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STAC3 as a poor prognostic biomarker in renal clear
cell carcinoma: relationship with immune infiltration
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Abstract: Calcium ions (Ca?*) are crucial in tumorigenesis and progression, with their elevated levels indicating a
negative prognosis in Kidney Renal Clear Cell Carcinoma (KIRC). The influence of genes regulating calcium ions on
the survival outcomes of KIRC patients and their interaction with the tumor’s immune microenvironment is yet to be
fully understood. This study analyzed gene expression data from KIRC tumor and adjacent non-tumor tissues using
the TCGA-KIRC dataset to pinpoint genes that are differentially expressed in KIRC. Intersection of these genes with
those regulating calcium ions highlighted specific calcium ion-regulating genes that exhibit differential expression in
KIRC. Subsequently, prognostic risk models were developed using univariate Cox and LASSO-Cox regression analy-
ses to verify their diagnostic precision. Additionally, the study investigated the correlation between tumor immunity
and KIRC patient outcomes, assessing the contribution of STAC3 genes to tumor immunity. Further exploration
entailed SSGASE, single-cell analysis, pseudotime analysis and both in vivo and in vitro experiments to evaluate
STAC3'’s role in tumor immunity and progression. Notably, STAC3 was significantly overexpressed in tumor speci-
mens and positively correlated with the degree of malignancy of KIRC, affecting patients’ prognosis. Elevated STAC3
expression correlated with enhanced immune infiltration in KIRC tumors. Furthermore, silencing STAC3 curtailed
KIRC cell proliferation, migration, invasion, and stemness properties. Experimental models in mice confirmed that
STAC3 knockdown led to a reduction in tumor growth. Elevated STAC3 expression is intricately linked with immune
infiltration in KIRC tumors, as well as with the aggressive biological behaviors of tumor cells, including their prolif-
eration, migration, and invasion. Targeting STAC3 presents a promising strategy to augment the efficacy of current
therapeutic approaches and to better the survival outcomes of patients with KIRC.
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Introduction nephrectomy, with metastatic KIRC being

almost invariably fatal and having a 10-year

Renal cell carcinoma (RCC), a significant global
health concern, is predominantly comprised of
KIRC, constituting the majority of RCC cases at
over 70% [1, 2]. KIRC is identified as the 13th
leading cause of cancer death globally, as per
the World Health Organization’s recent data [3,
4].

In clinical practice, a substantial number of
KIRC patients experience severe side effects
from conventional treatments like chemothera-
py, radiotherapy, or targeted therapy, often
making surgical resection the preferable treat-
ment option [5, 6]. However, about 30% of
patients face recurrence or metastasis post-

survival rate below 5% [7]. Given the heteroge-
neity of KIRC, effective molecular markers are
necessary for personalized treatment strate-
gies. ldentifying biomarkers is key for optimiz-
ing treatment choices, reducing costs, and
enhancing survival rates in KIRC patients.

Ca?* plays a pivotal role in tumor development,
serving as a versatile signaling tool in tumor
cells, such as proliferation, invasion, and sensi-
tivity to cell death [8-11]. Alterations in the
expression of proteins directly involved in Ca?*
signaling are not only regulators of oncogenic
signaling but may also initiate certain cancers
[14].
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Cells from both adaptive and innate immune
systems intermingle within the tumor microen-
vironment (TME) of KIRC, forming a complex
ecosystem that plays a pivotal role in tumor
development [1, 3, 12, 13]. This dynamic TME,
varying by tumor type, is composed mainly of
stromal cells, immune cells, and the extracel-
lular matrix (ECM), with immune cells being a
critical component [14-16]. In renal cancer, the
TME is particularly active in facilitating immune
evasion [17]. KIRC is distinct in its TME, charac-
terized by a high degree of immune cell infiltra-
tion, particularly T cells. T cells and tumor-asso-
ciated macrophages (TAMs) are the primary
immune populations in KIRC, representing 51%
and 31%, respectively [18-20]. Most CD8+ T
cells in this environment are exhausted and
functionally impaired [16]. Emerging research
indicates a strong connection between the
efficacy of immune checkpoint inhibitors (ICls)
and the TME’s composition, underscoring the
importance of understanding KIRC’'s TME and
its related genetic factors in disease progres-
sion and treatment [21, 22].

STAC3 is a member of the Stac gene family and
contains an N-terminal cysteine-rich domain
and two SH3 domains [23, 24]. Research shows
that STAC3 is a component of the muscle exci-
tation-contraction coupling mechanism and
plays an important role in calcium regulation
mechanisms [25, 26]. STAC3 has been found to
interact with RNA methylation modifications,
such as m6A, m5C, and m1A, in cervical cancer
[27]. Existing research has demonstrated that
STAC3 can interact with Cavi1.1 through two
distinct interactions [28-30]. One interaction
occurs between the CaVl.1 II-lll loop and the
SH3 domain of STAC3, and the other interac-
tion is between the C-terminal of CaVl.1 and
the linker region of STAC3 [26, 29]. These inter-
actions allow STAC3 to stabilize the slow kinet-
ics of CaV1.1 currents, establishing STAC3 as a
key determinant of the characteristically slow
activation kinetics of CaVi1.1 currents [30].
Additionally, STAC3 as a surface marker of mac-
rophages affects the prognosis of renal clear
cell carcinoma, but the specific mechanisms
are not yet fully described [18].

Considering the significant heterogeneity of
Ca?* regulatory genes and TME in KIRC, it is
essential to comprehend their effects on the
TME and their prognostic value in KIRC [11, 31].
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Hence, we have constructed a clinical predic-
tive model centered on Ca?* regulatory genes.
STAC3 as a pivotal gene notably influences
immune cell infiltration and tumor progression
in KIRC’'s TME, laying a molecular groundwork
for understanding KIRC's pathogenesis and
therapeutic strategies. The flow chart of the
study is shown in Figure 1.

Materials and methods
Clinical tissue specimens

In this study, we randomly selected samples
included 40 anonymized patients who had both
clinical data and paired non-cancerous tissue
samples, which were obtained from the Fourth
Affiliated Hospital of Harbin Medical University.
Ethical approval for the study was secured from
the Institutional Review Board of the aforemen-
tioned hospital.

Cell lines

The KIRC cell lines 769-P and Caki-1, procured
from the American Type Culture Collection
(ATCC), were cultured in 1640 medium. These
cells were maintained in a humidified 37°C
incubator with a 5% CO, atmosphere. Cul-
ture media, enriched with 10% fetal bovine
serum (FBS, 164210-50, Procell) and 1% anti-
biotic mixture (penicillin and streptomycin,
PB180120, Procell), supported cell growth. To
confirm the cell lines’ authenticity and reduce
misidentification, short tandem repeat profiling
was utilized for cell line authentication.

