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The sarcoendoplasmic reticulum calcium adenosine triphosphatase (ATPase) 3 (SERCA3), a member of the SERCA protein family, is
located at the endoplasmic reticulum. Its main function is to pump Ca2+ into the endoplasmic reticulum and is involved in maintaining
intracellular calcium homeostasis and signal transduction, which are very important factors impacting cancer development and
progression. However, the specific role of SERCA3 in cancer remains unclear. Our study, for the first time, comprehensively analyzed
the SERCA3 expression profile in multiple cancers and its prognostic value in different cancers using bioinformatics. Furthermore,
TCGA database was applied to evaluate the certain correlation of SERCA3 expression with immune modulator genes, immune
checkpoints, immune cell infiltration, TMB, and MSI. The results revealed that in many cancers, SERCA3 expression was markedly
decreased, which was related to poor prognosis. Additionally, we noticed that SERCA3 expression was correlated with TNM clas-
sification and WHO cancer stages in some cancer types. The Pearson correlation analysis showed that SERCA3 expression was closely
associated with chemokines, chemokine receptors, MHC, immune activation genes, and immunosuppressive genes. In most cancer
types, SERCA3 expression was also associated with immune checkpoints, including PDCD1 and CTLA-4. Further analysis suggested
that SERCA3 was significantly correlated with CD8+ T cells, and regulatory T cells. Additionally, pan-cancer analysis confirmed that
SERCA3 expression was related to TMB and MSIL. In conclusion, these results offer a new insight into the functions and effects of
SERCA3 in pan-cancer, and further provide some basis for considering SERCA3 as a potential cancer treatment target and biomarker.

1. Introduction

Cancer, a major cause of death worldwide, imposed a heavy
burden on society [1-4]. Cancer incidence and mortality are
exceptionally high. Global cancer cases increased by 19
million in 2020, and nearly 10 million deaths due to cancer
were recorded. Furthermore, America cancer cases expected
to rise by 1.9 million, and new cancer deaths are expected to
reach 60,936 by 2022 [3, 5]. The rapid development of cancer

immunotherapy in recent years has improved the prognosis
of some cancer patients; however, immune checkpoint in-
hibitors have not achieved satisfactory results in most cancer
cases [6-8]. This may be attributed to the susceptibility of
cancer to mutations and drug resistance, which significantly
limit cancer screening and treatment [9, 10]. Therefore,
identifying new therapeutic targets or biomarkers is im-
portant for the early screening and successful treatment of
cancer.
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The sarcoendoplasmic reticulum calcium adenosine tri-
phosphatase (ATPase) 3 (SERCA3) enzyme belongs to the
SERCA protein family and is found in the endoplasmic re-
ticulum. It pumps calcium ions (Ca®*) from the cytoplasm into
the endoplasmic reticulum, which is the main calcium-storing
organelle. In most cells, it is mainly involved in maintaining
homeostasis of endoplasmic reticulum Ca®* and the in-
tracellular Ca®" concentration [11-13]. Being the second
messenger of intracellular signal transduction, Ca*>" is an
important regulator of cellular signaling activities, and in-
tracellular Ca** disorders can affect gene expression, pro-
liferation, differentiation, and cell death [14-16]. Cumulative
evidence suggests that Ca®* signal transduction is crucial for
cancer development. The growth, proliferation, invasion,
death, and drug resistance of cancer cells are regulated by Ca**
[17-20]. It has been reported that abnormal changes in am-
plitude of cytoplasmic free Ca>* concentration and duration of
Ca”" elevation may promote breast cancer cell proliferation
and invasion [17, 21]. The same phenomenon was confirmed
in endometrial and colorectal cancers [22, 23].

Intracellular calcium homeostasis is a crucial factor that
affects the occurrence and development of cancers. SERCA3
is one of the most important calcium modulators involved in
maintaining intracellular calcium homeostasis by modu-
lating the entry of cytoplasmic calcium into the endoplasmic
reticulum. However, no pan-cancer study of SERCA3 has
been reported, and the role of SERCA3 in pan-cancer re-
mains unknown. Our study elucidated the SERCA3 ex-
pression profile and examined correlations between SERCA3
expression and cancer prognosis; moreover, the correlation
between SERCA3, tumor-node-metastasis (TNM) classifi-
cation, and World Health Organization (WHO) cancer
stages was also detected. The relationship between SERCA3
with immune modulator pathways, immune checkpoints,
and immune cell infiltration levels was analyzed. Finally, we
examined the correlation of SERCA3 expression with cancer
mutation burden (TMB) and microsatellite instability (MSI).
We provided a study of SERCA3 in pan-cancer, focusing on
the role of SERCA3 in cancer immune functions and the
potential mechanisms of cancer immunotherapy.

