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Abstract

Objective: Lung cancer (LC) is one of the most prevalent malignant tumors worldwide. As a
subtype of LC, lung squamous cell carcinoma (LUSC) has a 5-year survival rate of less than 15%.
In this study, we aimed to evaluate the prognostic value of a glycolysis-related gene signature in
LUSC patients.

Methods: We obtained RNA-Seq data from The Cancer Genome Atlas (TCGA) database.
Prognosis-related genes were screened out by Gene Set Enrichment Analysis (GSEA) and Cox
proportional regression models. Quantitative reverse transcription polymerase chain reaction
(RT-gPCR) was used to verify the mRNA expression levels in relevant tissues.

Results: We found that sperm-associated antigen 4 (SPAG4) overexpression was an independent
risk factor for overall survival (OS) in LUSC. Patients with high-risk scores had higher mortality
rates than those with low-risk scores. Moreover, by using RT-qPCR, we validated that SPAG4
mRNA was overexpressed in LUSC tissue samples compared with their paired para-cancerous
histological normal tissues.

Conclusions: Analysis of aberrantly overexpressed SPAG4 may provide a further useful
approach to complement existing methods and predict prognosis in LUSC patients.
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Introduction

Lung cancer (LC) has become the most
commonly diagnosed malignancy and the
leading cause of cancer-related death worl-
dide."* Lung squamous cell carcinoma
(LUSC) is a pathological subtype of LC
with a less than 15% 5-year survival rate.’
Unlike in lung adenocarcinoma, the appli-
cation of molecular-targeted therapies in
LUSC is very limited.*> Accumulating evi-
dence suggests that reprogrammed energy
metabolism may be involved in tumorigen-
esis and development.®’ Aerobic glycolysis,
also known as the “Warburg effect,” is con-
sidered to be a hallmark of almost all
cancer cells.® In this pathway, glucose in
cancer cells is mainly converted to lactic
acid regardless of oxygen availability. This
process results in a highly acidic microenvi-
ronment, as well as glycolytic intermediates,
that may contribute to malignant transfor-
mation and  tumor  progression.”'”
However, few studies have explored the
mechanism of glycolysis in LUSC.
Moreover, there has been no attempt to
analyze integrated database data to assess
consistency and evaluate the magnitude of
the clinical value of glycolysis in LUSC."!
Thus, by using a bioinformatics approach
and subsequent experimental verification,
we sought to identify reliable glycolysis-
related biomarkers for LUSC.
Sperm-associated antigen 4 (SPAG4)
was first identified in mammalian sperm
tails and plays an important role in sperma-
togenesis and sperm motility. Recent stud-
ies have demonstrated that SPAG4 may be

involved in aerobic glycolysis and serve as a
biomarker in glioblastoma,'> colorectal
cancer,'® and pancreatic ductal adenocarci-
noma.'* Functional experiments revealed
that the expression of SPAG4 is closely
related to hypoxia in a hypoxia inducible
factor (HIF)-1 and Von Hippel-Lindau
(VHL)-dependent manner.'> Moreover,
Ying et al.'® reported that SPAG4 exerts
its tumor-promoting functions by interact-
ing with Nesprin3 in lung carcinoma.
However, the role of SPAG4 in LUSC is
still not clear. In the present study, we
extracted genome expression and corre-
sponding clinical data from The Cancer
Genome Atlas (TCGA) database. Using
the Gene Set Enrichment Analysis
(GSEA) method, we identified that
SPAG4 is closely correlated with patients’
survival outcome and may serve as an inde-
pendent prognostic biomarker for LUSC.
We further validated the expression levels
of SPAG4 in LUSC patients by analyzing
clinicopathological data in our center.

