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Abstract. Lung squamous cell carcinoma (LUSC) and lung
adenocarcinoma (LUAD) are the two major subtypes of lung
cancer. To explore mitochondrial respiratory gene expression
profiles in LUSC and LUAD, RNA sequencing data from The
Cancer Genome Atlas was used for comprehensive analyses to
establish the molecular characteristics of LUSC and LUAD.
To elucidate expression profiles, subtypes were defined using
unsupervised clustering of mitochondrial gene expression
data. Differences in nuclear gene expression levels, signaling
pathways and tumor microenvironments between subtypes
were investigated. The analysis revealed that mitochondrial
respiratory genes were generally expressed at lower levels in
tumor tissues compared with matched control tissues. The
expression of mitochondrially encoded NADH dehydroge-
nase 5 or 6 was associated with tumor progression in LUAD
and LUSC. Patients were clustered into three subgroups based
on the expression profile of 13 mitochondrial protein-encoding
genes, and patients in Cluster 3 exhibited poor survival rates
compared with patients from Cluster 1. Furthermore, this
association was also observed in another independent data
set. Further analyses of the expression of nuclear-encoded
genes in the three clusters revealed the enrichment of several
cancer-associated signaling pathways in Cluster 3, particularly
the apoptotic signaling pathway, suggesting a potential asso-
ciation between the decreased expression of mitochondrial
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DNA genes and increased tumor aggressiveness. Furthermore,
the analyses of immune cell compositions in the tumor
microenvironment detected a significant increase in the
proportion of CD4* T cells and a decrease in the proportion of
macrophages in LUAD compared with LUSC (P=0.0000104
and P=0.0000105, respectively). In conclusion, the present
study revealed an association between the expression patterns
of mitochondrial-encoded genes and lung cancer, which may
contribute to novel therapeutic strategies for patients with
LUSC and LUAD.

Introduction

Mitochondrial genome instability and impaired mitochon-
drial function are hallmarks of cancer progression (1-3).
The somatic mutations and copy number variations in
mitochondrial genomes have been frequently reported to
be associated with the clinical stage of a tumor and notably
affect the malignancy progression of lung cancer (4-7) and
pan-adenocarcinoma (8). Furthermore, it has been demon-
strated that a decrease in mitochondrial DNA (mtDNA) alters
mitochondrial gene expression, resulting in a deficiency in
oxidative phosphorylation, and this results in the disturbance
of cellular functions (6,9). Reznik ez al (10,11) reported that
the deletion tendency of mtDNA content and the suppression
of mitochondrial respiratory gene expression were widely
observed in numerous cancer types. Nevertheless, the role
of the altered function of the mitochondrial respiratory gene
expression remains poorly understood in lung cancer.

Lung cancer is a common cause of cancer-associated
mortality globally. Of all patients with lung cancer, <7% of
patients survive <10 years across all stages of lung cancer (12).
There are two major subtypes in lung cancer: Lung adenocar-
cinoma (LUAD) and lung squamous cell carcinoma (LUSC),
and these two subtypes differ considerably with regards to their
genomic profiles. In LUSC, mutation of the tumor suppressor
gene TP53 was observed in 81% of the samples, whereas in
LUAD, TP53 mutations were observed in only 46% of tumors,
and mutations on other cancer-associated genes, including
KRAS proto-oncogene, GTPase, Kelch like ECH associated
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protein 1 and serine/threonine kinase 11 were commonly
observed (13,14). Pan-cancer studies have revealed that the
molecular chemistry of carcinogenesis may differ between
LUAD and LUSC (13,15-17). The two subtypes are classi-
fied into different stages of lung cancer and present distinct
expression patterns at different stages (18). Furthermore, the
expression pattern of mRNAs and long non-coding RNAs
also revealed differences between LUAD and LUSC (19,20).
However, the extent to which these differences reflect altera-
tion of the mitochondrial genome and function, and whether
such changes contribute to the tumor biology, remain to be
elucidated.

In the present study, in order to characterize mitochondrial
gene expression profiles in LUSC and LUAD, a comparative
study of patients with lung cancer from The Cancer Genome
Atlas (TCGA) was conducted. The expression patterns of
mtDNA genes were analyzed and changes in the expres-
sion level between LUAD and LUSC were compared using
high-resolution expression profiles based on RNA sequencing
(RNA-seq) data. Analyses of mitochondrial genes in LUAD
and LUSC may provide new clues for improving the diagnosis
and treatment of patients with LUAD and LUSC.