2. Materials and Methods

2.1. SERCA3 Expression in Human Pan-Cancer. The Cancer
Genome Atlas (TCGA) pan-cancer database (PANCAN,
N=10535 G=60499, year: updated in 2022) was down-
loaded from the UCSC Cancer Genome Browser (https://
xenabrowser.net/), from which SERCA3 expression data for
each cancer type were extracted [24, 25]. Furthermore, we
screened data from the Primary Tumor (year: updated in
2022) and Solid Tissue Normal (year: updated in 2022)
databases to compare SERCA3 expression between different
cancer types. The final cancer expression data were obtained
after eliminating cancer types from less than three sample.
All expression data were standardized by log2 conversion.
SERCAS3 expression in different cancers was calculated using
R software (version 3.6.4) [24]. Additionally, we used the
Human Protein Atlas (HPA) database to investigate SERCA3
expression in normal and cancer tissues in humans.
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2.2. Association of SERCA3 Expression with TNM Classifi-
cation and WHO Cancer Stages. We selected SERCA3 ex-
pression data from TCGA-LAML (year: updated in 2022)
and Primary Tumor databases. The final cancer expression
data were obtained after eliminating cancer types from less
than three sample. Using R software to correlate SERCA3
expression with TNM classification and WHO cancer stages
in various types of cancer. All expression data were stan-
dardized via log2 conversion.

2.3. Prognostic Analysis. In addition to extraction of data
from TCGA-LAML, TCGA-SKCM (year: updated in 2022),
and Primary Tumor databases, prognostic data for TCGA
within 1 month of follow-up were also obtained from
a previously published TCGA prognosis study [26], and pan-
cancer data were obtained after eliminating the cancer types
with less than 10 samples. Applying hazard ratios (HR) and
95% confidence intervals (CI) to assess overall survival (OS).

2.4. Relationship between SERCA3 Expression and Immune
Modulator Pathways and Immune Checkpoints. The SERCA3
expression data and data on five immune modulator
pathways, including chemokines, chemokine receptors,
major histocompatibility complex (MHC), immune acti-
vation genes, and immunosuppressive genes, were extracted
from TCGA. Further, we excavated TCGA-LAML and
Primary Tumor data and plotted the Spearman correlation
analysis heat map of SERCA3 expression and five immune
modulator pathways.

Moreover, we extracted expression data on two immune
checkpoints, including 24 immune checkpoint inhibitors
and 36 immune checkpoint stimulators, from a previous
study [27]. We screened the cancer samples as follows:
TCGA-LAML and Primary Tumor. All expression data were
standardized by log2 conversion. The Pearson correlation
between SERCA3 level and two immune checkpoint path-
ways was calculated.

2.5. SERCA3 Expression and Immune Cell Infiltration.
Mapping the obtained SERCA3 expression data of each
cancer type to Gene Symbol, using CIBERSORT [28,29] in R
software IOBR (version 0.99.9) [30]. Immune cell infiltration
levels of each cancer type were assessed, the corr.test
function of the R software psych (version 2.1.6) was used to
calculate the Spearman correlation coefficient.

2.6. Association of SERCA3 Expression with TMB and MSI.
SERCA3 expression and TMB data were extracted from
TCGA and Primary Tumor. Downloaded TCGA level 4
simple nucleotide variation data processed by MuTect2
software from GDC [31]. TMB for each cancer type was
estimated using the “maftools” R package (version 2.8.05).
Subsequently, SERCA3 expression and TMB data were in-
tegrated. The final cancer expression data were obtained
after eliminating cancer types from less than three sample.
All expression data were standardized via log2 conversion.
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Spearman’s correlation between SERCA3 expression and
TMB was then compared.

Subsequently, we obtained the MSI score of each cancer
type from a previous study [32], and the MSI score and
SERCA3 expression data were integrated; less than three
samples of cancer types were eliminated, and the final cancer
expression data was acquired. All expression data were
standardized via log2 conversion. Spearman correlation
between SERCA3 expression and MSI was then compared.

2.7. Statistical Analysis. Differential expression of SERCA3
in various cancer types was evaluated using Student’s t-test.
Kruskal-Wallis test and Mann-Whitney U-test were used to
calculate the relationship of SERCA3 expression with TNM
classification and WHO cancer stages. HR and p-values for
overall survival were assessed using the log-rank test.
Spearman correlation and Pearson’s correlation were ap-
plied to detect the correlation between SERCA3 expression
and immunity. All analyses were performed using R software
(IOBR, psych, and maftools). p<0.05 was considered
a statistically significant difference.

3. Results

3.1. SERCA3 Expression in Human Pan-Cancer. We calcu-
lated SERCA3 expression in various cancer types based on
TCGA database. The results showed inconsistent expression
of SERCA3 in different types of cancer; it had significantly
low expression in 13 cancers, including GBM, GBMLGG,
LGG, COAD, COADREAD, KIRP, KIPAN, PRAD, LUSC,
THCA, READ, BLCA, and KICH. Contrastingly, two can-
cers, including BRCA and CHOL, showed significantly high
SERCA3 expression (Figure 1). Immunohistochemistry
(IHC) of SERCA3 in COAD, PRAD, LUSC, and THCA
supported this view (Figure 2). These cancer abbreviations
are defined in Supplement 1.

