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ABSTRACT

BACKGROUND: Sperm-associated antigen 5 (SPAG5) has been identified as a novel driver oncogene involved in multiple cancers; how-
ever, its role in lung adenocarcinoma (LUAD) needs further investigation. Our study aims to elucidate the potential significance of SPAGS5 in
LUAD prognosis and its implications for the efficacy of immunotherapy.

METHODS: In this study, we used bioinformatics analysis and tissue microarray (TMA) staining to examine the potential role of SPAGS5 in
LUAD survival and response to immunotherapy. We used the Oncomine, TIMER2.0, Gene Expression Profiling Interactive Analysis (GEPIA),
Sangerbox, PredicScan, and Kaplan-Meier Plotter databases to examine the expression and prognostic role of SPAG5 in the LUAD of The
Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO), and other databases. We also used Cancer Single-cell State Atlas (Can-
cerSEA) and Tumor Immune Estimation Resource (TIMER2.0) to analyze the association of SPAG5 with malignant phenotype and tumor
immune microenvironment. Furthermore, Immune Cell Abundance Identifier (ImmuCellAl) analysis of TCGA sequencing data was used to
predict the role of SPAG5 in determining the response to immune checkpoint blockade (ICB) treatment in LUAD. Co-expression analysis of
programmed death-ligand 1 (PD-L1) and SPAG5 was performed using LUAD TMA immunohistochemistry (IHC) analysis.

RESULTS: Our findings indicate that SPAGS5 is overexpressed in LUAD and is positively correlated with advanced clinical stage, poor over-
all survival, relapse-free survival, and progression-free survival outcomes. SPAG5 may be involved in regulating the cell cycle, proliferation,
invasion, DNA damage and repair, and tumor immunosuppression. Furthermore, TMA IHC analysis showed a positive correlation between
PD-L1 expression in LUAD and SPAG5 which suggests that SPAG5 may serve as a potential predictor of response to ICB therapy in LUAD.

CONCLUSIONS: Our results highlight the role of SAPGS5 in promoting a tumor malignancy phenotype and immunosuppression in LUAD and
suggest that SPAG5 may serve as a potential response marker for ICB therapy.
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Introduction

Lung cancer is a malignant disease with the highest incidence
and mortality globally.! Lung adenocarcinoma (LUAD) com-
prises more than 40% of all lung cancer cases and poses a sys-
temic threat due to higher tendency of developing distant
metastases and a mean overall survival (OS) of less than
5years.»3 Although immunotherapy such as immune check-
point programmed death-1 (PD-1)/programmed death-ligand
1 (PD-L1) blockade therapy has made notable advances in
treating various cancers including LUAD, there are still short-
comings such as low overall response rates, immune-related
toxicities, and a lack of efficacy predictors.*® Thus far, PD-L1,
tumor mutation burden (TMB), and microsatellite instability
(MSI) have been approved as simultaneous diagnostic markers

* These authors contributed equally to this work.

to guide immune checkpoint inhibitor therapy.!® Nevertheless,
accumulating evidence strongly suggests that using PD-L1
expression, MSI, or TMB solely as a single indicator is not
comprehensive enough and cannot accurately predict the use of
immunotherapy.'? Therefore, it is essential to not only urgently
identify the mechanisms of resistance to immunotherapy in
LUAD but also screen for current predictive and prognostic
markers to better improve the immune response.
Sperm-associated antigen 5 (SPAG5) is a mitotic spindle
protein that has been observed to be highly expressed in various
cancers and is indicated as a novel driver oncogene and a thera-
peutic target.! Studies have shown that elevated SPAGS levels
are associated with neoplastic growth, metastasis, chemoresist-
ance, and shorter survival across a broad spectrum of can-
cers.1216 Further research indicates that SPAGS5 acts as an
oncogene by modulating various signaling pathways to regulate
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tumorigenesis and progression, although counteracting the
effects of various chemotherapies. For instance, SPAGS5 involves
AKT/mammalian target of rapamycin (mTOR), WNT/B-
catenin, and PI3K/AKT signaling pathways to regulate tumor
growth, apoptosis, and metastasis'®'>17 Although there is lim-
ited evidence, research suggests a strong link between SPAGS5
and immune cell infiltration in cancer. A previous study has
shown that SPAGS5 is an alternative cancer vaccine target in
several cancers, as it is positively associated with CD8 T' cell
infiltration based on a comprehensive analysis of tumor immu-
nity programs.'® In addition, there is a significant correlation
between SPAG5 and CD8* T cell infiltration in breast cancer.12
In LUAD, SPAGS has been found to promote tumor prolifera-
tion and motility and can be used as a prognostic marker.19-22
Despite existing studies that suggest SPAGS is an oncogene in
LUAD, a more comprehensive assessment of its role in LUAD
and its relation to immune cell infiltration is needed.

In this study, we assessed the prognostic role of SPAGS in
LUAD using tissue microarray (TMA) staining. We also ana-
lyzed its relationship with tumor progression, clinical outcome,
immune infiltration, and response to immunotherapy using
bioinformatics analysis. Our findings can improve our under-
standing of the role of SPAG5 in LUAD and its relation to
immune cell infiltration.