Materials and methods

Data harvesting. The RNA-seq data was obtained from the
Genomic Data Commons Data Portal (GDC:; https:/portal.gdc.
cancer.gov) in April 2017 (21). In brief, a search was performed
using the keywords, ‘lung adenocarcinoma’, ‘lung squamous
cell carcinoma’, ‘primary tumor and normal tissue’ and ‘gene
expression quantification’ in the GDC. The raw gene count
data and the fragments per kilobase of transcript per million
(FPKM) gene expression data were retrieved. In total, the
RNA-seq data of 1,014 primary tumor types (513 LUAD and
501 LUSC) and 108 adjacent normal tissues were downloaded.
Of these, 57 LUAD and 49 LUSC profiles included matched
normal tissue and tumor gene expression data. The clinical
information of the patients, including age, sex and tumor stage
according to tumor staging system (22), was collected from
the TCGA Firehose pipeline on the Broad Institute website
(http://gdac.broadinstitute.org). Additionally, an independent
lung cancer microarray dataset (GSE81089) from the Gene
Expression Omnibus was used in the present study (23). The
dataset contained the expression data from 199 patients with
lung cancer, including 108 LUAD, 67 LUSC and 24 from other
types of lung cancer.

Relative gene expression pattern. The raw read counts were
quantile normalized to allow comparisons between samples.
This normalization was performed with a custom script,
similar to the GDC/TCGA mRNA expression normalization
pipeline. In brief, the raw gene read count was multiplied
by a scalar (10°) to account for the kilobase units, and then
the normalized read count was calculated by dividing the
75th percentile read count value for all genes in each sample.
To explore the heterogeneity in expression, a hierarchical
clustering algorithms with euclidean distance was applied on
the normalized read count, and the number of clusters was
manually selected according to a silhouette plot (24). Finally,
unpaired student's t-tests were used to compare the expression
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differences of single genes, and EBseq (25) was adopted to
compare the expression profiles between the two groups.

Gene set enrichment analysis (GSEA). The Java GSEA
Desktop v3.0 (July, 2017) application (maintained by the
GSEA team) was used to perform gene set enrichment anal-
ysis (26). Cancer-associated Kyoto Encyclopedia of Genes and
Genomes (27-29), BIOCARTA (30) and Gene Ontology gene
sets (31,32) were manually selected for analyses. P-values were
estimated by 1,000 permutations.

Immune cell composition. The immune cell composition was
determined from the LUAD and LUSC expression profiles by
applying CIBERSORT (33) with the LM22 gene signature to
identify 22 immune cell types. The immune cell composition
analyses were performed with 100 permutations using the
default parameters. The results were filtered by a maximum
P-value of 0.05.

Statistical analyses. The data are presented as the
mean =+ standard deviation (SD). P<0.05 was considered to
indicate a statistically significant difference. Qualitative
variables were compared by Fisher's exact test. The unpaired
student's t-test was used for normally distributed data
comparison, and the Wilcoxon signed-rank test was used for
non-normally distributed data. Two-way analysis of variance
test was adopted for comparisons across multiple groups with
Tukey's post-hoc test. A log-rank test and Cox's proportional
hazards regression analysis were performed with the Survival
package for R (34). All statistical analyses were performed in
the R software environment (35).

Results

Mitochondrial gene expression patterns in LUAD and LUSC.
Mitochondrial dysfunction is often identified in cancer (3). For
the analysis of mitochondrial gene expression patterns in lung
cancer, RNA-seq data was downloaded from TCGA via the
GDC (Fig. 1A). In total, 23 expressed mitochondrial genes,
including 13 protein-encoding genes and 10 transfer RNA
and rRNA genes (median FPKM value>0) were detected in
tumor tissues. Genes encoding subunits of the respiratory
chain serve a fundamental role in oxidative phosphorylation,
which is closely associated with tumorigenesis (36); there-
fore, the 13 protein-encoding mitochondrial respiratory
genes, MT-ATP6, MT-ATPS8, MT-COI, MT-CO2, MT-CO3,
MT-CYB, MT-NDI1, MT-ND2, MT-ND3, MT-ND4, MT-ND4L,
MT-NDS5 and MT-ND6 were the focus of the present study.
The analyses revealed that their expression was high in normal
lung and lung tumor tissues compared with the non-protein
encoding mtDNA genes, but when compared with normal lung
tissue, a general decreased expression in the tumor tissue was
observed.