3.2. Association of SERCA3 Expression with TNM Classifi-
cationand WHO Cancer Stages. To understand the association
of SERCA3 expression with TNM classification and WHO
cancer stage, we measured SERCA3 expression among the
different TNM classification. Strong association of SERCA3
expression with TNM classification was found in KIRP
(p=0.01), GBMLGG (p=0.02), LGG (p=0.02), and
COADREAD (p = 0.05) (Figure 3(a)). Subsequently, the ex-
pression of SERCA3 in the WHO cancer stages was assessed
based on the Union for International Cancer Control definition.
SERCA3 expression was downregulated in some advanced-stage
cancers, including GBMLGG (p = 1.5e — 3), BRCA (p = 0.05),
LGG (p = 0.04), and GBM (p = 0.02) (Figure 3(b)).

3.3. Prognostic Analysis of SERCA3 Expression. The relevance
between the expression of SERCA3 and the OS in cancer
patients was evaluated. SERCA3 is a protective factor in most
cancers, HR and 95%CI for cancers were PAAD (0.68,
0.56-0.81), CESC (0.85, 0.72-0.99), SKCM (0.86, 0.80-0.93),
SARC (0.81, 0.71-0.92), BLCA (0.89, 0.80-0.98), SKCM-M

(0.87, 0.80-0.95), COADREAD (0.80, 0.69-0.94), HNSC
(0.87, 0.79-0.95), KIRC (0.87, 0.75-0.99), COAD (0.83,
0.70-0.99), OV (0.92, 0.84-1.00), while SERCA3 is an ad-
verse factor in KIPAN (1.11, 1.00-1.22), GBMLGG (1.53,
1.38-1.70), TGCT (3.20, 0.94-10.88), UVM (2.04,
1.39-3.01), LGG (1.53, 1.33-1.76). The pan-cancer results
were found using cox regression analysis (Figure 4).

3.4. Relationship between SERCA3 Expression and Immune
Modulator Pathways and Immune Checkpoints. Based on
TCGA database, we analyzed the connection between
SERCAS3 expression and the five immune modulator path-
ways. The heat map revealed that SERCA3 expression was
closely correlated with the level of chemokines and che-
mokine receptors, such as CCL5, CCL17, CCL22, CCR4, and
CCR5 (Figures 5(a) and 5(b)). Furthermore, SERCA3 ex-
pression was closely correlated with MHC, immune acti-
vation genes, and immunosuppressive genes such as HLA-
DRBI, HLA-E, PDCD1 (PD-1), TGF-B1, CTLA-4, TIGIT,
and ICOS in most cancer types (Figures 5(c)-5(e)).
Immunotherapy is increasingly becoming an important
means of cancer treatment, the application of immune
checkpoint inhibitors has improved the prognosis of some
cancer patients [33, 34]. Therefore, we collected the ex-
pression data of 60 common immune checkpoints [27],
using Pearson’s correlation analyzed the relationship be-
tween SERCA3 expression and immune checkpoints. Our
results suggested that in most types of cancer, SERCA3
expression was distinctly related to immune checkpoints,
such as TLR4, ICOS, CTLA-4, PDCD1, and CD27 (Figure 6).

3.5. Immune Cell Infiltration Analysis. The abundances of 22
immune cells were calculated using CIBERSORT, the re-
lationship between SERCA3 expression and immune cell
infiltration levels in different cancer types was analyzed. We
noticed that the abundance of many immune cells was
correlated with SERCA3 expression. SERCA3 expression was
positively connected with CD8" T cells, regulatory T (Treg)
cells, M1 macrophages, and naive B cells, while negatively
correlated with MO macrophages, M2 macrophages, and
eosinophils (Figure 7).

3.6. Association of SERCA3 Expression with TMB and MSI.
TMB and MSI affect the sensitivity of immunotherapy and
prognosis. The current study analyzed whether there is
a correlation between SERCA3 expression and TMB and
MSI in various cancers. From the analysis results it seems
that SERCA3 expression was positively correlated with TMB
in some cancers. A p-value for these cancers were UCEC
(0.0052), LGG (0.0006), OV (0.0035), COAD (0.0360),
ESCA (0.0007), and GBMLGG (<0.0001), while it was
negatively associated with TMB in LIHC (0.0002), TGCT
(0.0431), PAAD (0.0016), PRAD (<0.0001), LAML (0.0131),
GBM (0.0089), THCA (0.0004), STAD (0.0018), THYM
(7.87e-11), KIRP (0.0126), LUSC (0.0403), and KIRC
(0.0137) (Figure 8(a)). Moreover, expression of SERCA3 was
positively associated with MSI in some cancers. A p-value
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FIGURE 1: SERCA3 expression in human pan-cancer. The expression of SERCA3 in different cancer types were compared in 26 cancer types

