
a significant difference between LN+ and LN− groups  
(Figure S3B). No significant differences were observed 
in the epithelial-mesenchymal transition protein markers 
(Figure S3C,S3D). 

LN metastases induce higher inflammatory response status 
for the tumor microenvironment

In order to better distinguish the immune characteristics 
of LN+ and LN− groups, we characterized the immune 
infiltration profile using a gene expression matrix. The results 
showed no significant difference in five immunological 
scores between LN+ and LN− (Figure 5A). Regarding 
immune cell composition, the LN+ was characterized by a 
higher inflammatory response status, which was significantly 
increased in M0 macrophages (Figure 5B).

To explore the potential correlation between tumor 
immune infiltration status and microbiota abundance, we 
performed the association analysis of immune infiltration 
and microbiota for LN+ and LN− groups, respectively. We 
found that macrophage M0 was correlated with Shigella 
(Figure 5C). We also found that CD8 T cells were correlated 
with Bacteroides in the LN+ group (Figure 5C). In the 
meantime, as presented in Figure 5D, the M0 macrophages 
were associated with Shigella in the LN− group. In 
summary, these results indicated that a higher inflammatory 
response status of the LN+ group is potentially correlated 
with microbiota biomarkers in the LN+ group.

Proteus and Bacteroides negatively correlated with 
transcripts of energy metabolism and migration-related 
gene sets

The up-regulated gene sets and microbial markers were 
identified as significant differences between the LN− and 
LN+. Therefore, we evaluated the associations between 
co-occurring taxa and hallmark gene sets. Generally, the 
microbiota in LN+ and LN− networks were associated 
with gene sets related to Myc Targets, E2F Targets, G2M 
Checkpoint, Mitotic Spindle, Oxidative Phosphorylation, 
and DNA Repair (Figure S4). Compared with the LN− 
network, two genera exhibited an increasing degree in 
the LN+ network. Firstly, Proteus and Bacteroides were 
positively correlated with gene sets, including Oxidative 
Phosphorylation, Myc Targets, and E2F Targets in the LN+ 
network (Figure 6A, table available at https://cdn.amegroups.
cn/static/public/tlcr-23-357-1.xlsx). However, the LN− 
network did not show strong connections (Figure 6B, table 
available at https://cdn.amegroups.cn/static/public/tlcr-23-
357-2.xlsx). The LN+ microbiota biomarkers, for example, 
Proteus and Bacteroides, were positively correlated with gene 
sets related to tumor development and energy metabolism, 
which potentially promote LN metastasis. 

Discussion

To elucidate the role of tumor-resident microbiota in LN 
metastasis, the present study compared the microbiota 
profiles of 296 LN− LUSCs samples and 165 LN+ LUSCs 
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samples in the TCGA-LUSC cohort (table available at 
https://cdn.amegroups.cn/static/public/tlcr-23-357-3.
xlsx); and proposed that Proteus and Bacteroides as signature 
microbiota play crucial roles in LUSCs LN metastasis 
by correlating the active hallmark gene sets (Figure 6A). 
Finally, with the analysis of the association between immune 
infiltration and microbiota abundance in the LN+ and 
LN− groups, respectively, it was confirmed that the higher 
inflammatory response status in the LN+ group may be 
associated with the microbiome markers. To the best of 
our knowledge, this is the innovative study to identify the 
relationship between the microbiome and LN metastasis of 
squamous cell lung carcinoma. 

Previously, most studies exploring microbes’ role in 
cancer development and progression have focused on gut 

microbes (50). It has been proved that tumor-resident 
bacteria can modulate local tumor progression independently 
of the gut microbiome (51). Various reasons can lead to 
easier colonization of bacteria in tumor tissues (52). For 
example, (I) tumor blood vessels have incomplete structure 
and abnormal function compared with normal blood vessels, 
which may allow circulating bacteria in the blood to enter 
the tumor tissue; (II) the tumor microenvironment is in 
an immunosuppressive state, allowing the microbiome 
to proliferate within the tumor without being easily 
eliminated by the immune system; (III) most solid tumors 
are hypoxic internally, providing an environment suitable 
for the proliferation of facultative and anaerobic bacteria. 
Previous studies have confirmed that microbiota can activate 
carcinogenic signaling pathways by directly inducing DNA 
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Figure 6 LN+ exhibits a close correlation network between microbiota biomarkers and enriched gene sets. The Bacteroides and Proteus show 
differential correlative networks between the LN+ and LN− group. Each line represents a pair of microbe-gene correlation, and the red and 
blue lines indicate the positive and negative correlations, respectively. The node size is proportional to the correlation degrees, the green 
nodes indicate the genes in the enriched hallmark gene sets, and the red nodes indicate Bacteroides and Proteus, respectively. The enriched 
hallmark gene sets in GSEA were include in the network. (A) Association among the genes in the enriched hallmark gene sets, Bacteroides 
and Proteus in LN+. (B) Association among the genes in the enriched hallmark gene sets, Bacteroides and Proteus in LN−. LN, lymph node; 
GSEA, gene set enrichment analysis.