Material and Methods

Tissue microarray and immunobistochemistry
staining

In this study, 2 TMAs were used, 1 containing 180 specimens
(Cat no: ZL-LUC1801, WellBio, Shanghai), including 90
LUAD tissues and 90 adjacent non-cancerous tissues, and the
other containing 140 specimens from 70 lung cancer patients
(Cat no: LC1401, Alenabio, Xiena), each containing 2 dupli-
cates of tumor tissues and PD-L1 expression information
detected by 2 Food and Drug Administration (FDA)-proved
antibodies (SP142 and SP263). Among them, the staining
results for SP142 were classified into 3 categories: tumor cell
=50%, tumor cell <50%, and immune cell <10%, as well as
negative. The staining results for SP163 were divided into 2
categories: tumor cell =25% and negative. Therefore, in the
correlation analysis, all patients who showed PD-L1 expres-
sion were considered as PD-L1 positive. Both TMAs were
purchased from Yunnan WoSai Biology Science and
Technology Co., Ltd. (Kunming, China). Therefore, LC1401
TMA was used to analyze the correlation between SPAGS5 and
PD-L1 expression. Moreover, after excluding all patients with
incomplete clinical data in ZL-LUC1801 TMA, there were
still tissues available from 75 patients for survival analysis and
compare the expression difference of SPAGS5 between tumor
and normal tissue. The statistics of clinical features are shown
in Supplementary Tables 1 and 2.

The immunohistochemistry (IHC) staining procedure can
be summarized as follows: the TMAs were deparaffinized in
xylene for 10 min, repeated twice, followed by rehydration using

a graded ethanol series (100%, 95%, and 70% ethanol) for 3 min
each. Antigen retrieval was performed by heating the sections in
a microwave using citrate buffer (pH 6.0) until boiling. After
thorough rinsing of the TMAs with phosphate-buffered saline
(PBS), 0.3% hydrogen peroxide solution was applied to block
endogenous peroxidase activity for 10 min at room temperature.
Subsequently, serum blocking was carried out. The primary anti-
body against SPAG5 (HPA022008, Sigma-Aldrich, St. Louis,
MO, USA) was incubated with the sections overnight at 4°C to
ensure efficient binding. Following the overnight incubation, the
TMAs were washed with PBS, and the secondary antibody was
incubated with the sections for 1h at room temperature. Finally,
3,3'-diaminobenzidine (DAB) staining was performed to visual-
ize the targeted antigen, and the sections were mounted for cap-
turing the whole stained area using a slide scanner. The SPAGS5
level of each sample was calculated based on the staining scope
and intensity as follows: H-score = (percentage of weak inten-
sity X 1) + (percentage of moderate intensity X 2) + (percentage
of strong intensity X 3).232° The correlation between SPAGS5
expression and clinicopathologic characteristics was analyzed by
the chi-square test, and P<<.05 is considered statistically
significant.

Oncomine database analysis

Oncomine database (http://www.oncomine.org) is a public
platform for supplying microarray data download and mining
for most tumors.?6 Here, the expression levels of SPAGS in
pan-cancer were determined by analysis of the Oncomine
database. The cut-off value is set as fold change (FC) > 1.5 and
P<.05.

Tumor Immune Estimation Resource database
analysis

Tumor Immune Estimation Resource (TIMER) is a web plat-
form that incorporated 10009 samples across 23 cancer types
from The Cancer Genome Atlas (TCGA). TIMER2.0 (http://
timer.cistrome.org/) can be used to estimate immune infiltra-
tion levels for TCGA or customer’s RNA-seq data and explore
the relationship between immune infiltration and other factors,
such as genomics and transcriptome variation and clinical out-
comes.”” Here, we explore the expression levels of SPAGS5 in
various cancer types. In addition, a correlation analysis was per-
formed between SPAGS5 expression and infiltrating immune
cells, including B cells, CD8* T cells, Treg cells, macrophages
(M), neutrophils, and myeloid dendritic cells (MDCs). The
gene expression levels are shown with log, TPM. The correla-
tion between immune checkpoints and immune cells is deter-
mined based on TIMER2.0.

Functional state analysis

Cancer Single-cell State Atlas (CancerSEA; http://biocc.
hrbmu.edu.cn/CancerSEA) is a specific database used to
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synthetically explore cancer cell function at the single-cell level
across 41900 cancer single cells from 25 cancer types. Cancer
single-cell functional states of CancerSEA are involved in
tumorigenesis, progression, and aggressive metastasis.?® Here,
the average correlation between SPAGS5 and functional states
in different cancers is shown, and the bar plot shows the num-
ber of data sets for which SPAGS is significantly correlated
with the corresponding state. And functional states are signifi-
cantly correlated with SPAGS5 in LUAD (ExpID, EXP0066),
filter by P<<.05.