based on the Solid Tissue Normal, Primary Blood Derived Cancer- Peripheral Blood, Primary Tumor database. *p <0.05; **p <0.01;
*** £ <0.001 and **** p < 0.0001.
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FiGure 2: The ITHC of SERCA3 between human normal tissues and cancer tissues. SERCA3 expression levels in human normal tissues and

cancer tissues from The Human Protein Atlas database. ((a), (c), (e), (g)) normal colon, prostate, lung, thyroid. ((b), (d), (f), (h)) colon
adenocarcinoma, prostate adenocarcinoma, lung squamous carcinoma, thyroid carcinoma.

for these cancers were COADREAD (0.0014), LUAD
(<0.0001), COAD (<0.0001), and UCEC (0.0017), and was
negatively correlated with MSI in TGCT (0.0224), STAD
(0.005), LIHC (0.0202), DLBC (0.0136), KIPAN (2.16e-15),
GBMLGG (0.0003), SARC (0.0231), HNSC (0.0161), and
KIRP (0.0251) (Figure 8(b)).

differentiation, secretion, and death [12]. Maintaining Ca**
homeostasis is crucial for protein storage and transport,
signal transduction, and various cellular activities [11].
Abnormal changes in intracellular Ca** levels have been
reported to affect cancer progression [21, 22, 35, 36].
However, in cancer, the role of SERCA3, a protein that
maintains Ca** homeostasis in the cytoplasm and endo-
plasmic reticulum, remains unknown. In this study, the pan-
cancer analysis revealed an association between SERCA3
expression and cancer prognosis, immunoregulatory genes,
immune infiltration, and mutations.

4. Discussion

Calcium-dependent cell signal transduction was involved in
a variety of life activities including proliferation,
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FIGURE 4: Prognostic analysis of SERCA3 expression. The forest map shows the influence of SERCA3 expression on overall survival (OS)
evaluated by Cox proportional hazard regression model.
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FIGURE 5: Pan-Cancer Analysis of the SERCA3 Expression in Relation to Immune Modulator Pathways (a) The heatmap shows the
correlation between SERCA3 expression and chemokines. (b) The heatmap shows the correlation between SERCA3 expression and
chemokine receptors. (c) The heatmap shows the correlation between SERCA3 expression and MHC. (d) The heatmap shows the correlation
between SERCA3 expression and immune activation genes. (e) The heatmap shows the correlation between SERCA3 expression and
immunosuppressive genes. For each pair, the left top triangle is colored to represent the Spearman correlation coefficient; the right bottom

one is colored to indicate the p-value. *p<0.05.

We found that SERCA3 expression varied among dif-
ferent cancer types. SERCA3 was expressed at low levels in 13
types of cancers, including GBM, GBMLGG, LGG, COAD,
COADREAD, KIRP, KIPAN, PRAD, LUSC, THCA, READ,
BLCA, and KICH. Comparative analyses revealed high
SERCA3 expression in two cancer types, including BRCA
and CHOL. Moreover, SERCA3 expression is association
with WHO cancer stages and TNM classification in a few
types of cancer. For instance, the expression of SERCA3 is
different for WHO cancer stages of GBM, GBMLGG, LGG,
and BRCA. Furthermore, the expression of SERCA3 is re-
lated to metastasis stages of GBMLGG, LGG, and COAD-
READ. Cox regression analysis showed that SERCA3 is
a protective factor against some cancers, including PAAD,
SKCM, SARC, SKCM-M, HNSC, COADREAD, BLCA,
COAD, CESC, KIRC, and OV. However, it acts also as a risk
factor for GBMLGG, LGG, UVM, KIPAN, and TGCT. These
results indicated that SERCA3 has a low level of expression
in most cancers compared with its expression in normal
tissues and plays a protective role in most cancer types.

Analysis of the results of the TCGA database revealed
that the expression of SERCA3 was correlated with the
chemokine receptors CCR4, which plays a significant role in
immune regulation and is regarded as a potential therapeutic
target in bronchial asthma. CCR4 is also highly expressed in