LUAD and LUSC are the two major types of lung cancer.
Previous analyses of genetic alterations revealed a clear
difference between LUAD and LUSC (13,14). In the present
study, a comparison of mitochondrial gene expression profiles
in LUAD and LUSC was performed, and a general trend
towards downregulated expression in LUSC compared with
LUAD was identified (Fig. 1B). As no significant differences
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Figure 1. Differential mitochondrial gene expression profiles between LUAD and LUSC. (A) Flow chart of protocols in the present study. (B) Comparison
of mitochondrial gene expression between LUAD and LUSC. The box plot illustrates that the log,-normalized read counts (y-axis) are decreased in LUSC
(blue) compared with LUAD (orange) for the majority of the genes. (C) Association of MT-ND5 and MT-ND6 with tumor stage. The box plot demonstrates the
association between the log,-normalized read counts (y-axis) and the tumor stage (x-axis) for MT-NDS5 and MT-ND6 in LUAD and LUSC, respectively. LUAD,
lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MT-ND, mitochondrially encoded NADH dehydrogenase; TCGA, The Cancer Genome Atlas;

GDC, Genomic Data Commons Data Portal; GDAC, Genome Data Analysis Centers.

in the expression in the matched normal tissue for these two
cancer types were observed, this result indicates the different
biological roles of mtDNA expression in these two cancer types.

To investigate the association of mitochondrial gene
expression with clinical parameters, the clinical information
for the patients was retrieved from the Broad Institute Genome
Data Analysis Centers (GDAC) Firehose. The analysis of
mitochondrial genes and clinical data identified two genes,
mitochondrially encoded NADH dehydrogenase (MT-ND)5
and MT-ND6, which were significantly associated with TNM
staging (22) (P=0.002 and P=0.009 for LUAD, respectively;
P=0.001 and P<0.001 for LUSC, respectively; Fig. 1C) (36,37).
MT-ND5 and MT-ND6 were downregulated with increasing
tumor stage (Fig. 1C). This association was observed for
LUAD and LUSC. Mutations in M7-ND5 has been previously
reported to be associated with elevated reactive oxygen species
(ROS) production and the epigenetic regulation of apoptosis
in a p53-dependent manner, resulting in the generation of
pro-cancerous phenotypes (38), whereas mutated MT-ND6
was reported to be associated with a defective response to
hypoxia in human glioma cells (39).

Identification of three subtypes in lung cancer. The hetero-
geneity of lung cancer introduces significant challenges in
developing effective treatment strategies. To investigate the

heterogeneity in lung cancer, an unsupervised clustering was
applied to cluster the 1,014 samples based on the expression
of the 13 mtDNA genes. Three clusters were defined using a
silhouette plot. The mtDNA gene expression in Cluster 1 was
higher compared with the two other clusters. By contrast, these
genes were markedly downregulated in Cluster 2 compared
with the other two clusters. In Cluster 3, the mean expression
differences of each gene were 2.28-2.98 times less compared
with that in Cluster 1, and 2.1-3.2 times greater compared with
Cluster 2 (Fig. 2A).

The associations between these clusters and clinical
parameters were investigated. The clustering results demon-
strated that LUAD tumor types were significantly enriched
in Cluster 1 (P<0.0001, Fig. 2A). It was also observed that
stage III/TV tumors were more frequent in Cluster 2 (30% in
Cluster 2 vs. 20% and 18% in Clusters 1 and 3, respectively) in
all patients, and a similar phenomenon was observed in LUSC
and LUAD separately (Table I).

To explore the prognostic value of the identified molecular
subtypes,a Kaplan-Meier analysis was performed for all patients
in the dataset. It was observed that Cluster 3 was significantly
associated with a worse survival outcome compared with the
other two clusters (P=0.0204), a phenomenon that was validated
in another public dataset (Fig. 2B) and remained a significant
independent prognostic marker following corrections for
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Figure 2. Gene expression profile and prognostic significance of three identified clusters in lung cancer. (A) Gene expression profile of three clusters in lung
cancer. Unsupervised clustering of the expression of the 13 mitochondrial protein-coding genes identified 3 clusters of the 1,014 lung cancer tumor expression
profiles in the left panel. The total number of LUAD and LUSC profiles in each cluster is illustrated in the right panel as a bar chart. (B) Kaplan-Meier survival
curves for Clusters 1, 2 and 3 for overall lung cancer, LUAD and LUSC. (C) Gene expression profile of the three clusters in GSE81089. Unsupervised clustering
of the expression of the 13 mitochondrial genes was applied to 175 lung cancer tumor expression profiles. Kaplan-Meier survival curves for Clusters 1,2 and 3
in overall lung cancer and LUAD were drawn. LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