Lentiviral transfection

Lentiviral particles for STAC3 knockdown, des-
ignated as sh-STAC3, were acquired from JiKai
Gene Technologies Co., Ltd., China, specifically
targeting the STAC3 gene. The non-targeting
control was termed NC. In brief, 769-P and
Caki-1 cells were seeded at a density of 5 x
1074 cells per well in 6-well plates and incu-
bated for 24 hours. At 50-60% confluence,
cells were transduced with either sh-STAC3 or
NC using 8 pg/ml polybrene (Jikai Gene
Technologies), in accordance with the manufac-
turer’s protocol. After 72 hours of transduction,
cells were cultured and selected with 2 pg/ul
puromycin to isolate stably transduced cells.
The silencing efficiency of STAC3 was then veri-
fied by Western blot analysis.
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Figure 1. Flowchart of this study.

Western blot

Cell lysis was performed using RIPA lysis and
extraction buffer, enhanced with a cocktail of
phosphatase and protease inhibitors (Seven,
China). Proteins were then separated by SDS-
PAGE and transferred to membranes via
semi-dry blotting, adhering to established pro-
tocols. These membranes were incubated at
4°C overnight with primary monoclonal anti-
bodies targeting STAC3 (Cat No. 20392-1-AP;
1:5000, Proteintech, China), STAT3 (Cat No.
10253-2-AP; 1:2000, Proteintech, China), Pho-
spho-Stat3 (#9145; 1:2000, Cell Signaling
Technology, USA), Jak2 (#3230; 1:2000, Cell
Signaling Technology, USA), Phospho-Jak2
(#8082; 1:1000, Cell Signaling Technology,
USA), and Beta Actin (Cat No. 81115-1-RR;
1:5000, Proteintech, China). Subsequent to the
primary antibody incubation, membranes were
treated with horseradish peroxidase-conjugat-
ed secondary antibodies (anti-mouse and anti-
rabbit, both 1:5000 in TBST) for chemilumines-
cent detection. Beta Actin served as the load-
ing control. Quantitative analysis of the protein
bands was conducted using Imagel) software
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(version 1.48v; National Institutes of Health,
Bethesda, MD, USA).

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) assay

Cells, upon reaching their logarithmic growth
phase, were plated at 2,000 cells per well in a
96-well plate. Cell viability was assessed at 24,
48, and 72 hours post-treatment with Sh-STAC3
and vector control using the MTT assay. For
this, 15 pl of MTT solution (5 mg/ml, Sigma-
Aldrich, MO, USA) was introduced to each well
and incubated for 4 hours. After incubation, the
supernatant was discarded, and 100 ul of
DMSO (Sigma-Aldrich, MO, USA) was added to
dissolve the formazan crystals. Absorbance
was measured at 570 nm, with a reference
wavelength of 630 nm, using a microplate
reader. All procedures were replicated three
times to ensure consistency.

Wound healing assay

Stable knockdown of STAC3 was achieved in
KIRC cells (769-P and Caki-1) through transfec-
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tion with STAC3 expression vectors or control
vectors. The transfected cells were seeded into
6-well plates and cultured until 80% conflu-
ence. A scratch was made on the monolayer
using a 200 ul pipette tip. The scratched area
was then carefully washed with PBS to remove
any detached cells. Cells were subsequently
cultured in DMEM base medium. Immediately
after scratch creation, the wounded area was
observed under a microscope and photo-
graphed. Additional photographs were taken
after 24 and 48 hours of culture. All experimen-
tal data were derived from at least three inde-
pendent replicate experiments to ensure reli-
ability and reproducibility of the data.

Cell Invasion assay

For the cell invasion assay, transwell chambers
precoated with Matrigel® (Corning 354480)
were utilized. A cell suspension of 1.5 x 10°5
cells in 200 pl serum-free medium was seeded
into the upper chamber. The lower chamber
was filled with 600 pl of culture medium sup-
plemented with 10% fetal bovine serum to
serve as a chemoattractant. After a 36-hour
incubation, the cells were fixed in 100% metha-
nol and stained with a 10% Giemsa solution
(Sigma-Aldrich, Cat# 12-0440). Cell counts
were performed using Imagel) software (Na-
tional Institute of Health, USA).

3-D cell culture

Each well of a 48-well plate was uniformly coat-
ed with 150 pul of Matrigel and placed on ice.
Following this, the plates were centrifuged at
4°C and 300 x g for 5 minutes. They were then
incubated in a cell culture incubator for 30 min-
utes to solidify the Matrigel. Single cell suspen-
sions were prepared in a medium containing
10% Matrigel, with a density of 500 cells per
200 ul, and seeded onto the Matrigel-coated
wells. Cells were allowed to adhere to the
Matrigel for 3 hours. After this period, the medi-
um was gently aspirated and replaced with
fresh medium containing 10% Matrigel. An
additional hour of incubation was followed by
the addition of the appropriate medium. The
medium was refreshed every two days with
10% Matrigel to maintain the culture. Photo-
graphs of the 48-well plates were taken every
three days to monitor spheroid size in each
well. To ensure reproducibility, all experiments
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were conducted in triplicate under each set of
conditions.

Subcutaneous tumor models

Stably transfected 769-P cells (5 x 1076 cells
in 0.1 mL PBS), either with an empty vector
(control) or Sh-STAC3, were subcutaneously
injected into the left shoulders of nude mice.
The mice were randomly allocated into two
groups (n=7 per group): a control group and a
Sh-STAC3 group. Tumor volumes (mm~”3) were
calculated using the formula: length x depth”2
x 11/6. Tumor size was measured with calipers
every three days once the volume reached 100
mm”3 to track tumor growth. After three weeks,
the mice were euthanized, and the tumors were
excised, weighed, and fixed in 10% neutral buff-
ered formalin for subsequent analyses.

Immunohistochemistry (IHC)

IHC staining on 4 ym thick FFPE tissue sec-
tions utilized specific antibodies against STAC3
(Cat No. 20392-1-AP; 1:400, Proteintech,
China), CD68 (Cat No. 66231-2-Ig; 1:1000,
Proteintech, China), CD80 (Cat No. 66406-1-
Ig; 1:500, Proteintech, China), CD163 (Cat
No. 68218-1-lg; 1:2500, Proteintech, China),
FOXP3 (ab20034; 1:250, Abcam, Cambridge,
UK), Ki67 (Cat No. 27309-1-AP; 1:2000, Pro-
teintech, China), and Cleaved Caspase-3
(#9661; 1:2000, CST, USA). Deparaffinization
of sections was conducted in xylene, followed
by rehydration in a descending ethanol series.
Antigen retrieval involved heating the sections
in Citric Acid Based Antigen Unmasking Solution
(Vector Laboratories, Burlingame, CA) for 6 min-
utes in a microwave pressure cooker, then cool-
ing for 30 minutes. Blocking was achieved
using a solution containing 5% normal goat
serum, and the sections were incubated with
primary antibodies at 4°C overnight. Following
a PBST rinse, the sections were incubated with
secondary antibodies. DAB tablets (Wako
Chemicals, Richmond, VA) were employed for
color development as per the manufacturer’s
guidelines. The sections were counterstained
with hematoxylin, dehydrated, and mounted in
neutral resin. STAC3 expression was quantita-
tively evaluated by three blinded pathologists
using a semiquantitative scoring system, con-
sidering both staining distribution and intensity,
with the final score being the multiplication of
these two parameters.