adult T-cell leukemia/lymphoma (ATLL) and cutaneous T-
cell lymphoma (CTCLs) [37]. Li et al. showed that over-
expression of CCR4 mediates the chemotactic response of
breast cancer cells to CCL17 and accelerates the growth and
metastasis of breast cancer [38]. Our results found a corre-
lation between the level of SERCA3 and immune-activating
and immunosuppressive genes, including PDCDI1 (PD-1),
CTLA-4, TIGIT, and ICOS. By analyzing the correlation
between SERCA3 expression and immune checkpoints we
found that SERCA3 expression was related to immune
checkpoints, including CTLA-4, PDCD1, and ICOS in most
types of cancer. PDCDI and CTLA-4 antibodies, which are
immune checkpoint inhibitors, have been approved for the
treatment of cancers including non-small cell lung cancer
(NSCLC) and melanoma, and have improved the prognosis
of patients with these cancers [39, 40]. These results proved
that SERCA3 might partially affect immune checkpoints.
The tumor microenvironment (TME) is pivotal in reg-
ulating cancer progression and can predict treatment out-
comes [41-43]. The composition of the TME is complex and
includes vascular vessels, immune infiltrates, fibroblasts, and
the extracellular matrix [44-46]. The immune cells, an
important part of the TME, show an apparent impact on
cancer development [46, 47]. Investigating the association of
SERCAS3 expression and levels of immune cell, we detected
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FIGURE 6: Pan-cancer analysis of the SERCA3 expression in relation to immune checkpoints. The heatmap shows the correlation between
SERCA3 expression and immune checkpoints. For each pair, the left top triangle is colored to represent the Spearman correlation coefficient;

the right bottom one is colored to indicate the p-value. *p<0.05.

that SERCA3 expression was positively associated with M1
macrophages and CD8" T cells levels, whereas it showed
a negative correlation with the levels of MO and M2 mac-
rophages. Cytotoxic CD8" T cells are the main immune cells
against pathogens and neoplastic cells. The cancer

immunotherapy partially strengthens CD8+ T cell activity
leading to the reduced escape of cancer cells from the im-
mune system and then establishing durable and efficient
anti-tumor immunity [48, 49]. SERCA3 may play a pro-
tective role in most cancers by increasing T cell infiltration.
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Previous research reported that an increased M2/M1
macrophage ratio promotes cancer progression [50].
SERCA3 expression was positively correlation with M1
macrophage levels while negatively correlation with M2
macrophage levels, further providing a basis for the pro-
tective role of SERCA3 in most cancer types. These results
suggest that SERCA3 may interfere with the prognosis of
various cancers by regulating the expression of multiple
immune cells.

Finally, we assessed the correlation among SERCA3
expression, TMB, and MSI. The more somatic mutations in
tumors, the newer antigens that may form, and TMB can be
used to evaluate the number of new tumor antigen loads
[51]. MSI is an indicator of DNA mismatch repair (MMR)
defects. TMB and MSI were used as biomarkers to predict
the efficacy of immune checkpoint blockade (ICB) [52, 53].
By pan-cancer analysis we found that SERCA3 expression
correlated with TMB and MSI, providing evidence for
SERCAS3 as a potential predictor of ICB therapy.

However, our study had some limitations. First, it was
based on bioinformatics and different databases; methods of
generating data may have impacted the results. Second,
TCGA database lacks data on immunotherapy; hence, we
cannot further analyze the indications for immunotherapy.
Opverall, our study systematically analyzed the association of
SERCA3 expression with prognosis, immune modulator
genes, immune checkpoints, immune cell infiltration, TMB,
and MSI, which can provide information to further un-
derstand the role of SERCA3 in cancers and its relationship
with the immune responses. It also provides a basis for
considering SERCA3 as a potential cancer treatment target
and biomarker. A potential challenge in the future will
involve the development of new therapeutic methods related
to the specific targeting of SERCA3 to limit the development
and progression of cancer.

5. Conclusions

This research revealed that SERCA3 expression was signif-
icantly decreased in most types of cancer, cancer patients
with reduced SERCA3 expression tend to have a poor
prognosis. Moreover, we analyzed the correlation of
SERCA3 expression with immune regulatory gene expres-
sion, immune checkpoints, immune cell infiltration, TMB,
and MSI. We speculated that SERCA3 might affect cancer
progression by regulating the TME, especially immune cells.
These results provide new ideas for the function and role of
SERCA3 in pan-cancer and provide a theoretical basis for
considering SERCA3 as a potential cancer treatment target
and biomarker.

Data Availability

The data used in this study can be found in the relevant
literature, The Human Protein Atlas (HPA: https://www.
proteinatlas.org), UCSC (https://xenabrowser.net), GDC
(https://portal.gdc.cancer.gov), TCGA-SKCM, Solid Tissue
Normal, Primary Blood Derived cancer-peripheral Blood
and Primary Tumor.

Journal of Oncology

Disclosure

Jiajia Li and Xionghui Li are co-first authors.

Conflicts of Interest

The authors declare no commercial or financial conflicts of
interest related to this study.

Authors’ Contributions

Jiajia Li and Xionghui Li contributed equally to this man-
uscript. Conceptualization, Chenzi Zhang, Yanyun Xie,
Yupeng Jiang and Jiajia Li.; Data acquisition and analysis,
Yupeng Jiang and Jiajia Li; Partial analysis method,
Xionghui Li, Hong Huang and Lijian Tao.; writing original
draft preparation, Jiajia Li.; Made important contribution in
article revision, Xionghui Li.; writing review and editing,
Chenzi Zhang, Yanyun Xie, Yupeng Jiang. All authors have
read and agreed to the published version of the manuscript.