Materials and methods

Data collection

The mRNA expression profiles and clinical
data were extracted from TCGA data
portal (https://cancergenome.nih.gov/). A
total of 551 samples (including 502 LUSC
and 49 healthy controls) with sufficient data
were included in our study.
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Patients and clinical specimens

We retrospectively collected 13 tumor tissue
samples and their paired para-cancerous
histological normal tissues (PCHNTS)
during curative surgery in our medical
center, Shaanxi  Provincial  People’s
Hospital. None of the experimental subjects
had received prior lung resection or preop-
erative chemotherapy/radiation therapy.
All samples were immediately frozen and
stored at —80°C until total RNA was
extracted. To reduce bias, samples were
randomly coded before processing. This
study strictly followed principles and guide-
lines for reporting preclinical research. All
patients voluntarily joined this study with
written informed consent to have their bio-
logic specimens analyzed. This study was
approved by the Ethical Committee of the
Shaanxi Provincial People’s Hospital on 12
November 2020 (reference number: 2020-
026).

RNA extraction and quantitative reverse

transcription polymerase chain reaction
(RT-gPCR)

Total RNA was extracted from tissues
using TRIzol reagent (Ambion, Thermo
Fisher Scientific, Waltham, MA, USA).
PrimeScript ~ RT-polymerase  (Takara,
Kusatsu, Japan) was used to reverse-
transcribe RNA into ¢cDNA. RT-qPCR
was performed using SYBR Premix Ex
Taqg™ 1II (Tli RNaseH Plus) (Takara)
with specific PCR primers by Sangon
Biotech (Shanghai, China). GAPDH was
used as an internal control. The 2 44
method was used to calculate relative fold
changes. Primer sequences are as follows:
SPAG4, forward 5-ATGAGGATTTTG
TGCGGAAG-3' and reverse 5-GCGTAA
TCGTGGGATGTCTT-3'; GAPDH, for-
ward 5-TCGACAGTCAGCCGCATCTT
CTTT-3' and reverse 5-ACCAAATCC

GTTGACTCCGACCTT-3'. All reactions
were performed in triplicate.

Gene set enrichment analysis

We performed gene set enrichment analy-
sis (http://www.broadinstitute.org/gsea/
index.jsp) to identify glycolysis-related
genes in LUSC patients. The
HALLMARK _GLYCOLYSIS gene set,
REACTOME_GLYCOLYSIS gene set,
KEGG_GLYCOLYSIS gene set, and
BIOCARTA_GLYCOLYSIS_ PATHWAY
gene set were downloaded from the
Molecular Signatures Database (https://
www.gseamsigdb.org/gsea/msigdb/genesets.
jsp). For each analysis, the number of per-
mutations was set to 1000 times and we
defined a false discovery rate (FDR)
value <0.25 as statistically significant.

Statistical analyses

We used univariate Cox regression analysis
to identify genes associated with patient
overall survival (OS), which were then sub-
jected to multivariable Cox regression anal-
ysis. Subsequently, we divided patients into
high-risk and low-risk groups based on the
median value of the gene expression level.
Kaplan—Meier (KM) curves and the log-
rank method were used to validate the
prognostic significance of the risk score in
stratified analysis. The sensitivity and spe-
cificity of the prognostic gene model were
tested by receiver operating characteristic
(ROCQC) curves. The above analyses were
conducted using R software (version 3.6.1,
http://www.rproject.org). Two-sided p
values <0.05 were considered to be statisti-
cally significant. Prognosis-related gene
alterations were analyzed by cBioPortal
web software (http://www.cbioportal.org)/).
Immunohistochemistry (IHC) staining of
SPAG4 protein was analyzed in the
Human Protein Atlas (HPA) database
(https://www.proteinatlas.org/).
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Results

Clinical features and RNA sequencing data
from 551 samples (including 502 LUSC and
49 healthy individuals) were obtained from
TCGA database. Overall, the mean age of
the LUSC patients was 67.27 £+ 8.62 years
and 132 (26.2%) patients were female.
Additionally, 407 (81%) patients were in
stage I-I1I. Four glycolysis-related gene
sets (HALLMARK_GLYCOLYSIS,

REACTOME_GLYCOLYSIS, KEGG_
GLYCOLYSIS, and BIOCARTA _
GLYCOLYSIS_PATHWAY) were

obtained from the Molecular Signatures
Database v4.0 (http://www.broadinstitute.
org/gsea/msigdb/index.jsp). Then, GSEA
was performed using the abovementioned
data to explore differentially expressed
genes between LUSC and healthy tissues.
As shown in Figure 1, we found that all
four gene sets were significantly enriched
in the cancer samples and 236 glycolysis-
related genes were identified for subsequent
analysis.