The Cancer Cell Line Encyclopedia (CCLE, https://sites.
broadinstitute.org/ccle/tools) is a publicly available database
that provides molecular and phenotypic data for cancer cell
lines. It serves as a valuable resource for investigating the
molecular mechanisms and drug treatment strategies associ-
ated with tumors.?’%0 In this study, we obtained the gene
expression matrix for 70 LUAD cell lines from CCLE. Using
the single-sample gene set enrichment analysis (ssGSEA)
algorithm in the GSVA R package, we calculated the enrich-
ment scores of each cell line for signatures derived from
CancerSEA. We then performed the Spearman correlation
analysis between the enrichment scores and the expression lev-
els of the SPAGS5 gene.

Connectivity Map (CMap, https://clue.io/) is a database
that contains gene expression and drug response data. It is a
useful tool for studying the relationship between small mole-
cule compounds and cellular biological processes. In our analy-
sis, we employed the DESeq2 algorithm to identify the
differentially expressed genes between the high and low expres-
sion groups of SPAG5 in TCGA LUAD data. These differen-
tially expressed genes were further used for CMap analysis to
screen the top 10 small molecule drugs that exhibited positive
and negative correlations with the differential gene expression.

Gene Expression Profiling Interactive Analysis

database analysis

Gene Expression Profiling Interactive Analysis (GEPIA,
http://gepia.cancer-pku.cn/) is a web tool that processes RNA-
seq data based on TCGA and Genotype-Tissue Expression
(GTEXx) projects to comprehensively analyze gene expression
at multiple levels.3! Here, GEPIA validated the association
between SPAGS5 and clinical staging.

Immunotherapy response prediction

The LUAD transcriptome sequencing data were downloaded
by the TCGA data download module of Sangerbox (http://vip.
sangerbox.com/tool.html) and then uploaded to The Immune
Cell Abundance Identifier (ImmuCellAL3? http://bioinfo.life.
hust.edu.cn/ImmuCellAl#!/analysis) website in accordance
with the required format for immune checkpoint blockade
(ICB) prediction. GraphPad Prism 8.0 software was used to

draw the violin plots. Statistical significance was established

using the Mann-Whitney test.

Survival analyses

In this study, Sangerbox, GEPIA, PrognoScan® database
(http://www.abren.net/PrognoScan/) and  Kaplan-Meier
Plotter’* database (http://kmplot.com/analysis/) were per-
formed to detect the correlation between SPAGS5 expression
and survival. PrognoScan database is a public platform for can-
cer microarray data sets, which was used to explore the correla-
tion between gene expression and patient prognosis, including
OS and relapse-free survival (RFS). The Kaplan-Meier Plotter
database is an online tool for exploring the relationship between
gene expression and patient outcomes across a broad range of
cancer types, based on RNA-seq data, microarray data, and
clinical data from the Gene Expression Omnibus (GEO),
European Genome-Phenome Archive (EGA), TCGA, and
PubMed repositories. The Kaplan-Meier method was used to
analyze OS and progression-free (first progression) survival
(PFS). The threshold of SPAGS5 is defined using the H-score

median value.

DNA methylation and microRNA analysis

The Genomic Data Commons (GDC, https://portal.gdc.can-
cer.gov/) is a publicly accessible database that allows for query-
ing and downloading diverse types of cancer genomic data,
epigenetic data, and clinical data. In this study, we downloaded
gene expression, DNA methylation, and microRNA (miRNA)
expression data from the GDC website for subsequent analysis
using R software. The Spearman correlation analysis was
employed to examine the relationship between SPAG5 expres-
sion and DNA promoter methylation.

The miRTarBase database (https://mirtarbase.cuhk.edu.
cn/~miRTarBase/miRTarBase_2022/php/index.php) and the
miRWalk database (http://mirwalk.umm.uni-heidelberg.de/)
are comprehensive repositories of miRNA-target gene
interactions.

In our study, we calculated the Spearman correlation
between SPAG5 and miRNAs. To refine the results, we filtered
for miRNA-mRNA interactions based on correlation coeffi-
cients (R<-0.15) and statistically significant P values (<.05),
using both miRTarBase and miRWalk databases. The interac-
tions between miRNAs and their target SPAGS were visual-
ized as a network diagram using Cytoscape v3.10.0 software.

Results

Increased sperm-associated antigen 5 expression
was associated with unfavorable clinical staging in
lung adenocarcinoma

To investigate SPAGS5 expression across various cancer types,
we conducted analysis using both Oncomine and TCGA
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databases. Our findings indicate that SPAGS is highly
expressed in most tumors when compared with the corre-
sponding normal tissues. In breast cancer, head and neck can-
cer, as well as several other unidentified cancers, SPAG5 was
found to be generally highly expressed in tumors, albeit with a
tew exceptions. Conversely, we observed a low expression trend
of SPAGS in renal cancer and leukemia, particularly in cases of
in renal cancer without exception. Notably, we observed that
SPGAS was highly expressed across all lung cancer types stud-
ied in up to 12 studies, indicating that SPAGS5 may play a defi-
nite tumor-promoting role in lung cancer (Figure 1A).
Consistent with this observation, the TCGA data analyzed on
the Time2.0 website revealed higher expression of SPAGS5 in
most tumors compared with normal tissues (Figure 1B),
including head and neck cancer and LUAD. Similar to the
Oncomine data, SPAGS5 was underexpressed in TCGA renal
carcinoma samples, including kidney chromophobe (KICH)
and kidney renal papillary cell carcinoma (KIRP) (Figure 1B).
Moreover, the combined analysis of GTEx and TCGA data
further confirmed the high expression of SPAGS in LUAD
tumor tissues (Figure 1C) and subsequent analysis showed a
correlation between increased SPAGS5 expression and unfa-
vorable clinical staging in LUAD (Figure 1D). Overall, these
findings suggest that SPAGS5 may act as an oncogene in LUAD.