age, sex, and clinical stage. Next, the expression data for
175 patients with lung cancer from the published dataset
GSES81089 (40), including 108 LUAD and 67 LUSC cases, was
analyzed. The survival outcome of Cluster 3 was significantly
poorer compared with Cluster 1 in this cohort (P=0.0029;
Fig. 2C). This is consistent with the observation that a lower
tumor mtDNA copy number was a significant predictor of
poor patient survival rate by Reznik ef al (10). The association
between overall survival rate and the molecular subtypes was
not significant in LUSC from this dataset, and therefore further
analysis focused on LUAD (Fig. 2B). The downregulation
of MT-ND5 or MT-ND6 was associated significantly with a
shortened survival time in LUAD. This association persisted
when analyzed with Cox's proportional hazards regression
analysis (MT-ND5, P=0.08, hazards ratio (HR)=0.76; MT-ND6,
P=0.12, HR=0.78) (Table II).

Signaling pathways and immunological associations with
lung cancer subtypes. To further characterize the molecular
mechanisms that may potentially contribute to the differences

observed between LUSC and LUAD, GSEA (26) was applied
to the nuclear gene data to identify the pathways exhibiting
aberrant expression patterns potentially associated with tumor
progression. The focus was on comparing Cluster 1 and
Cluster 3 tumor types, as the prognosis of patients in these two
groups differed markedly. It was identified that the expression
of genes involved in linoleic acid metabolism was upregulated
in Cluster 1 tumor types, whereas Cluster 3 was characterized
by the upregulated expression of pathways associated with
cancer development. Genes involved in signaling pathways
including Fas, apoptosis, protein kinase B, Erb-B2 receptor
tyrosine kinase 2, Toll-like receptor signaling and tumor growth
factor-p (TGF-p) signaling were highly expressed in Cluster 3
LUAD tumor types (Table III). A previous study suggested that
mtDNA deletion may confer specific gene expression in human
lung cancer cells (9). Alterations to apoptotic pathways are
common in cancer cells and lung tumor types, and have been
implicated in lung tumorigenesis (41). Furthermore, defective
apoptotic signaling may contribute to chemoresistance and
radiotherapy resistance (41,42).
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Table I1. The prognostic value of MT-ND5 and MT-ND6 in LUAD.
MT-ND5 MT-ND6
Variable HR (95% CI) P-value HR (95% CI) P-value
Gene 0.761 (0.561~1.03) 0.080 0.787 (0.578~1.07) 0.129
Age 1.01 (0.994~1.02) 0.234 1.01 (0.994~1.02) 0.256
Sex 1.03 (0.762~1.39) 0.849 1.02 (0.758~1.38) 0.875
Stage 249 (1.82~3.42) <0.0001 2.46 (1.79~3.38) <0.0001
Table III. Pathways enriched in Cluster 3 specialized for lung adenocarcinoma expression profiles.
Number Enrichment Normalized NOM  False discover FWER

Name of pathway* of genes score enrichment score  P-value  rate Q-value  P-value
Erb-B2 receptor tyrosine kinase 2 signaling 22 -0.5588 -1.8855 0.0085 0.1091 0.1530
Kyoto Encyclopedia of Genes and Genomes 97 -0.4611 -1.9080 0.0099 0.1237 0.1340
Toll-like receptor signaling pathway
Apoptotic signaling (in response to chemical 22 -0.4616 -1.6793 0.0064 0.1281 0.3690
DNA damage)
Tumor growth factor-f signaling (which 19 -0.558 -1.6585 0.0043 0.1363 0.4000
regulates growth and proliferation)
Fas-mediated apoptotic signaling 30 -0.5528 -1.9988 0.0041 0.1898 0.0820
Protein kinase B signaling pathway 21 -0.5857 -1.9086 0.0042 0.1840 0.1340
KEGG_LINOLEIC_ACID_METABOLISM 29 0.6804 1.7514 0.0021 0.3102 0.2640

*Pathways with a False Discovery Rate <0.25 or nominal P-value <0.01. NOM, nominal P-value; FWER, family-wise error rate.

MT-ND6 in LUAD are required in order to understand their
biological functions and mechanisms.