Am J Cancer Res 2024;14(7):3294-3316



STAC3: a prognostic biomarker in renal clear cell carcinoma

Immunofluorescence assay

The cells were fixed with 4% paraformaldehyde
for 15 minutes at room temperature (Tissue
paraffin sections, then closed after gradient
dehydration and completion of antigen repair).
After blocking with goat serum in PBS for 30
min, cells/tissues were stained with primary
antibody (STAC3 (Cat No. 20392-1-AP; 1:500,
Proteintech, China), CD68 (Cat No. 66231-2-Ig;
1:3000, Proteintech, China), CD80 (Cat No.
66406-1-1g; 1:200, Proteintech, China), CD163
(Cat No. 68218-1-lg; 1:600, Proteintech, Ch-
ina), FOXP3 (ab20034; 1:150, Abcam, Cam-
bridge, UK)) at 4°C overnight and then washed
three times with PBST. The cells were incubat-
ed with the secondary antibody at a dilution of
1: 50 for 1 hour at room temperature in the
dark. Secondary antibodies were purchased
from ABCLONAL (FITC Goat Anti-Rabbit IgG, Cat
No. ASO11, 1:75; TRITC Goat Anti-Mouse 1gG,
Cat No. AS026, 1:75). Finally, the cells/tissues
were washed three times with PBST and coun-
terstained with DAPI (Cat No. P0131, beyotime,
China). Confocal imaging was conducted using
a Nikon C2+ microscope system with standard
filters and NIS-Elements software.

Intracellular calcium ion concentration was
assessed with Fluo-4 AM

Measurement of Intracellular Ca?* levels were
determined using a Fluo-4 AM calcium assay
kit (Beyotime, Jiangsu, China) according to the
manufacturer’s instruction. Briefly, the cells
were seeded in 6-well black plates with a den-
sity of 5 x 10%/ml with 6 parallel wells in each
group. Cells were stained with 5 yM Fluo-4 AM
at 37°C in the dark for 30 mins. Then cells were
washed with PBS three times, and the level of
fluorescence was determined by Flexstation®2
fluorescence plate reader at 488/516 nm and
by microscopy (Leica).

Co-culture of tumor cells with macrophages

We collected 769-P cells (Vehicle or Sh-STAC3)
in conditioned medium for the culture of human
macrophages THP-1. Briefly, we first induced
THP-1 cells to differentiate into macrophages
using the phorbol 12-myristate 13-acetate
(PMA). After the cells adhered, we replaced the
macrophage medium with a mixed medium
(tumor cell conditioned medium: DMEM-H com-
plete medium, 1:1) for co-culturing for 72 h.
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Macrophages were subjected to immunofluo-
rescence staining.

Bioinformatics analysis

In this study, bioinformatics approaches we-
re utilized to analyze KIRC data. A cohort of
531 tumor and 72 normal tissue samples,
along with clinical information, was obtained
from the TCGA database (https://portal.gdc.
cancer.gov/) to investigate differential gene
expression and its prognostic implications.
Additionally, clinical and transcriptome data of
91 KIRC samples were sourced from the ICGC
database (https://dcc.icgc.org) for further anal-
ysis. From the GSEA database (https://www.
gsea-msigdb.org/), 237 genes associated with
calcium ion regulation were extracted.

Using the R package gimnet, a clinical predic-
tive model incorporating six genes was con-
structed by integrating KIRC patient survival
time, survival status, and calcium ion-regulat-
ing gene expression data, employing the lasso-
cox regression method with 10-fold cross-vali-
dation. The optimal model, with a Lambda
value of 0.0750554516401776, included the
following genes: RiskScore = 0.0153174841-
23409STAC3 + 0.0211261199780643JPH2 -
0.0951982243382876KCNN3 - 0.00324917-
828076427CASQ2+0.0957639132957437F2
-0.0183582615073728MCOLNS3.

The ESTIMATE algorithm was applied to predict
cell infiltration levels in tumor tissues, based on
a preselected matrix/immune-related gene set
and gene expression data, yielding stroma and
immune scores and an overall estimate score
for KIRC patients. The impact of these scores
on KIRC prognosis was analyzed.

Differences in immune cell infiltration between
normal and cancer tissues and the influence of
STAC3 expression on this infiltration were
investigated using the GSVA R package and
Spearman analysis, employing the Single-
sample gene set enrichment analysis (ssSGSEA)
method.

The role of STAC3 across various cancers was
explored using the LinkedOmicsKB database
(https://kb.linkedomics.org). Additionally, the
expression of STAC3 at the single-cell level in
tumor tissues was further analyzed using the
TISCH database (TISCH (comp-genomics.org)).
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The methodology for analyzing drug sensiti-
vity in relation to STAC3 expression involved
Spearman correlation analysis. RNA expression
data and pharmacological profiles were down-
loaded from the CellMiner database (https://
discover.nci.nih.gov/cellminer/home.do).

Moreover, ROC and time-dependent ROC (tROC)
curve analyses were conducted using the pROC
and survival-ROC packages, with data visual-
ization performed using the R package ggplot2.

The STAC3 high and low expression groups
were further analyzed for differentially ex-
pressed genes through the TCGA database.
The differentially expressed genes were further
mapped with volcano maps and subjected to
Kegg and GO (BP, CC, MF) enrichment analysis,
and visualized using ggplot2.

Preprocessing of single-cell RNA sequencing
data

Using the “Seurat” package (version 4.4.0), we
constructed Seurat objects based on single-
cell transcriptomic expression matrices for
both global and specific cell types. Cells ex-
pressing between 200 and 2000 RNA features
were selected. Additionally, a threshold of 5%
mitochondrial RNA was set for normalizing
single-cell RNA sequencing data. The “harmo-
ny” algorithm was employed to eliminate ba-
tch effects between samples (Supplementary
Figure 1). Furthermore, we used the “ScaleData”
and “RunPCA” functions to determine the
number of principal components (PCs) based
on the Seurat objects, adjusting the number
of PCs to 15 to form cell clusters, which were
then visualized using UMAP plots. For annotat-
ing the cell clusters, unsupervised clustering
was performed using the “FindClusters” and
“FindNeighbors” functions. The clustering re-
sults exhibited optimal clarity when the resolu-
tion was set to 0.3. Finally, automated cell type
annotation for each cluster was conducted
using the “SingleR” package (version 1.4.1)
and manual annotation (cell marker2.0) based
on the marker genes of each cluster.