Acknowledgments

This study was supported by the Postdoctoral Science
Foundation of China (2021M703771). National Natural
Science Foundation of China (82073918, 82173877), the Key
Research and Development Program of Hunan Province
(2021SK2015), Hunan Provincial Natural Science Founda-
tion (2021]J41039).

Supplementary Materials

Supplement 1 Abbreviations of nouns. (Supplementary
Materials)

References

[1] Global Burden of Disease 2019 Cancer Collaboration,
J. M. Kocarnik, K. Compton et al., “Cancer incidence,
mortality, years of life lost, years lived with disability, and
disability-adjusted life years for 29 cancer groups from 2010 to
2019: a systematic analysis for the global burden of disease
study 2019,” JAMA Oncology, vol. 8, no. 3, pp. 420-444, 2022.

[2] J. H. Jung, J. Hwang, J. H. Kim et al., “Phyotochemical

candidates repurposing for cancer therapy and their molec-

ular mechanisms,” Seminars in Cancer Biology, vol. 68,

pp. 164-174, 2021.

R. L. Siegel, K. D. Miller, H. E. Fuchs, and A. Jemal, “Cancer

statistics,” CA: A Cancer Journal for Clinicians, vol. 72, no. 1,

pp. 7-33, 2022.

[4] I Soerjomataram and F. Bray, “Planning for tomorrow: global
cancer incidence and the role of prevention 2020-2070,”
Nature Reviews Clinical Oncology, vol. 18, no. 10, pp. 663-672,
2021.

[5] H. Sung, J. Ferlay, R. L. Siegel et al., “Global cancer statistics
2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries,” CA: A Cancer
Journal for Clinicians, vol. 71, no. 3, pp. 209-249, 2021.

[6] F. Meric-Bernstam, J. Larkin, J. Tabernero, and C. Bonini,
“Enhancing anti-tumour efficacy with immunotherapy
combinations,” The Lancet, vol. 397, no. 10278, pp. 1010-1022,
2021.

[3


https://www.proteinatlas.org
https://www.proteinatlas.org
https://xenabrowser.net
https://portal.gdc.cancer.gov
https://downloads.hindawi.com/journals/jo/2022/9359879.f1.docx
https://downloads.hindawi.com/journals/jo/2022/9359879.f1.docx

Journal of Oncology

[7] Z.R. Huinen, E. J. M. Huijbers, J. R. van Beijnum, P. Nowak-
Sliwinska, and A. W. Griffioen, “Anti-angiogenic agents -
overcoming tumour endothelial cell anergy and improving
immunotherapy outcomes,” Nature Reviews Clinical Oncol-
0gy, vol. 18, no. 8, pp. 527-540, 2021.

[8] L. Zhou, P. Zhang, H. Wang, D. Wang, and Y. Li, “Smart
nanosized drug delivery systems inducing immunogenic cell
death for combination with cancer immunotherapy,” Ac-
counts of Chemical Research, vol. 53, no. 9, pp. 1761-1772,
2020.

[9] F. Martinez-Jimenez, F. Muinos, I. Sentis et al., “A com-
pendium of mutational cancer driver genes,” Nature Reviews
Cancer, vol. 20, no. 10, pp. 555-572, 2020.

[10] S. Srivastava, E. J. Koay, A. D. Borowsky et al, “Cancer
overdiagnosis: a biological challenge and clinical dilemma,”
Nature Reviews Cancer, vol. 19, no. 6, pp. 349-358, 2019.

[11] J. M. Azeez, R. Vini, V. Remadevi et al., “VDACI1 and SERCA3
mediate progesterone-triggered Ca2(+) signaling in breast
cancer cells,” Journal of Proteome Research, vol. 17, no. 1,
pp. 698-709, 2018.

[12] B. Papp and J. P. Brouland, “Altered endoplasmic reticulum
calcium pump expression during breast tumorigenesis,”
Breast Cancer: Basic and Clinical Research, vol. 5,
pp. BCBCR.S7481-74, 2011.

[13] G. R. Monteith, F. M. Davis, and S. J. Roberts-Thomson,
“Calcium channels and pumps in cancer: changes and con-
sequences,” Journal of Biological Chemistry, vol. 287, no. 38,
pp. 31666-31673, 2012.

[14] A. Tajbakhsh, A. Pasdar, M. Rezaee et al., “The current status
and perspectives regarding the clinical implication of in-
tracellular calcium in breast cancer,” Journal of Cellular
Physiology, vol. 233, no. 8, pp. 5623-5641, 2018.

[15] G. Shapovalov, D. Gordienko, and N. Prevarskaya, “Store

operated calcium channels in cancer progression,” Int Rev Cell

Mol Biol, vol. 363, pp. 123-168, 2021.