In the present study, a molecular classifier for lung cancer
was established based on analysis of the gene expression
profiles, including three distinct subtypes (Cluster 1,2 and 3),
which were associated with different clinical and molecular
characteristics. The prognostic value of the 13 mitochondrial
genes in lung cancer was validated successfully in an
independent dataset. In addition, a higher proportion of stage
III-TV tumor types (30%) were identified in Cluster 2. Cluster 2
is less well-characterized compared with the other two cluster
groups and will require further investigation. It was observed
that the mitochondrial genes were expressed at higher levels
in Cluster 1 compared with in Cluster 3. Furthermore, Cluster
1 and Cluster 3 were well-differentiated based on survival
data analysis. LUAD cases in Cluster 3 exhibited an enriched
expression of genes associated with cancer-associated
signaling pathways, particularly the apoptotic signaling
pathway. Furthermore, through CIBERSORT analysis,
it was identified that the proportion of CD4* T cells and
macrophages was significantly higher in Cluster 3 compared
with the other two clusters, whereas B cells, follicular helper
T cells and regulatory T cells were significantly reduced
in Cluster 3 compared with Cluster 1. One previous study
indicated that activation of CD4* T cells indirectly regulate
the pulmonary metastasis of mammary carcinomas by
enhancing the pro-tumor properties of macrophages (47).

Macrophages generally serve a pro-tumoral role, are able
to stimulate angiogenesis, and enhance tumor cell invasion,
motility and intravasation (48). In lung cancer, TAMs
may promote tumor progression by contributing to tumor
stroma formation and angiogenesis through their release of
platelet-derived growth factor, in conjunction with TGF-p1
production by tumor cells (49). Altogether, these results may
help to explain the poor prognosis of patients with LUAD
from Cluster 3. Further studies are required to clarify the
association between the proportion of these immune cell
subsets, and the different types and subsets of lung cancer,
to allow the development of more precise immunotherapy
against lung cancer.

In the present study, distinct expression profiles of mito-
chondrial genes were produced for LUSC and LUAD. LUSC
may be classified into several subtypes based on nuclear gene
expression profiles, including the basal expression, primitive
expression, classical expression and secretory expression
subtypes (14). Similarly, LUAD includes proximal, prolifera-
tive and terminal respiratory unit subtypes (13). Nevertheless,
how the mitochondrial gene expression levels affect these
subtypes, remains to be fully elucidated. Thus, further compre-
hensive analyses of mitochondrial and nuclear transcriptomics
and genomics data are clearly warranted.

The present study was limited by the lack of informa-
tion regarding the DNA copy number and does not address
the cause of the difference in the expression level of mtDNA
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Figure 3. Comparison of the fraction of tumor-infiltrating immune cell types in LUAD and LUSC using nuclear gene mRNA expression profiles. Box plots
presenting the evaluated fractions of immune cell types (y-axis) are plotted by cancer subtype (x-axis). (A) Comparison of the evaluated fraction of CD4*
T cells and macrophages between LUAD and LUSC. (B) Comparison of the evaluated fraction of CD4* T cells across the three lung cancer subtypes.
(C) Comparison of the evaluated fraction of B cells across the three lung cancer subtypes. LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.

encoded genes. The number of copies of mtDNA greatly
affect the expression level of mitochondrial genes and this
close association between mtDNA copy number and gene
expression has been reported by Yuan ez al (8) utilizing data
from the International Cancer Genome Consortium and
Reznik et al (11) using TCGA data. Additionally, certain host
genes may also control mitochondrial gene expression (50).
Further studies with large lung cancer cohorts will be required
to confirm the significance and robustness of the classifications
developed in the present study. However, the classifications
clearly reflect the inter-heterogeneity of LUSC and LUAD
tumor types, and provide a basis for detecting the clinical
features of lung cancer or developing therapeutic approaches
for the improved management of LUAD and LUSC.

In summary, the present study highlighted: i) The
suppression of the expression of M7-ND5 and MT-ND6 respi-
ratory genes in lung cancer, particularly in advanced stages;
ii) Clustering-based expression patterns associated with a poor
prognosis in LUAD, but not in LUSC; iii) Tumor tissue with a
mitochondrial gene expression pattern designated as Cluster 3
exhibited the enhanced expression of genes associated with
pathways involved in cancer development and iv) Intra-tumor
heterogeneity of the immune cell fraction was associated
with the tumor subtypes. It is anticipated that these results
will enable biomedical researchers to further explore the
mechanisms of lung cancer development and identify novel
therapeutic targets and modalities for improving the diagnosis
and treatment of patients with lung cancer.
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