Cell-cell communication analysis

The CellChat package serves as an effective
analytical tool for exploring intercellular com-
munication and interactions. In this study,
we utilized CellChat to analyze key biological
interactions among cells in KIRC, calculating
the probability and significance of these inter-
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actions. To visually represent the relationships
and importance of these interactions, we
employed circle and bubble plots for vis-
ualization.

Pseudo-time trajectory

In this study, we utilized the Monocle 2 algo-
rithm (version 2.22.0) to extract expression
matrices and relevant information from pro-
cessed Seurat objects, thereby creating a
Monocle object. We conducted pseudotime
analysis on specific subsets of cells obtained
through subset functionality, including KIRC
cells, T cells, and macrophages. The analysis
involved initially sorting cells and constructing
their developmental trajectories using the or-
der Cells function, followed by dimensionality
reduction using the DDRTree algorithm. Finally,
we utilized the plot_genes_in_pseudotime
function to plot gene expression over pseudo-
time, and separately generated violin plots, tra-
jectory point plots, and trend plots using plot_
genes_jitter, plot_cell_trajectory, and plot_
genes_in_pseudotime, respectively. Lastly, we
performed gene clustering analysis using the
plot_pseudotime_heatmap function and visu-
alized pseudotime differential genes via heat-
map. Additionally, single-cell regulatory net-
work interference and clustering (SCENIC, ver-
sion 1.2.4) was employed on all single cells to
unveil the regulatory relationships between
transcription factors (TFs) and target genes.
The “limma” package was utilized to calculate
significantly distinctly expressed regulators,
with a statistical significance level set at P <
0.05.

Statistical analysis

Data were reported as mean + standard devia-
tion (SD). Statistical analyses were carried out
with SPSS software, version 26.0 (SPSS Inc., IL,
USA). Group differences were assessed using
one-way ANOVA, complemented by Dunnett’s
t-test for post hoc comparisons. A P-value
below 0.05 was deemed to indicate statistical
significance.

Results

The prognostic impact of Ca>* regulatory genes
in KIRC’

The notoriety of KIRC stems from its poor prog-

nosis, attributed to diagnostic and therapeutic
challenges, high chemoresistance, and subop-
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Figure 2. Screening of differentially expressed genes in KIRC associated with calcium ion regulation. A: Heatmap
of gene expression differences in KIRC compared to normal tissue; B: Genes up-regulated and down-regulated in
KIRC (Volcano plot, Red: up-regulated; Blue: down-regulated); C: Genes related to calcium ion regulation in KIRC.

timal immunotherapy outcomes [32]. This un-
derscores the necessity for comprehensive
investigations into KIRC’s etiology. The impact
of Ca?" regulatory genes on KIRC’s prognosis
and their role in oncogenic pathways has not
been sufficiently examined [11].

Our examination of KIRC samples, using the
TCGA database, identified 3,119 differentially
expressed genes (DEGs), with 2,228 upregu-
lated and 891 downregulated. These DEGs are
depicted in heatmaps and volcano plots (Figure
2A, 2B). Cross-referencing GSEA database find-
ings, we located 237 Ca?" regulation genes,
which, when cross-matched with KIRC DEGs,
resulted in 37 related DEGs (Figure 2C). Further
scrutiny disclosed 21 genes with prognostic
influence on KIRC (Figure 3A).

Employing lasso-cox regression analysis with
survival, status, and gene expression data,
we constructed an optimal model comprising
six pivotal genes (F2, STAC3, CASQ2, JPH2,
MCOLN3, KCNN3) (Figure 3B). A risk score
analysis, incorporating patient follow-up and
hub gene expression, indicated a significant
survival reduction correlating with higher risk
scores. CASQ2, MCOLN3, and KCNN3 were
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identified as protective, with their decreased
expression linked to elevated risk scores, while
STAC3, JPH2, and F2 emerged as risk-enhanc-
ing factors due to their increased expression
(Figure 3C).

Further validation using TCGA and ICGC datas-
ets demonstrated that patients with elevated
risk scores had a significantly poorer prognosis
(Figure 3D). ROC curve analysis verified the risk
score’s effectiveness in prognostic prediction,
with substantial AUC values in both datasets
(Figure 3E). Multivariate COX analysis con-
firmed the risk score’s status as an indepen-
dent prognostic indicator (Figure 3F).

Abnormal immune regulation in KIRC, with
STAC3 implicated in cancer immunity

Recent investigations have elucidated the piv-
otal role of various immune cells in shaping the
prognosis of KIRC, as evidenced by studies [15,
24]. In an endeavor to discern the impact of
tumor immunity on the prognosis of KIRC
patients, we employed the ESTIMATE algorithm
to calculate the Immune Scores of patients
and examined their influence on the prognosis
of KIRC. The findings suggest that elevated
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Figure 3. Development of a prognostic model via calcium ion-regulatory gene expression. A: Prognostic impact of gene expression modulated by calcium ion regula-
tion in KIRC patients; B: Clinical prognostic model formulation using lasso-Cox regression analysis; C: Heatmap illustrating the correlation between RiskScore and
hub gene expression; D: Kaplan-Meier plots demonstrating Risk Score’s prognostic significance (Training set: TCGA; Validation set: ICGC); E: ROC curves assessing
Risk Score’s predictive accuracy for patient outcomes (Training set: TCGA; Validation set: ICGC); F: Multivariate Cox regression analysis establishing Risk Score as
an independent prognostic indicator (Training set: TCGA; Validation set: ICGC).
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Immune Scores in KIRC patients are correlated
with adverse prognostic outcomes (Figure 4A).
Subsequent analysis through Single Sample
Gene Set Enrichment Analysis (ssGSEA) delin-
eated a stark disparity in immune cell infiltra-
tion between KIRC tumors and normal tissues,
categorizing the tumor as immunologically ‘hot’
- a feature less commonly seen in the typical
tumor immune landscape (Figure 4B). More-
over, an assessment via monocle2 of the
incoming signals in different cells within normal
and tumor tissues revealed an aberrantly high
activity of incoming signals in various immune
cells within tumor tissues, including CSF in
macrophages, IL16, and MK cell pathways, as
well as CD137, MK, SPP1 signaling pathways in
regulatory T cells (Tregs). These observations
indicate that certain cells in tumor tissues may
become abnormally activated upon stimulation
by some incoming signals (Figure 4C). Further
evaluation of the outgoing signals in different
cells within normal and KIRC tissues mirrored
the previous findings, showcasing an abnormal
activity of various outgoing signals in cells
including macrophages, Tregs, CD8+/CD3+ T
cells, and KIRC tumor cells (Figure 4D). Addi-
tionally, our analysis of intercellular communi-
cation within normal and tumor tissues demon-
strated that communication among cells in
tumor tissues was notably active, particularly
between tumor cells and macrophages, T cells,
and memory CD4+ T cells (Figure 4E, 4F).
Detailed examination of specific immune cell
groups identified several, including CD4+ T
cells, NKT cells, monocytes, M1 macrophages,
and CD8+ T cells, as risk factors for negative
outcomes (Hazard Ratio [95% CI] > 1), and
Myocytes cells as a protective factor for posi-
tive outcomes (Hazard Ratio [95% CI] < 1)
(Supplementary Figure 2). These insights might
be associated with KIRC-induced angiogenesis
within the tumor’s immune architecture, dimin-
ished TLS density, and increased recruitment
of immature dendritic cells, which collectively
facilitate the proliferation of Tregs [16, 32].
Further correlation analyses between hub
genes (F2, STAC3, CASQ2, JPH2, MCOLNS3,
KCNN3) and prognostic scores (Stromal,
ESTIMATE, and Immune Scores) highlighted
STAC3'’s significant positive correlation, under-
lining its critical role in modulating the immune
microenvironment of KIRC and its prognosis