We next conducted univariate and mul-
tivariate Cox proportional-hazards regres-
sion analyses to identify independent
prognostic variables based on clinicopatho-
logical data. The results revealed that
SPAG4 overexpression was an independent
risk factor for OS in LUSC patients
(»=0.04, hazard ratio (HR): 1.038). We
then divided those patients into two
groups based on the median expression
level of SPAG4. The distributions of risk
score and survival status for each patient
are displayed in Figure 2, suggesting that
patients with high-risk scores had higher
mortality rates than those with low-risk
scores. Similarly, KM analysis was used to
examine the prognostic effect of SPAG4
expression in the high-risk and low-risk
groups (Figure 3a). We found that the
high-risk group patients had significantly
worse survival than those in the low-risk
group (p <0.05). ROC curve analysis was

performed and the area under the curve
(AUC) was  0.693 (Figure 3b).
Additionally, univariate and multivariate
analyses were performed to test the predic-
tive ability of risk score with clinicopatho-
logical factors. We found that risk score
(HR=1.46; 95% confidence interval
(CI)=1.06-2.15; p<0.05) and TNM stage
(HR=1.49; 95% CI=1.06-2.09; p <0.05)
were two independent prognostic factors
(Figure 4). The abovementioned results
demonstrate moderate and independent
prognostic power of our model in predict-
ing LUSC prognosis.

We next analyzed the genetic alteration
of our target gene via the cBioPortal data-
base (http://cbioportal.org). The results
suggest that the queried genes were altered
in 12 (2.6%) of the sequenced cases (includ-
ing nine case of gene amplification, two case
of missense mutation, and one case of trun-
cation mutation) (Figure 5a). In addition,
we used RT-qPCR to validate the mRNA
expression levels of SPAG4 in 13 LUSC
patient tissue samples and their correspond-
ing PCHNTSs, with GAPDH used as the
internal standard. Consistent with the bio-
informatics results, SPAG4 mRNA expres-
sion levels were significantly higher in
LUSC tissues than those in corresponding
nontumorous tissues (n=13, p<0.01)
(Figure 5b). IHC staining images from the
HPA database (https://www.proteinatlas.
org/) showed that SPAG4 intensity in
LUSC tissues was stronger than that in
normal pulmonary specimens (Figure 5c¢).
The results shown here suggest that
SPAG4 is overexpressed in LUSC tissue
samples and therefore may be considered
as a Dbiomarker for LUSC patient
prognosis.

Discussion

Recent studies have shown that metabolism
deregulation is an emerging hallmark of
cancer. In the 1920s, Warburg et al®
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Figure I. Enrichment plots of four glycolysis-related gene sets between lung squamous cell carcinoma and
paired normal tissues identified by gene set enrichment analysis (GSEA).

found that tumor cells mainly rely on gly-
colysis for energy, even in the presence of
sufficient oxygen. Although aerobic glycol-
ysis is less efficient than glucose oxidation,
it can provide energy more quickly to
tumor cells, therefore providing them an
advantage over stromal cells in the compe-
tition to use limited nutrients.!” Moreover,
as an intermediate product of this process,
excessive accumulation of lactic acid creates
an acidic microenvironment, driving tumor

invasion and metastasis and conferring
resistance  to  radiation  therapy.’'”
Glycolysis-related gene signatures were
also considered as prognostic prediction
tools with favorable performance for multi-
ple types of solid tumors. Increased aerobic
glycolysis is also essential for tumor aggres-
siveness in LC cells."®*?° However, studies
concerning glycolysis-related biomarkers
for LUSC are very limited. In this study,
by wusing bioinformatics analysis and
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Figure 2. Glycolysis-related gene signature predicts overall survival (OS) in lung squamous cell carcinoma
(LUSC) patients. (a) Distribution of risk scores per patient. (b) Relationship between survival days and
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Figure 3. Glycolysis-related gene signature predicts overall survival (OS) in lung squamous cell carcinoma
(LUSC) patients. (a) Kaplan—Meier (KM) curve to verify the predictive effect of the gene signature. (b)
Receiver operating characteristic (ROC) curve analysis to evaluate the diagnostic efficacy of the gene

signature.
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(a)
pvalue Hazard ratio
age 0.026 1.029(1.003-1.085)
gender 0.888 1.033(0.657-1.623)

stage 0.022 1.489(1.058-2.094)

riskScore 0,028 1.456(1.062-2.147)