damage and mutagenesis (53,54) or interacting with the host 
immune microenvironment (55), thereby affecting tumor 
genesis and tumor progression. For example, Escherichia coli 
and Staphylococcus epidermidis in the mammary can promote 
breast carcinogenesis in susceptible individuals by causing 
double-stranded DNA breaks in host cells (56). Moreover, 
Fusobacterium can contribute to tumorigenesis by creating 
a chronic proinflammatory environment (57). In addition, 
several known metabolites of microbiota, such as reactive 
oxygen species, bile acids, butyrate, hydrogen sulfide, and 
N-nitroso compounds (58) have also been shown to interfere 
with immune responses, causing cellular inflammation, and 
induce tumorigenesis (51).

Molecularly, LUSC exhibited a high rate of genomic 
mutations and structure variants (22,23). Unlike lung 
adenocarcinoma, LUSCs have high mortality and often 

derive less benefit from targeted therapy; therefore, 
surgical treatment, chemotherapy, and immune checkpoint 
inhibitors are the main treatment strategies for LUSCs (22). 
In most cases, surgical intervention only provides a good 
prognosis for LUSCs without LNs and distant metastasis. 
LN metastasis has also been reported to affect the efficacy 
of definitive radiotherapy for stage III NSCLC (59).  
Therefore, it is of great clinical value to explore the 
influencing factors of LN metastasis in LUSCs. Considering 
that tumor-resident microbiomes have been reported to 
be closely associated with TP53 mutation (29) as well as 
tumor progression (4,11,12) in LUSCs, it is reasonable 
to hypothesize that there may be a certain relationship 
between microbiota and LN metastasis of LUSCs. 

In the present study, we found that tumor-resident 
microbiota existed in both LN− and LN+ LUSCs samples 
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(Figure 2C,2D), indicating that it is more likely to be an 
inherent component of tumor tissues. This is consistent 
with the previous literature that intra-tumor microbiota can 
persist during tumor metastasis and passage in breast cancer 
and colorectal cancer (12,19). Furthermore, the distinct 
microbiota profiles of LN− LUSC and LN+ LUSC samples 
allowed us to explore further the underlying mechanism of 
LN metastasis. 

For most solid tumors, LNs are generally the first 
location of metastasis. LN colonization can also induce 
tumor-specific immune tolerance that renders distant tissues 
amenable to metastatic colonization (60). In general, LN 
metastasis is a multistep process involving the following four 
steps: VEGF-C/VEGF-D/VEGFR-3 axis-regulated tumor-
associated lymph angiogenesis in the vicinity of tumors, 
chemokine-assisted migration of tumor cells to lymphatic 
vessels, tumor-induced lymph angiogenesis in LNs, and 
changes in the morphology and function of blood vessels 
and lymphatic vessels in LNs (61,62). Here, we elucidated 
the process of LN metastasis from a new perspective: 
through the microbiota-geneset network, tumor-resident 
microbiota promotes the upregulation of cell cycle and 
energy metabolism pathways, which enhance tumor 
cell activity and possibly associated with LN metastasis  
(Figure 3E,3F). Recent studies also support the view that 
microbiota regulates tumor cell viability by affecting 
energy metabolism pathways (63,64). More importantly, we 
demonstrated that in LN+ LUSC samples, the associations 
between microbiota biomarkers, Proteus and Bacteroides, and 
hallmark gene sets involving tumor cell development and 
energy metabolism are more diverse. This is also supported 
by the microbiota-transcript co-occurrences analysis in 
stage IIIB–IV NSCLC (11). Our results further presented 
transcriptomic clues that provide insights into the tumor 
development and energy metabolism-related gene sets 
associated with LN metastasis.

By constructing the microbiota-geneset network, we 
found that Proteus and Bacteroides were closely correlated 
with LN metastasis of LUSCs. Recent studies have 
also suggested their association with tumor occurrence, 
development and metastasis. In gastric cancer, compared 
with the control group and gastric antrum tissues with 
intestinal metaplasia, Proteobacteria (especially Proteus) 
were enriched, and Bacteroidetes (especially S24-7 family) 
were absent in mucosa of the early-stage gastric cancer 
group (65). Changes in the abundance of phylum Proteus 
have also been reported to be significantly associated with 
gastric cancer development (66,67). Moreover, Proteus 

mirabilis was associated with LN metastasis in human 
papillomavirus (HPV)-positive oropharyngeal squamous 
cell carcinoma (68). This conclusion is consistent with that 
of the present study. However, this study did not propose 
the possible mechanism by which Proteus may affect LN 
metastasis. In colorectal cancer, Bacteroidetes were further 
divided into two clusters. The abundance of Bacteroidetes 
Cluster 1 was decreased in colorectal cancer mucosa, while 
Cluster 2 was increased. The colorectal cancer-associated 
commensal Bacteroidetes have also been shown to be 
significantly associated with the expression of host immune-
inflammatory genes (69). This literature further supports 
the conclusions of the present study.