DNA methylation and microRNAs may potentially
regulate sperm-associated antigen 5

We initially evaluated the methylation status of SPAGS5 promoter
and its corresponding mRNA expression levels and observed that
promoter methylation of SPAGS was negatively correlated with
mRNA expression (R=-0.25, P=1.2¢-07) (Supplemental Figure
Sla). In addition, the use of correlation analysis indicated that
hsa-miR-221-3p (R=-0.16, P=2.280119¢-04) and hsa-miR-
877-3p (R=-0.21, P=2.346523¢-06) be involved in targeting
regulation of SPAG5 (Supplemental Figure S1b).

The expression of sperm-associated antigen 5 in
lung adenocarcinoma predicts a poor prognosis

Following bioinformatics analysis of mRNA expression, we
performed IHC staining of SPAGS5 with TMA to further
determine its protein expression and prognostic role in LUAD.
The results indicated that SPAG5 was mainly expressed in the
cytoplasm, and its expression was significantly higher in cancer
cells than in normal lung epithelial cells (Figure 2A and B).
Furthermore, the Kaplan-Meier survival curve analysis and
log-rank tests demonstrated a significant correlation between
elevated expression of SPAG5 and worse OS in LUAD
(P=.0008) (Figure 2C). To support these findings, we analyzed
the prognostic role of SPAGS5 using multiple LUAD public
data. Minimum P value analysis of TCGA-LUAD data via
Sangerbox 3.0 software revealed that SPAGS5 was associated
with poor prognosis for OS (hazad ratio [HR]=1.584,

P=.0020) (Figure 3A) and PFS (HR=1.353, P=.0337) (Figure
3B). Additional analysis of the GSE31210 LUAD data set
demonstrated that strong SPAGS expression predicted poor
relapse-free survival (RFS) (HR=1.91, P=.0007) and a trend
toward worse OS (HR=1.67, P=.0572), which did not reach
statistical significance (Figure 3C and D). Moreover, using the
Kaplan-Meier Plotter database based on microarray data, we
validated the prognostic potential of SPAG5. As shown in
Figure 3E and F, high SPAG5 expression indicated unfavora-
ble OS (HR=2.15,P=2.5e-10) and PFS (HR =2.6, P=1.2¢-9)
of LUAD patients. Collectively, our data and others suggest
that SPAGS is a risk factor for OS and disease progression in
LUAD.

Upregulation of sperm-associated antigen 5 was
associated with malignant phenotypes of lung
adenocarcinoma

To elucidate the potential function of SPAGS in LUAD, we
employed the CancerSEA database to investigate the functional
states of SPAGS. The functional states correlation analysis
demonstrated that SPAGS exhibited a positive correlation with
cell cycle, DNA damage, DNA repair, invasion, proliferation,
while being negatively correlated with angiogenesis, inflamma-
tion, and quiescence in most tumors (Figure 4A). Notably, in
the case of LUAD, SPAGS5 was found to be correlated with the
malignant phenotypes, specifically displaying a positive correla-
tion with cell cycle, proliferation, DNA damage, DNA repair,
epithelial-mesenchymal transition (EMT), and a negative cor-
relation with inflammation (Figure 4B and C). These findings
suggest that SPAG5 may contribute to tumor progression by
modulating multiple aspects of LUAD, including drug resist-
ance, proliferation promotion, and immunosuppression.

Moreover, in the CCLE LUAD cell lines, we observed sig-
nificant positive correlations between the expression of SPAG5
and scores of Cell Cycle, DNA repair, Proliferation, DNA
damage, and EMT signatures (Supplemental Figure S2). These
results align with the findings obtained from CancerSEA, fur-
ther confirming the association between SPAGS5 expression
and the malignant phenotype of tumors.

Furthermore, based on the differentially expressed genes, we
conducted a CMap analysis and identified 20 small molecule
drugs that were related to SPAGS5 expression (Supplementary
Table 7). These drugs encompass purvalanol A, an inhibitor of
CDK2/CDK1; TPCA-1, a direct dual inhibitor of STAT3 and
NF-kappaB; JAK3-inhibitor-VI; PI-103, an inhibitor of
PI3Ko/mTOR; and valproic acid, an inhibitor of HDAC2.