I. Jardin, J. J. Lopez, J. Sanchez-Collado, L. J. Gomez,

G. M. Salido, and J. A. Rosado, “Store-Operated calcium entry

and its implications in cancer stem cells,” Cells, vol. 11, no. 8,

p. 1332, 2022.

[17] S.J. Roberts-Thomson, S. B. Chalmers, and G. R. Monteith,
“The calcium-signaling toolkit in cancer: remodeling and
targeting,” Cold Spring Harbor Perspectives in Biology, vol. 11,
no. 8, p. a035204, 2019.

[18] S. Patergnani, A. Danese, E. Bouhamida et al., “Various as-
pects of calcium signaling in the regulation of apoptosis,
autophagy, cell proliferation, and cancer,” International
Journal of Molecular Sciences, vol. 21, no. 21, p. 8323, 2020.

[19] E. Varghese, S. M. Samuel, Z. Sadiq et al., “Anti-cancer agents
in proliferation and cell death: the calcium connection,” In-
ternational Journal of Molecular Sciences, vol. 20, no. 12,
p. 3017, 2019.

[20] A H L Bong, G R Monteith, “Calcium signaling and the
therapeutic targeting of cancer cells,” Biochimica et Biophysica
Acta (BBA) - Molecular Cell Research, vol. 1865, no. 11,
pp. 1786-1794, 2018.

[21] C. L. So, J. M. Saunus, S. J. Roberts-Thomson, and
G. R. Monteith, “Calcium signalling and breast cancer,”
Seminars in Cell & Developmental Biology, vol. 94, pp. 74-83,
2019.

[22] W. Wang, S. Yu, S. Huang et al., “A complex role for calcium
signaling in colorectal cancer development and progression,”
Molecular Cancer Research, vol. 17, no. 11, pp. 2145-2153,
2019.

(16

11

[23] T. Huang, J. Zhou, and J. Wang, “Calcium and calcium-
related proteins in endometrial cancer: opportunities for
pharmacological intervention,” International Journal of Bi-
ological Sciences, vol. 18, no. 3, pp. 1065-1078, 2022.

[24] Y. Qin, H. Liu, X. Huang et al., “GIMAP7 as a potential
predictive marker for pan-cancer prognosis and immuno-
therapy efficacy,” Journal of Inflammation Research, vol. 15,
pp. 1047-1061, 2022.

[25] F. Chen, Y. Fan, P. Cao et al,, “Pan-cancer analysis of the
prognostic and immunological role of HSF1: a potential target
for survival and immunotherapy,” Oxidative Medicine and
Cellular Longevity, vol. 2021, Article ID 5551036, pp. 1-21,
2021.

[26] J. Liu, T. Lichtenberg, K. A. Hoadley et al., “An integrated
TCGA pan-cancer clinical data resource to drive high-quality
survival outcome analytics,” Cell, vol. 173, no. 2, pp. 400-416
ell, 2018.

[27] V. Thorsson, D. L. Gibbs, S. D. Brown et al., “The immune
landscape of cancer,” Immunity, vol. 48, no. 4, pp. 812-830
el4, 2018.

[28] A. M. Newman, C. L. Liu, M. R. Green et al., “Robust enu-
meration of cell subsets from tissue expression profiles,”
Nature Methods, vol. 12, no. 5, pp. 453-457, 2015.

[29] J. N. Liu, X. Kong, P. Sun, R. Wang, W. Li, and Q. Chen, “An
integrated pan-cancer analysis of TFAP4 aberrations and the
potential clinical implications for cancer immunity,” Journal
of Cellular and Molecular Medicine, vol. 25, no. 4,
pp. 2082-2097, 2021.

[30] D. Zeng, Z. Ye, R. Shen et al., “IOBR: multi-omicsimmuno-
oncology biological research to decode tumor microenvi-
ronment and signatures,” Frontiers in Immunology, vol. 12,
Article ID 687975, 2021.

[31] R. Beroukhim, C. H. Mermel, D. Porter et al., “The landscape
of somatic copy-number alteration across human cancers,”
Nature, vol. 463, no. 7283, pp. 899-905, 2010.

[32] R.Bonneville and A. K. Melanie, “Landscape of microsatellite
instability across 39 cancer types,” JCO Precis Oncol, vol. 1,
2017.

[33] H. O. Alsaab, S. Sau, R. Alzhrani et al,, “PD-1 and PD-L1
checkpoint signaling inhibition for cancer immunotherapy:
mechanism, combinations, and clinical outcome,” Frontiers in
Pharmacology, vol. 8, p. 561, 2017.

[34] F. De Felice, D. Musio, and V. Tombolini, “Immune check-
point inhibitors and standard chemoradiotherapy in de-
finitive head and neck cancer treatment,” Journal of Per-
sonalized Medicine, vol. 11, no. 5, p. 393, 2021.