(Figure 4G, Supplementary Figure 3). These
results illuminate the disparities in immune cell
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infiltration within KIRC tissues and suggest that
the unusually active communication between
tumor tissues and various immune cells, includ-
ing macrophages, may be a key determinant of
poor prognosis in KIRC patients, with STAC3
potentially playing a crucial role.

STACS3’s role in the differentiation and malig-
nancy of KIRC tumors

To further explore the role of STAC3 in cancer
progression, this study utilized the Linked-
OmicsKB database to analyze the expression
of STAC3 across various cancer types and its
impact. The analysis revealed a significant cor-
relation between STAC3 expression and macro-
phage, tumor immune scoring, and the activa-
tion of the IL6/JAK/STAT3 signaling pathway
(Supplementary Figure 4A). Further investiga-
tion through single-cell sequencing analysis
and the TISCH database on KIRC tissues identi-
fied a predominant enrichment of STAC3 in the
monocyte-macrophage lineage and memory
CD4+ T cells (Figure 5A, Supplementary Figure
4B). This finding supports our hypothesis that
the unusually active communication between
KIRC tumor cells and macrophages, as well as
memory CD4+ T cells, may be associated with
high STAC3 expression. We analyzed KIRC
tumor cells alone which showed that STAC3
was expressed on tumor cells. Pseudotime
analysis reveals the differentiation trajectory of
KIRC tumor cell subpopulations, where cells in
similar states are grouped together, and dis-
tinct states are separated by branching points.
After further dimensionality reduction and clus-
tering, 6 clusters are identified within KIRC
tumor cell subpopulations. Characteristic mark-
ers for clusters 2 and 5, such as CPE and SRGN,
are associated with tumor proliferation-related
genes. Therefore, clusters O are determined as
the starting point of the pseudotime trajectory,
while clusters 2 and 5 serve as endpoints.
Simultaneously, pseudotime analysis subdi-
vides the developmental process of KIRC tumor
subpopulations into 11 stages (Figure 5B). We
observe the highest expression of STAC3 in
state 7, and the expression pattern of STAC3 in
pseudotime correlates significantly with the
malignant degree of the tumor, as reflected by
the expression of marker genes of KIRC cells in
state 7 (Figure 5C). Based on the malignancy
degree of KIRC, we divided it into seven clus-
ters, with the highest STAC3 expression found
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heatmap showing the change of potential feature genes in pseudo-time developmental trajectories; C: Variations in
STAC3 expression are observed across different stages of KIRC differentiation; D: Distinct KIRC subgroups exhibit
differential STAC3 expression patterns; E: Positive correlation between STAC3 expression and tumor staging in KIRC
tissues; F: Positive correlation between STAC3 expression and tumor grading in KIRC tissues; G: STAC3 expression
impacts Overall Survival, Disease-Specific Survival, and Progression-Free Survival in KIRC patients.

in cluster 0. Pseudotime analysis indicated that
cluster O KIRC had a higher malignancy degree,
being in the later stages of tumor development,
further confirming that high STAC3 expression
is associated with an increase in tumor malig-
nancy degree, and as the tumor progresses to
a more malignant phenotype, the expression
level of STAC3 also increases (Figure 5D). In the
later stages of KIRC tumors, STAC3 expression
is higher, showing a positive correlation with
tumor staging (Figure 5E). Additionally, STAC3
expression is higher in KIRC tissues with a high-
er Grade classification (Figure 5F). Subsequent
research has clarified the impact of STAC3 on
the prognosis of KIRC patients, finding that a
higher level of STAC3 expression is inversely
related to overall survival, disease-specific
survival, and progression-free survival rates
(Figure 5G). In summary, our analysis reveals a
close relationship between STAC3 and tumor
immunity, as well as the significant impact of
STAC3 on the malignant differentiation and
poor prognosis of KIRC tumors, suggesting
STAC3 as a potential therapeutic target for
improving cancer prognosis.

STAC3 modulates tumor immune infiltration
and differentiation of macrophages and regu-
latory T cells

SSGSEA analyses substantiate marked dispari-
ties in immune cell infiltration based on the dif-
ferential expression of SATC3, observing that
tissues with elevated STAC3 expression are fre-
quently characterized by an enhanced pres-
ence of macrophages, Tregs, CD8+ T cells, and
CD4+ T cells (Figure 6A). The critical function of
macrophages and Tregs within the tumor micro-
environment - specifically within the tumor core,
invasive edges, and stroma, and their prognos-
tic relevance across a multitude of cancers -
highlights the necessity to investigate the
mechanisms through which STAC3 influences
macrophage functionality and infiltration.

Single-cell sequencing showed that STAC3 was
expressed in macrophages and Tregs (Figure

6B-D, Supplementary Figure 5). Pseudotime
analysis, utilized to delineate the various devel-
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opmental stages of macrophages, demon-
strates that cells exhibiting similar states con-
gregate, with divergent states delineated by
branching points, notably positioning macro-
phages in clusters 1 and 6 at the terminal of
the pseudotime trajectory. A set of 36 potential
characteristic genes pertinent to macrophages
was identified within the human transcriptional
gene pool, and the expression variations of
these genes were monitored across different
macrophage subpopulations, revealing a sig-
nificant upregulation of STAC3 in cluster 1 cells
(Figure 6E). Correspondingly, pseudotime anal-
ysis delineated varied Tregs developmental
stages with differential STAC3 expressions,
locating Tregs in cluster 1 at the pseudotime
trajectory’s terminus. From the human tran-
scriptional gene repository, 36 potential Tregs-
related characteristic genes were discerned,
and the expression dynamics of these genes
across Tregs subgroups were tracked, uncover-
ing a pronounced increase in STAC3 expression
within cluster 1 cells (Figure 6F). Collectively,
these observations affirm the integral associa-
tion between STAC3 expression and the differ-
entiation of macrophages and Tregs, under-
scoring the significance of identifying cell sub-
populations based on STAC3 expression in
macrophages and Tregs for a comprehensive
analysis of their contribution to tumor immune
infiltration. Immunofluorescence staining fur-
ther confirmed that STAC3 is expressed not
only in KIRC tumor cells but also in macro-
phages and Tregs, with overlapping expression
locations with CD68 (a macrophage marker)
and Foxp3 (a Treg marker) (Figure 6G).