Functional annotation of sperm-associated antigen
5 co-expressed genes in lung adenocarcinoma

Subsequently, we filtered the genes co-expressed with SPAGS5
based on TCGA-LUAD sequencing data, using an absolute
value of the Spearman correlation coefficient >0.4 and P<<.05
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Figure 1. Expression profile and clinical significance of SPAG5 in LUAD. (A) Expression profile of SPAG5 in various tumors and normal tissues derived
from the Oncomine database. Upregulation is depicted in red, whereas downregulation is represented in blue. The green box emphasizes the high
expression of SPAG5 across 12 lung cancer data sets. (B) Analysis of differential SPAG5 expression between tumors and normal tissues in TCGA
pan-cancer was performed using the TIMER2.0 database. Notably, SPAG5 exhibits significantly increased expression in LUAD tumors (highlighted in red
font). (C) GEPIA analysis revealed the expression difference of SPAG5 between LUAD tumor and normal tissues in the TCGA and GTEx databases. The
box plot indicates a notable upregulation of SPAG5 in tumor tissues. (D) Correlation analysis conducted by GEPIA between TCGA-LUAD clinical staging
and SPAGS5 expression reveals a positive association between elevated SPAG5 expression levels and advanced tumor staging. CNS indicates central
nervous system; GEPIA, Gene Expression Profiling Interactive Analysis; GTEX, genotype-tissue expression; KICH, kidney chromophobe; KIRP, kidney
renal papillary cell carcinoma; LUAD, lung adenocarcinoma; SPAG5, sperm-associated antigen 5; TCGA, The Cancer Genome Atlas; TIMER, tumor
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Figure 2. TMA IHC staining reveals elevated expression of SPAG5 in LUAD tumor tissue, and its upregulation correlates with unfavorable overall survival.
(A) Representative images of SPAG5 IHC staining in LUAD TMA are presented, with the lower panel displaying a magnified view of the region highlighted
by the red dashed box in the upper panel. Black, blue, and red arrows indicate cells with negligible expression, moderate expression, and high expression
of SPAGS5, respectively. (B) H-score analysis of IHC staining demonstrates significantly higher SPAG5 expression in LUAD tumor tissue (n=75) compared
with normal tissue (n=75). (C) The Kaplan-Meier survival curve, analyzed using the log-rank test, illustrates a significant association between elevated
expression of SPAG5 and a notably poorer prognosis (P=.0184). IHC indicates immunohistochemistry; LUAD, lung adenocarcinoma; SPAG5, sperm-

associated antigen 5; TMA, tissue microarray.
*P<.01.

as filter criteria (Supplementary Table 3). An over-representa-
tion analysis (ORA) of the resulting co-expressed genes was
conducted using the WebGestalt website® (http://www.web-
gestalt.org/#). The results showed that the positively correlated
genes were primarily involved in the biological processes
related to cell cycle and DNA repair, whereas the negatively
correlated genes were mainly associated with immune
responses, such as neutrophil activation, granulocyte activation,

and myeloid cell activation (Figure 5A and B).

Sperm-associated antigen 5 promotes tumor
immunosuppression and may be a predictor of
response to lung adenocarcinoma immunotherapy

Sperm-associated antigen 5 has been identified to be associ-
ated with cell growth, invasion, and resistance to therapy in
lung cancer.3¢ However, its relationship with tumor immunity
remains unclear. Here, the correlation between SPAGS5 and
tumor immune infiltration in LUAD was evaluated using the
TIMER2.0 bioinformatics tool. Our findings indicated that
SPAGS was negatively correlated with the infiltration of sev-
eral immune cells, including plasma cells, B cells, neutrophils,

natural killer T (NKT) cells, CD8* T cells, memory B cells,
M2 M¢, and MDCs. The immune cells that were positively
correlated with SPAGS5 expression were mainly CD8% T cells,
neutrophils, MO/M1 M¢, Th-1, Th-2, and myeloid-derived
suppressor cells (MDSCs), with no correlation observed with
the infiltration of Tregs. Notably, the correlation of SPAGS
expression with some immune cells, such as CD8* T cells and
neutrophils, differed among different algorithm analyses. After
removing these controversial cells, our results showed that
SPAGS expression was primarily negatively correlated with the
invasion of anti-tumor immune cells and positively correlated
with the infiltration of immunosuppressive cells, particularly
Th-2 and MDSC cells, with a correlation of over 0.6 (Figure
6A). These findings suggest that the elevated SPAG5 expres-
sion is associated with an immunosuppressive microenviron-
ment in LUAD. Therefore, we further analyzed the correlation
between SPAGS5 expression and immune checkpoints in
LUAD. Our results revealed that SPAGS5 was significantly
positively associated with TIGIT, LAG3, CD274, CD276,
CTLAA4, and FGL1 inhibitory immune checkpoint molecules
in LUAD (Figure 6B). To explore the correlation between
SPAGS and PD-L1, we also examined SPAGS5 expression by
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Figure 3. High SPAG5 expression in LUAD is associated with an unfavorable prognosis. (A and B) Survival analysis of the TCGA data set using the
GEPIA database reveals that LUAD patients with high SPAG5 expression exhibit significantly worse OS (P=.0020) and progression-free survival
(P=.0337). (C and D) Survival analysis of the GSE31210 data set using the PrognoScan website indicates that LUAD patients with high SPAG5
expression show significantly poorer RFS (P=.0007) and a tendency toward reduced OS (P=.0572). (E and F) Survival analysis of LUAD data in the
Kaplan-Meier plotter database demonstrates a substantial decrease in OS (P=2.5e-10) and PFS (P=1.2e-9) among patients with high SPAG5
expression. GEPIA indicates Gene Expression Profiling Interactive Analysis; LUAD, lung adenocarcinoma; OS, overall survival; PFS, progression-free
survival; SPAG5, sperm-associated antigen 5; TCGA, The Cancer Genome Atlas; RFS, relapse-free survival.