[35] C.F.Garland, F. C. Garland, and E. D. Gorham, “Calcium and
vitamin D. Their potential roles in colon and breast cancer
prevention,” Annals of the New York Academy of Sciences,
vol. 889, no. 1, pp. 107-119, 1999.

[36] S. O’Grady and M. P. Morgan, “Calcium transport and sig-
nalling in breast cancer: functional and prognostic signifi-
cance,” Seminars in Cancer Biology, vol. 72, pp. 19-26, 2021.

[37] O. Yoshie, “CCR4 as a therapeutic target for cancer immu-
notherapy,” Cancers, vol. 13, no. 21, p. 5542, 2021.

[38] J.Y.Li, Z. L. Ou, S.J. Yu et al., “The chemokine receptor CCR4
promotes tumor growth and lung metastasis in breast cancer,”
Breast Cancer Research and Treatment, vol. 131, no. 3,
pp. 837-848, 2012.

[39] Y. Iwai, J. Hamanishi, K. Chamoto, and T. Honjo, “Cancer
immunotherapies targeting the PD-1 signaling pathway,”
Journal of Biomedical Science, vol. 24, no. 1, p. 26, 2017.

[40] D. Chen, H. Menon, V. Verma et al., “Response and outcomes
after anti-CTLA4 versus anti-PD1 combined with stereotactic



12

body radiation therapy for metastatic non-small cell lung
cancer: retrospective analysis of two single-institution pro-
spective trials,” ] Immunother Cancer, vol. 8, no. 1, p. e000492,
2020.

[41] F. Wu, J. Yang, J. Liu et al., “Signaling pathways in cancer-
associated fibroblasts and targeted therapy for cancer,” Signal
Transduction and Targeted Therapy, vol. 6, no. 1, p. 218, 2021.

[42] D. Zeng, M. Li, R. Zhou et al., “Tumor microenvironment
characterization in gastric cancer identifies prognostic and
immunotherapeutically relevant gene signatures,” Cancer
Immunology Research, vol. 7, no. 5, pp. 737-750, 2019.

[43] I. Elia and M. C. Haigis, “Metabolites and the tumour mi-
croenvironment: from cellular mechanisms to systemic
metabolism,” Nat Metab, vol. 3, no. 1, pp. 21-32, 2021.

[44] C. Zeltz, 1. Primac, P. Erusappan, J. Alam, A. Noel, and
D. Gullberg, “Cancer-associated fibroblasts in desmoplastic
tumors: emerging role of integrins,” Seminars in Cancer Bi-
ology, vol. 62, pp. 166-181, 2020.

[45] L. Bejarano, M. J. C. Jordao, and J. A. Joyce, “Therapeutic
targeting of the tumor microenvironment,” Cancer Discovery,
vol. 11, no. 4, pp. 933-959, 2021.

[46] D. C. Hinshaw and L. A. Shevde, “The tumor microenvi-
ronment innately modulates cancer progression,” Cancer
Research, vol. 79, no. 18, pp. 4557-4566, 2019.

[47] X. Lei, Y. Lei, J. K. Li et al., “Immune cells within the tumor
microenvironment: biological functions and roles in cancer
immunotherapy,” Cancer Letters, vol. 470, pp. 126-133, 2020.

[48] B.Farhood, M. Najafi, and K. Mortezaee, “CD8(+) cytotoxic T
lymphocytes in cancer immunotherapy: a review,” Journal of
Cellular Physiology, vol. 234, no. 6, pp. 8509-8521, 2019.

[49] H. Raskov, A. Orhan, J. P. Christensen, and I. Gogenur,
“Cytotoxic CD8(+) T cells in cancer and cancer immuno-
therapy,” British Journal of Cancer, vol. 124, no. 2, pp. 359-
367, 2021.

[50] H. Dan, S. Liu, J. Liu et al., “RACKI1 promotes cancer pro-
gression by increasing the M2/M1 macrophage ratio via the
NF «B pathway in oral squamous cell carcinoma,” Mol Oncol,
vol. 14, no. 4, pp- 795-807, 2020.

[51] T. A. Chan, M. Yarchoan, E. Jaffee et al., “Development of
tumor mutation burden as an immunotherapy biomarker:
utility for the oncology clinic,” Annals of Oncology, vol. 30,
no. 1, pp. 44-56, 2019.

[52] M. Baretti and D. T. Le, “DNA mismatch repair in cancer,”
Pharmacology & Therapeutics, vol. 189, pp. 45-62, 2018.

[53] M. Allgauer, J. Budczies, P. Christopoulos et al., “Imple-
menting tumor mutational burden (TMB) analysis in routine
diagnostics-a primer for molecular pathologists and clini-
cians,” Translational Lung Cancer Research, vol. 7, no. 5,
pp. 703-715, 2018.

Journal of Oncology