STAC3 modulates functional dynamics of KIRC
cells

To further elucidate the role of STAC3 in tumori-
genic activities, we investigated its effects on
the proliferation, invasion, and migration of
KIRC cells, specifically in the 769-P and Caki-1
cell lines, where the STAC3 gene was knocked
down (Figure 7A, 7B). MTT assays demonstrat-
ed that knockdown of STAC3 significantly inhib-
ited cell proliferation at 24, 48 and 72 hours
post-treatment (Figure 7C). Staining of intracel-
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Figure 6. STAC3 modulates tumor immune infiltration and differentiation of macrophages and regulatory T cells. A:
Differential immune cell infiltration in KIRC tissues with varying levels of STAC3 expression; B: Marker on the surface
of Macrophages and Tregs; C, D: Expression of STAC3 in Macrophages and Tregs cells; E: Pseudo-time distribution of
the different macrophage subtypes, heatmap showing the change of potential feature genes in pseudo-time devel-
opmental trajectories; F: Pseudo-time distribution of the different Tregs subtypes, heatmap showing the change of
potential feature genes in pseudo-time developmental trajectories; G: Immunofluorescence staining shows expres-

sion of CD68, STAC3, and FOXP3+ in KIRC tumor tissues.

lular calcium ions by Fluo-4 AM Calcium lon
Probe showed that the concentration of intra-
cellular calcium ions was significantly reduced
after STAC3 knocked down (Figure 7D). Wound
healing assays revealed that the migratory
capacity of cells was substantially reduced at
24 and 48 hours following STAC3 silencing
(Figure 7E, 7F). Furthermore, Transwell assays
indicated that STAC3 knockdown markedly
impaired the invasive abilities of the tumor cells
(Figure 7G, 7H). Additionally, 3-D cell culture
experiments showed that the tumorigenic
potential and pseudopodia extensions around
the spheroids were notably diminished when
STAC3 was suppressed, suggesting its involve-
ment in the cytoskeletal rearrangements asso-
ciated with cell motility and invasion(Figure 71,
7)).

To investigate the mechanism of STAC3 on the
proliferation and invasion of KIRC tumor cells,
we analyzed the differentially expressed genes
in the high and low STAC3 expression groups
using the TCGA database (Supplementary
Figure 6A). We performed KEGG and GO enrich-
ment analysis of these differentially expressed
genes, which showed that these differentially
expressed genes were mainly associated with
tumor immunity and antigen presentation
(Supplementary Figure 6B). In addition, some
genes are enriched in pathways such as the
JAK-STAT signaling pathway and the Toll-like
receptor signaling pathway (Supplementary
Figure 6C). The JAK-STAT signaling pathway has
been extensively studied in renal clear cell car-
cinoma and is closely related to the prolifera-
tion, invasion, and migration of tumor cells, as
well as to tumor immune evasion and tumor-
associated immune cell infiltration [33]. Our
experiments demonstrated that Sh-STAC3 can
inhibit the activation of the JAK-STAT signaling
pathway in tumor cells, thereby suppressing
the expression of downstream cell cycle regula-
tor CyclinD1 and VEGFA, which is related to
tumor migration and invasion (Supplementary
Figure 6D). In summary, our findings suggest
that STAC3 plays a pivotal role in the prolifera-
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tive, invasive, and migratory behaviors of tumor
cells, and targeting STAC3 could potentially
enhance the prognosis for KIRC patients.

Elevated STAC3 expression in KIRC tissues and
enhanced macrophage infiltration

Our investigation into the expression of STAC3
in clinical specimens revealed that STAC3 lev-
els are elevated in tumor tissues compared
to normal tissues (Figure 8A, 8B). Correlating
with patient clinical data, we observed that
patients with higher STAC3 expression have
poorer prognoses, aligning with previous find-
ings (Figure 8C). High STAC3 expression ex-
hibited increased infiltration of CD68+ MO
macrophages, CD80+ M1 macrophages, and
Foxp3+ Tregs, while the infiltration of CD163+
M2 macrophages decreased (Figure 8D, 8E).
Correlating this with patient survival informa-
tion, we found that consistent with bioinformat-
ics analysis, increased infiltration of CD68+
MO macrophages, CD80+ M1 macrophages,
and Foxp3+ Tregs indicated poor prognosis for
KIRC patients, whereas increased infiltration of
CD163+ M2 macrophages was associated with

better prognosis (Supplementary Figure 7A).

To further explore the mechanism by which
tumor cells affect macrophage differentiation,
we further demonstrated that differential ex-
pression of STAC3 affects intercellular signal-
ing through intercellular communication analy-
sis (Figure 8F). In outgoing signaling patterns,
PTN signaling was abnormally activated in
tumor cells with low expression of STAC3, and
accordingly, PTN signaling was also abnormally
activated in incoming signaling patterns of
tumor-associated macrophages. This intercel-
lular communication is completely absent in
high STAC3-expressing tumor cells (Figure 8G).
Several studies have demonstrated that PTN
expression is associated with infiltration of
CD11b+/CD163+ TAMs [34, 35]. Thus, STAC3
interaction with the PTN signaling pathway
may be a key mechanism by which tumor cells
influence macrophage infiltration. By receptor-
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Figure 7. STAC3 Modulates Tumorigenic Behaviors in KIRC Cells. A, B: STAC3 knockdown in KIRC cells (769-P, Caki-1); C: Sh-STAC3 impairs KIRC cell proliferation
over 24, 48, and 72 hours; D: Intracellular calcium ion concentration was down-regulated after Sh-STAC3; E, F: Sh-STAC3 inhibits KIRC cell migration at 24 and 48
hours; G, H: Sh-STAC3 inhibits KIRC cell invasiveness at 36 hours; |, J: Sh-STAC3 decreases KIRC cell proliferation. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,

P < 0.0001.
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Figure 8. STAC3 expression in KIRC tissues correlates with macrophage infiltration and impacts prognosis. A, B:
Higher expression of STAC3 in tumor tissues compared to adjacent non-tumor tissues; C: Patients with higher STAC3
expression exhibit worse prognosis in clinical samples; D, E: Differential expression of STAC3 in KIRC tissues af-
fects the expression of CD68, CD80, and CD163; F, G: Expression of incoming and outgoing signaling pathways
and intercellular signaling communication in different cells; H: Co-culture of tumor cells-CM with macrophages and
expression of sh-STAC3-macrophage associated proteins (STAC3, CD68, CD80, CD163). *, P < 0.05; **, P < 0.01;

**%, P <0.001; **** P <0.0001.

ligand pair analysis, we found that ANGPTL4-
SDC4 was aberrantly activated between low-
expressing STAC3 tumor cells and macro-
phages, whereas this mechanism was not
apparent between high-expressing STAC3
tumor cells and macrophages (Supplementary
Figure 7B).