THC staining of TMA, which contained the expression infor-
mation of PD-L1. Our chi-square test indicated that SPAGS
was positively correlated with PD-L1 expression detected by
both FDA-approved antibodies (SP142 and SP263)'° (Figure
7A and B and Supplementary Tables 1 and 4). Given the pre-
dictive role of PD-L1 in response to immunotherapy, we fur-
ther investigated the predictive role of SPAGS5 in response to
immunotherapy in LUAD. Analysis of the LUAD sequencing
data of TCGA by ImmuCellAI website showed that SPAGS
expression levels were significantly higher in the response
group, indicating that SPAGS5 expression could predict the
response to ICB treatment (Figure 7C).

Discussion

Lung adenocarcinoma, the most common form of lung cancer,
is prone to metastasis and recurrence, resulting in a low 5-year
survival rate. In recent years, immunotherapy has emerged as a

promising approach for LUAD treatment. However, the lack of
predictive diagnostic markers hinders the identification of suit-
able individuals for LUAD immunotherapy. This study
employs bioinformatics analysis to demonstrate the potential
of SPAGS5, a novel oncogene, as a predictive marker for immu-
notherapy in LUAD.

In recent years, bioinformatics analyses have contributed sig-
nificantly to the identification of prognostic markers, therapeutic
targets, and regulatory mechanisms for various types of
tumors.3”-*1 Although the oncogenic role of SPAGS5 has been
established in several tumor types, its involvement in LUAD has
primarily been inferred from bioinformatics analyses of RNA
data. In this study, we have not only conducted a comprehensive
bioinformatics analysis using multiple databases, but we have
also analyzed the expression of SPAGS at the protein level in
both normal and tumor tissues of LUAD using IHC staining.

Moreover, we have evaluated the prognostic significance of



8 Clinical Medicine Insights: Oncology

CJ N O >
& W3 P & e S
A SESSTE 2 S FESE
FHAEER S
2. WO T T ST T
55,0 QY RS
Zo E g 10 » Dositive
oS 0 o l _EE _ _ _ wm_ = = negative
[ AML|/e © @ ¢ ¢ @ - o @ @ o o o
Blood 71 ALL[® & & = @ = & - & + o 3o o= @0@1.0
L CML . . @ . . . B . . . ° . . . .-08 @ 08
r GBM|- + +« - + + « e e« o« o o e '-8.2 @ 8§
CNS/brain - Glioma|: - ¢ =« =« =« =« - - « - e 00 - 00
- HaaG) ' * . 7R 0 W N Correlation
L i LUAD| - ® - © e o = o o - O - o
ung L NSCLC . . . . . . °
Skin MELl: ¢ i@ « W io % % = [ » @ 2 =
Kidney RCCle = a0 @ w5 o me w e = @ .
Breast BRCA|- + @ - o o « . =« °
Prostate PC e @ ¢ ¢ ¢ o - e o - o o @
Head and neck HNSCC|- - o - - - S
RBle ¢« ¢ @ ¢ o - - e . . . e
Eye { UMle & @8 & w & = n

B SPAGS geneExp [N,
Correlation P-value
Cell Cycle hisbllamliel diallh .. 0.59 <0.001
Proliferation IMulmlidl. i la 054 <0.001
DNA damage Ll oo 11l 047 <0.001
Invasion Ll liw Ll w0 0.34 <0.001
DNA repair Loldwiilagligie. 033 <0.001

EMT LLMMLLLL\_LLLJJ_i_m_ 027 0.005
Inflammation . ..llL. b Ll lisal o9 0.002

C
1.0+ 0.4-
L] L]
oo =
@ g o ot .':'a . 8] S
>} = [ =
> ® o g
@) 5 = g
= = < £
5] '3' Z. ]
S £ a e
A —
-1.0 —— . . .

v

SPAGS expression
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correlation. The size of the circles corresponds to the strength of the correlation. (B) The CancerSEA analysis was conducted on single-cell data sets
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significance threshold of P <.05, it was observed that SPAG5 exhibited positive associations with functional states such as cell cycle, proliferation, DNA
damage, invasion, DNA repair, and EMT, while demonstrating a negative correlation with the inflammation functional state. (C) The scatter plot illustrates
the correlations between SPAGS5 expression and selected functional states, including cell cycle, proliferation, DNA repair, and inflammation. CancerSEA
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Figure 5. Functional annotation of SPAG5 co-expressed genes in LUAD. Based on TCGA-LUAD sequencing data, over-representation analysis (ORA) of
genes positively (A) or negatively (B) correlated with SPAG5 was performed on WebGestalt website. The top 20 functional terms with the highest
enrichment ratios mediated by genes positively and negatively correlated with SPAG5 are shown in A and B, respectively. Co-expressed genes were
filtered based on an absolute value of the Spearman correlation coefficient greater than 0.4 and a P value less than 0.05. LUAD indicates lung
adenocarcinoma; SPAGS5, sperm-associated antigen 5; TCGA, The Cancer Genome Atlas.