(b) pvalue

Hazard ratio
age 0.022 1.029(1.004-1.054)
gender 0.854 1.043(0.665-1.638)
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riskScore  0.012 1.497(1.140-2.575)
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Figure 4. Univariable (a) and multivariable (b) analyses for the risk score and each clinical feature.

developing a statistical model, we sought to
identify glycolysis-related biomarkers for
the prognosis of LUSC patients.

In the current research, we performed
GESA analysis to identify glycolysis-
related genes based on TCGA mRNA
expression data. We then used univariate
and multivariate Cox regression analyses
to evaluate the prognostic value of these

identified genes. The results suggested that
only SPAG4 was significantly correlated
with LUSC patient prognosis.
Subsequently, by using KM analysis and
ROC curves, we found that the prognostic
value of SPAG4 was acceptable.
Additionally, the SPAG4 mRNA expres-
sion levels were examined in LUSC tissue
samples from our medical center,
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Figure 5. Identification of the sperm-associated antigen 4 (SPAG4) gene in lung squamous cell carcinoma
(LUSC) samples. (A) The proportion of alteration for the SPAG4 gene in LUSC clinical samples in the
cBioPortal database. (B) Expression of the SPAG4 in the LUSC samples (n = |3) and paired adjacent normal
samples (n = 13) detected by quantitative real-time-PCR (qRT-PCR). (C) Immunohistochemistry (IHC)
staining of SPAG4 protein in normal lung tissues (left) and LUSC tissues (right) in the Human Protein Atlas

(HPA) database. **P < 0.001.

suggesting its favorable performance for
prediction.

As a member of SUN family, SPAG4
was originally identified as a testis-specific
gene.”"?* Previous studies showed that it
may participate in nuclear remodeling,
nuclear membrane integrity maintenance,
and sperm tail development®>** However,
aberrantly overexpressed SPAG4 was also
involved in tumorigenesis. Zhao et al.*’
found that SPAG4 regulates glioblastoma
progression by activating the MEK/ERK
signaling pathway. Shoji et al.>> demon-
strated that SPAG4 plays a crucial role in
cytokinesis to defend against hypoxia-
induced tetraploid formation.
Furthermore, Ji et al.'® reported that
SPAG4 acts as a positive regulator of
Nesprin3. Overexpression of SPAG4 could
affect the location and expression of
Nesprin3, while reduced migration of

tumor cells can be observed when
Nesprin3 or SPAG4 are knocked out. To
date, no study has reported the expression
of SPAG4 in LUSC, nor its effect on the
prognosis of this disease. In this study, we
first investigated the expression levels and
prognostic value of SPAG4 in LUSC
using publicly available data, and then val-
idated the specific role of SPAG4 in LUSC
by experimental techniques. We found that
SPAG4 may be a clinically relevant cancer
marker for predicting poor survival of
LUSC patients. Further experiments are
required to elucidate its role in the forma-
tion and progression of LUSC.

Certain limitations should be taken into
consideration when interpreting these study
findings. First, selection bias is inevitable
because of the retrospective nature of this
study. Additionally, the sample size was rel-
atively small and more clinical data are
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required for further validation. Third, the
combination of more gene profiles or clini-
copathological features may offer more
accurate predictive power than using a
single biomarker. Mechanistic studies of
aerobic glycolysis may allow for real-time
surveillance of dynamic molecular and
other changes accurately through the
course of the disease, enable a better under-
standing of tumor progression, and guide
individualized treatment.

Conclusion

Our study determined that a glycolysis-
related gene, SPAGH4, is aberrantly overex-
pressed in LUSC tissue samples compared
with normal controls. Furthermore, elevat-
ed SPAG4 expression levels are associated
with worse survival rates among LUSC
patients. These findings may provide insight
into the mechanisms of cellular glycolysis
and help identify LUSC patients with
poor prognosis.
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