To further analyze the impact of STAC3 expres-
sion on macrophage infiltration, we cultured
the macrophages with conditioned media from
769-P stable cell lines (vehicle and Sh-STAC3).
The results showed that macrophages cultured
with conditioned media from Sh-STAC3-769-P
cells had downregulated expression of STAC3
and CD80, and upregulated expression of
CD163. Therefore, the expression of STAC3 in
KIRC tumor cells affects macrophage infil-
tration in the tumor, promoting M2 differentia-
tion when STAC3 is deficient and M1 differenti-
ation under normal conditions (Figure 8H).
Furthermore, we knocked down STAC3 in the
induced macrophages and found that macro-
phages with low STAC3 expression had in-
creased CD163 expression and decreased
CD80 expression. Thus, reduced STAC3 ex-
pression in macrophages promotes their differ-
entiation into M2 macrophages. The expres-
sion of STAC3 in macrophages also determines
their tumor infiltration capacity (Figure 8H).
Additionally, sh-STAC3 in RAW264.7 cells dem-
onstrated that reduced STAC3 levels lead to
decreased phosphorylation of JAK2 and STAT3
proteins, thereby impacting the JAK2/STAT3
signaling pathway in macrophages, which sub-
stantiates the critical mechanism by which
STAC3 exerts its effects (Supplementary Figure
10).

STAC3 impacts the proliferation of KIRC subcu-
taneous tumors

In vivo analyses were conducted to evaluate
the impact of STAC3 on the proliferation of
KIRC through subcutaneous xenograft models
in mice. The experimental outcomes demon-
strated that STAC3 knockdown significantly
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inhibited the growth of KIRC subcutaneous
tumors (Figure 9A). Moreover, growth curve
assessments indicated a considerable decel-
eration in tumor proliferation following STAC3
silencing (Figure 9B). Post-extraction, tumor
mass measurements revealed that the tumors
from the STAC3-depleted group were signifi-
cantly lighter compared to the controls (Figure
9C). Immunohistochemical staining for Ki67
and Cleaved-caspase3 (Figure 9D) suggested
that loss of STAC3 expression suppressed cel-
lular proliferation and increased apoptosis. The
proliferative and apoptotic indices computed
post-quantification reinforced the observation
that STAC3 depletion curtailed tumor growth
and enhanced apoptosis within the tumors
(Figure 9E, 9F).

STAC3-associated drug sensitivity analysis

Our analysis of STAC3 expression levels and
their correlation with sensitivity to a range of
FDA-approved pharmacological agents indi-
cates a significant positive relationship be-
tween STAC3 expression and the IC50 values
for drugs such as Nelarabine, Methylpredni-
solone, Fluphenazine, ST-3595, Zalcitabine,
and Ribavirin. This suggests that tumors with
higher STAC3 levels may be more resistant
to these drugs. Conversely, increased STAC3
expression correlates with lower IC50 values
for Pluripotin, indicating heightened tumor sen-
sitivity to this drug (Figure 10A). Through the
TCIA database, we downloaded the IPS scores
(immunophenoscores) of KIRC patients. We
further analyzed the impact of STAC3 expres-
sion on the response to anti-cytotoxic T lym-
phocyte antigen 4 (anti-CTLA-4) and anti-pro-
grammed cell death protein 1 (anti-PD-1) anti-
bodies. The results showed that KIRC patients
with high STAC3 expression responded better
to the combination of anti-PD-1 and anti-CTLA-4
antibodies, as well as to anti-PD-1 alone,
whereas STAC3 expression had no significant
effect on the response to anti-CTLA-4 alone

(Figure 10B, 10C, Supplementary Figure 8).
These results imply that patients with low
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Figure 9. Inhibitory effect of STAC3 silencing on subcutaneous tumor growth in mice. A: Visual depiction of the
mice’s subcutaneous tumors; B: Volumetric evaluation of the tumors in cubic millimeters (mm?); C: Determination
of tumor masses in milligrams (mg); D: Microscopic images of tumor slices stained for Ki-67 and cleaved-caspase3
markers; E: Calculation of the proliferation rate, presented as a percentage (%); F: Analysis of apoptosis levels, also
shown as a percentage (%). *, P < 0.05; **, P < 0.01; ***, P <0.001; **** P < 0.0001.

STAC3 expression may respond more favor-
ably to immunotherapy, while those with high
expression may derive more benefit from PD-1
inhibitors or a combination of PD1 and CTLA-4
inhibitors.

Discussion

In this study, we developed a clinical predictive
model based on genes associated with calcium
ion regulation to assess the prognosis of
patients with KIRC. Moreover, the elevated
expression of the hub gene STAC3 is closely
linked to tumor immunity and poor outcomes in
KIRC. Suppression of STAC3 expression was
found to inhibit tumor proliferation, migration,
invasion, and stemness. Through SSGSEA, sin-
gle-cell analysis and pseudotime analysis, we
confirmed that STAC3 can influence the progno-
sis of KIRC patients by modulating the tumor
immune microenvironment. The regulation of
the JAK2/STAT3 signaling pathway by STAC3
may be a critical mechanism by which it exerts
its effects. Notably, this discovery was validat-
ed in a subcutaneous xenograft model, demon-
strating that knockdown of STAC3 inhibits the
proliferation of KIRC tumors.

Despite advancements in the 5-year relative
survival rates for KIRC, the prognosis for
patients, especially those with advanced dis-
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ease, remains poor [36, 37]. Research by the
Memorial Sloan Kettering Cancer Center
(MSKCC) has delineated prognostic factors pre-
dictive of poor outcomes in KIRC patients.
These factors encompass a physical condition
index below 80%, serum lactate dehydroge-
nase levels exceeding 1.5 times the upper
normal limit, hemoglobin levels below the nor-
mal lower limit, and corrected serum calcium
levels above 10 mg/dL [38]. This evidence
highlights a marked association between high
calcium ion levels and adverse prognosis in
KIRC patients, indicating that investigating the
impact of calcium ion-regulatory genes on can-
cer prognosis is imperative for future studies.