SPAGS in LUAD for the first time. Our findings from both
bioinformatics analysis and TMA staining confirm that SPAG5
is markedly overexpressed in LUAD and serves as an unfavora-
ble prognostic indicator for OS and PFS. These results are in line
with previous studies.

SPAGS has been previously reported to promote the pro-
gression of prostate cancer by stimulating cell proliferation,
migration, and invasion.*? It has also been implicated in pro-
moting lung cancer cell growth, migration, and invasion.* In
this study, we conducted a comprehensive bioinformatics anal-
ysis of TCGA-LUAD data to thoroughly investigate the func-
tional role of SPAGS in LUAD. Our results reveal that SPAG5

is involved in the regulation of various important processes in

LUAD, including the cell cycle, DNA damage/repair, EMT,
invasion, proliferation, and inflammation. Furthermore, the
over-representation analysis of the co-expressed genes of
SPAGS in LUAD demonstrates that the positively correlated
genes are primarily associated with cell cycle-related biological
processes, such as microtubule cytoskeleton organization
involved in mitosis and DNA replication. On the contrary, the
negatively correlated genes are mainly involved in the activa-
tion of immune cells, such as neutrophils, granulocytes, and
other leukocytes involved in immune response. These findings
suggest that SPAGS plays a comprehensive role in the progres-
sion of LUAD, including tumor growth (proliferation), migra-
tion (EMT), chemotherapy resistance (DNA repair), and
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Figure 6. Potential role of SPAG5 in tumor immunosuppression. Correlation between SPAG5 Expression and Tumor Immune Infiltration in LUAD. (A) The
correlation between SPAGS5 expression and tumor immune infiltration was systematically analyzed using the TIMER2.0 website. The scatter plots
illustrate the correlation between SPAG5 expression and the infiltration levels of 16 distinct immune cell types in LUAD. The X-axis represents the level of
immune infiltration, whereas the Y-axis denotes the expression level of SPAGS5. (B) The TIMER2.0 website was employed to investigate the correlation
between SPAG5 expression and the specific inhibitory immune checkpoint as indicated. LUAD indicates lung adenocarcinoma; SPAGS5, sperm-
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immune regulation (immune cell activation). Therefore, we

speculate that SPAGS5 may contribute to chemotherapeutic
resistance and immunotherapy responses in LUAD. In addi-
tion, we also analyzed the functional roles of the co-expressed
genes of SPAG5 in LUAD. The positively correlated genes are
primarily associated with the cell cycle, DNA replication,

repair, and other regulatory processes. Conversely, the nega-
tively correlated genes are linked to the activation of immune
cells, such as neutrophils and myeloid cells.

He et al'! provided a comprehensive overview of the onco-
genic role of SPAGS5. They highlighted that SPAGS5 exerts its
influence by inhibiting mTORCI1 activity, thereby regulating
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Figure 7. SPAG5 may be a predictor of response to LUAD immunotherapy. (A and B) Based on the H-score evaluation of SPAG5 expression levels
through IHC staining, a chi-square test was conducted to analyze the differential rates of PD-L1 positivity among LUAD samples with high and low SPAG5
expression. PD-L1 positivity was assessed using IHC staining with SP142 and SP263 antibodies in panels A and B, respectively. (C) Analysis of the LUAD
sequencing data of TCGA by ImmuCellAl website showed that the expression of SPAGS5 is positively correlated with good ICB therapy response. ICB
indicates checkpoint blockade; IHC, immunohistochemistry; LUAD, lung adenocarcinoma; M¢, macrophages; PD-L1, programmed death-ligand 1;

SPAG5, sperm-associated antigen 5; TCGA, The Cancer Genome Atlas.

the cellular stress response. In addition, SPAG5 plays a role in
inhibiting cell apoptosis through the p53-mediated DNA
damage response pathway. This pathway governs the cellular
response to DNA damage, redox stress, and abnormal onco-
gene amplification, ultimately promoting the expression of
apoptotic genes. Furthermore, SPAGS5 can upregulate WNT3
via the AKT/mTOR pathway. WNT3/B-catenin signaling
pathway is involved in various biological processes, including
the promotion of EMT and the development of chemoresist-
ance in bladder cancer and human epidermal growth factor
receptor 2 (HER2)-overexpressing breast cancer.!** In addi-
tion, SPAG5 enhances the transcriptional activity of c-Myc by
increasing and interacting with c-Myc-binding protein
(MYCBP). This interaction contributes to cellular mechanisms
such as cell proliferation, apoptosis, and DNA repair.1?
Nonetheless, the precise functional mechanisms through which
SPAGS regulates LUAD remain unclear and require further
investigation to elucidate.