Our study has several numbers of limitations: firstly, 
tumor-resident commensal microflora can be seen as a 
complex cellular system, and this study failed to elucidate 
the complex interrelationships among them; secondly, 
the baseline characteristic of LN− and LN+ patients were 
not completely matched (Table 1 and table available at 
https://cdn.amegroups.cn/static/public/tlcr-23-357-3.
xlsx), although we had compared the characteristics of 
SNV, InDel and insertion mutations and the smoking and 
age signature between the two groups, the selection bias 
cannot be excluded; thirdly, the molecular mechanism of 
how bacteria modulated the transcripts of these enriched 
hallmark gene sets remains unclear; finally, low levels of the 
bacterial contaminate are not be able to exclude through 
this database perfectly, the precise experiments are needed 
to verify microbe-host interactions.

To sum up, we used a multi-omics approach to analyze 
the relationship between tumor-resident microbiota and LN 
metastasis of LUSCs, and we constructed a co-occurrence 
network connecting diverse microbe spectra in tumor 
niches and cancer hallmark gene sets. The next step of this 
study is to understand the mechanisms of how bacteria 
modulated the transcript level of these hallmark gene set. 
We plan to use a mouse model with LN metastasis (60)  
to explore the homeostasis characteristics of bacteria 
represented by Proteus and Bacteroides in and out of tumor 
cells, to analyze whether the disorder of tumor microbiota 
can induce tumor-specific immune tolerance that eventually 
drives the process of LN metastasis. The answers to these 
questions will help to promote the application of bacterial-
host cell interaction in cancer therapy.

Conclusions

In conclusion, our results revealed the distinct repertoires 

https://cdn.amegroups.cn/static/public/tlcr-23-357-3.xlsx
https://cdn.amegroups.cn/static/public/tlcr-23-357-3.xlsx
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of tumor-resident microbiota and transcript in LN− and 
LN+ samples of LUSC. The Proteus and Bacteroides are 
closely correlated with the highly expressed gene sets 
involved in tumor development and energy metabolism, 
which might contribute to LN metastasis. These findings 
can provide theoretical support for the future application of 
antimicrobial-based cancer treatment.
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Figure S1 Patients with LN metastases were subjected to poor OS. (A) Tumors with LN metastases were associated with shorter OS. (B) 
Multivariate cox regression analysis on OS. The multivariate Cox-proportional hazards model included Lymph metastasis, sex, age, and 
smoke. LN, lymph node; OS, overall survival; HR, hazard ratio; CI, confidence interval.

Figure S2 Histogram of the LDA combined with effective size (LEfSe). The LDA score indicates the effect size and ranking of each 
differentially abundant taxon (|LDA score| >3). The “p” indicate phylum, the “c” indicate class, the “o” indicate order, the “f” indicate 
family, and the “g” indicate genus. LDA, linear discriminant analysis.
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Figure S3 Different profiles in transcripts and epithelial-mesenchymal transition protein markers between LN− and LN+ samples. (A) 
Differential expression genes between LN− and LN+. (B) PCoA based on hallmark gene sets shows a different cluster between LN+ and 
LN−. (C) Boxplot displays three EMT protein markers expression. (D) Heatmap clustering of the EMT markers expression. PC, principal 
component; LN, lymph node; PCoA, principal coordinate analysis; EMT, epithelial mesenchymal transition.
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Figure S4 Correlation networks between microbiota and enriched hallmark gene sets. Each line represents a pair of microbe-gene 
correlation, and the red and blue lines indicate the positive and negative correlations, respectively. The node size is proportional to the 
correlation degrees, and the green, red and blue nodes indicates the genes in the enriched hallmark gene sets, LN+ microbe biomarkers, and 
LN− microbe biomarkers, respectively. The enriched hallmark gene sets in GSEA were included in the microbiota-gene sets network. (A) 
Association between the genes in the enriched hallmark gene sets and microbiota biomarkers in LN+. (B) Association between the genes in 
the enriched hallmark gene sets and microbiota biomarkers in LN−. LN, lymph node; GSEA, gene set enrichment analysis.
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