Notably, some of the small molecule drugs predicted based
on differential gene expression in the high-low SPAGS5 expres-
sion groups have been reported to enhance the sensitivity of
non-small cell lung cancer (NSCLC) drugs.*># Interestingly,
3 of the top 10 drugs with positive associations to differential
gene expression are CDK inhibitors. Previous studies have
demonstrated that CDK inhibitors significantly improve
immunotherapy in recurrent breast cancer and chemotherapy
response in recurrent small cell lung cancer.’%5! Therefore, it is
worth further exploring the potential of CDK inhibitors as a
treatment option for LUAD based on the expression levels of
SPAGS.

Previous studies have established a positive correlation
between SPAGS5 expression in hepatocellular carcinoma and
the infiltration of immune cells, including CD8* T cells, M¢,
neutrophils B cells, and dendritic cells.”? Zeng et al*3 identified

that SPAG5 as one of the 15 key stemness-related genes
(SRGs) in LUAD. Their findings revealed that the collective
overexpression of these SRGs was associated with a decrease in
immune invasion. However, the precise impact of SPAGS5 on
immune infiltration was not extensively explored in their study.
Our study revealed a positive correlation between SPAGS5
expression and the infiltration of anti-tumor immune cells,
such as plasma cells and B cells. Conversely, SPAGS exhibited
a negative correlation with the infiltration of immunosuppres-
sive Th-2 and MDSC cells, indicating its potential involve-
ment in the formation of an immunosuppressive
microenvironment. In addition, immune checkpoint correla-
tion analysis showed a positive correlation between SPAGS
and the expression of various inhibitory immune checkpoint
molecules, including TIGIT, LAG3, CD274 (coding PD-L1),
CD276, CTLA4, and FGL1. The positive correlation between
SPAGS and PD-L1 was further validated at the protein level
using TMA staining. Notably, we observed that the positive
detection rates of the 2 PD-L1 antibodies, SP142 and SP263,
were 14.3% (10/70) and 30% (21/70), respectively. Moreover,
the consistency between the 2 antibodies was less than 80%
(55/70) as shown in Supplementary Table 5. This inconsist-
ency in detection rates could be attributed to the extensive gly-
cosylation modification of PD-L1. The variation in detection
rates among different antibodies highlights one of the limita-
tions of PD-L1 as a predictor of immune efficacy. Therefore, it
is advisable to supplement PD-L1 with additional indicators
when used as a predictive diagnostic marker for immunother-
apy. Sperm-associated antigen 5, being a protein that under-
goes minimal modification by macromolecule glycosylation,
presents itself as a promising candidate for analysis using the
UniProt database (Supplementary Table 6). Consequently, in
this study, we have also examined the predictive role of SPAG5
in response to ICB treatment. The findings revealed a positive
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association between elevated SPAGS levels and a more favora-
ble immune response to the treatment. This observation aligns
with the positive correlation observed between SPAGS5 and
PD-L1, a well-known immune response molecule. Liu et al*
have demonstrated both in vitro and in vivo the efficacy of
SPAGS5-targeted nano-siRNA drugs for the treatment of blad-
der cancer, highlighting the potential of SPAGS5 as a therapeu-
tic target. Furthermore, in a study by Li et al,’® SPAGS has also
been proposed as an alternative target for cancer vaccine in
various cancer types. These findings suggest the promising
therapeutic potential of SPAG5. Our results indicate that
upregulation of SPAG5 may serve as a predictive biomarker for
the efficacy of immunotherapy. However, further iz vifro and
in vivo investigations are warranted to determine the suitability
of targeting SPAGS5 for combination immunotherapy.

Although we have thoroughly investigated the potential role
of SPAGS5 in LUAD and explored its potential as a predictor of
immunotherapy response using bioinformatics and IHC analy-
sis, our study still has limitations that should be acknowledged.
First, the lack of validation using multi-center clinical samples
undermines the generalizability of our findings. In addition,
further mechanistic investigations are required to shed light on
the intricate relationship between SPAGS5 expression and the
abundance, activity, and spatial distribution of various immune
cells within LUAD tumor tissues. Such investigations hold the
key to enhancing our comprehension of SPAGS5’s effect on
tumor immunity and its consequential impact on LUAD pro-
gression and immunotherapy outcomes. Addressing these limi-
tations warrants future studies that leverage the advancements
in single-cell sequencing and spatial transcriptomics.>>3¢ These
innovative technologies provide an invaluable framework for
unraveling the complex interplay between SPAGS5 and immune
cells within the dynamic tumor microenvironment. Therefore,
capitalizing on the potential of single-cell omics technologies
represents a promising avenue for elucidating the underlying
mechanisms governing the actions of SPAG5.

Conclusions

In summary, our study highlights SPAGS5’s role as a prognos-
tic indicator for OS, RFS, and PFS in LUAD patients.
Sperm-associated antigen 5 appears to be involved in regulat-
ing key processes including cell cycle control, proliferation,
invasion, DNA damage and repair, and tumor immunosup-
pression. Furthermore, our findings suggest that SPAGS
holds promise as a potential predictor of immunotherapy

response in LUAD.
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