Alterations in Ca?* signaling regulatory proteins
play a key role in tumorigenesis [39, 40]. Ca?*
transport proteins not only affect oncogenic
signaling but changes in their expression can
initiate the development of specific cancers
[41, 42]. Modulating the expression of these
Ca?* transport proteins is essential for mitigat-
ing tumor growth [43-45]. Ca?* signaling’s rela-
tionship with specific cell cycle stages signifi-
cantly impacts cell proliferation, as established
in prior research [46]. The impact of Ca?* signal-
ing on proliferation is greatly influenced by the
tumor microenvironment [47]. Additionally, Ca2*
signaling offers a potential mechanism for the

Am J Cancer Res 2024;14(7):3294-3316



A

STAC3, Nelarabine
Cor=0.684, p<0.001

STAC3: a prognostic biomarker in renal clear cell carcinoma

STAC3, Methylprednisolone
Cor=0.669, p<0.001

STACS3, Fluphenazine
Cor=0.509, p<0.001

STAC3, ST-3595

Cor=0.504, p<0.001
4

6
50 0
8 8
25
00
00 5 10 00 05 00 05 10 00 05 10
Expression Expression Expression Expression
STAC3, Zalcitabine STACS3, Ribavirin STAC3, ZM-336372 STAC3, Sapacitabine
Cor=0.493, p<0.001 Cor=0.469, p<0.001 Cor=0.465, p<0.001 Cor=0.456, p<0.001
5
4 4
3
22 2 22
4] Q2 4]
1
1
0
0 of
00 05 10 00 05 10 00 05 10 00 10
Expression Expression Expression Expression
STAC3, Chelerythrine STAC3, Navitoclax STAC3, A-1331852 STACS, Pluripotin
Cor=0.449, p<0.001 Cor=0.449, p<0.001 Cor=0.446, p<0.001 Cor=-0.436, p<0.001
5 2
2
8 é g8’
o - |
s . 0
2
: H
00 05 0 00 0 00 05 10 00 05 10
Expression Expression Expression Expression
STAC3, Dexamethasone Decadron STAC3, BAY-1895344 STAC3, IDOXURIDINE STAC3, PX-316
Cor=0.407, p=0.001 Cor=0.400, p=0.002 Cor=0.396, p=0.002 Cor=0.374, p=0.004
3 1
2 2
82 S
= =0
1 :
A
0 o
00 10

00 05 10
Expression

Expression

00 05 10
Expression

00 05 10
Expression

& 10|P=77e-41=0.15 8191p=3 8e-51=0.18
a [ o o oo enmmemanmec e
&9 a
20 R I —
R 3 2
é &7 o)
A o commmmmm——— v o
B P
g s ¢ momm. o o z. s —
i 2 3 3 T 2 2
STAC3 mRNA Expression Level STAC3 mRNA Expression Level
(Log2 FPKM) (Log2 FPKM)
Cio P=0.001 1077 P=0.0293
: o T o T L
g 1T g
— -
a 2
= &
o 67 o 67
: :
-t -
< <
4 4= =
E =
U\ UI
v 2]
& - & )=
0 T T 0 T T
Low High Low High
STAC3 mRNA Expression STAC3 mRNA Expression
10 P=0.087 109 P=0.7591
_— wel L T
2 H
E| ‘_I
g g
g 6] 2 6]
ol <
5 a- .
= =
13} )
(I)I VJI
= 54 & o]
0 0

1 I
Low High
STAC3 mRNA Expression

1 I
Low High
STAC3 mRNA Expression
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tumor microenvironment to affect cancer cell
behavior [11, 47].

This study demonstrates that a clinical prog-
nostic model based on calcium ion-regulating
genes can assess the prognosis of tumor
patients, where the hub gene STAC3 impacts
overall survival, disease-free survival, and dis-
ease-specific survival of tumors. STAC3 corre-
lates with tumor malignancy and affects KIRC
differentiation, and KIRC tumors with high
STAC3 expression tend to be more malignant.
Moreover, the expression of STAC3 is signifi-
cant for tumor proliferation, migration, inva-
sion, and stemness. Meanwhile, intracellular
calcium ion concentration was down-regulated
after Sh-STAC3. One interaction occurs be-
tween the CaV1.1 ll-lll loop and the SH3 domain
of STAC3, and the other interaction is between
the C-terminal of CaV1l.1 and the linker region
of STAC3 [26, 29]. To date, research on STAC3
has been predominantly focused on non-tumor
studies [48], with insufficient exploration within
the context of cancer. Its role in the progression
of renal clear cell carcinoma warrants further
investigation. Findings suggest that STAC3 can
enrich in tumor immune-related modules and
act as a key gene affecting the prognosis of
KIRC patients [49]. STAC3, as a macrophage-
associated gene, is highly expressed in KIRC
tissues and influences the prognosis of tumor
patients [18]. Within gene co-expression mod-
ules of tumor-infiltrating B lymphocytes (TIL-B),
STAC3 serves as a core gene affecting tumor
immunity and is highly expressed in KIRC pa-
tients, impacting their prognosis [50]. Addi-
tionally, STAC3 has been identified as a risk fac-
torin cervical cancer, affecting the prognosis of
tumor patients through mechanisms such as
mM6A methylation [27]. This research innova-
tively explores the impact of STAC3 on the prog-
nosis of KIRC from the perspective of calcium
ion-regulating genes.

Immunotherapy has emerged as the forefront
of clinical oncology, providing unparalleled
opportunities for the effective management
and potential eradication of malignancies once
considered intractable [51]. Nonetheless, the
efficacy of immunotherapy varies among KIRC
patients, underscoring the need for novel ther-
apeutic targets to improve treatment outcomes
[1, 20, 52]. However, not all patients with KIRC
benefit from immunotherapy, necessitating the
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identification of new therapeutic targets to
enhance treatment efficacy [1, 2, 4, 53]. Recent
research has spotlighted differential expres-
sion of the STAC3 gene, integral to the muscle
excitation-contraction coupling, has been ob-
served in KIRC-associated macrophages, cor-
roborating our observations [18, 49]. Our find-
ings indicate that STAC3 expression significant-
ly influences the infiltration of diverse immune
cells, including Tregs, and monocyte macro-
phages, within this microenvironment. Addi-
tionally, we observed that KIRC tissues with
high STAC3 expression were associated with
increased infiltration of M1 macrophages and
regulatory T cells, whereas the infiltration of
M2 macrophages was significantly reduced.
Single-cell analysis and immunofluorescence
staining results revealed that STAC3 is ex-
pressed in tumor cells, macrophages, and
Tregs, and that STAC3 in both tumor cells and
macrophages influences macrophage differen-
tiation. Mechanistically, through cell-cell com-
munication analysis and receptor-ligand pair
analysis, we found that STAC3 exerts its eff-
ects via the PTN signaling pathway and the
ANGPTL4-SDC4 signaling pathway. Further
investigation into the underlying mechanisms
of STAC3 and how it affects immune cell infiltra-
tion and contributes to poor prognosis in tumor
patients will be the focus of our next research
phase. Evidence suggests that KIRC patients
with varying STAC3 expression levels might
benefit from immune checkpoint inhibitors,
whether used alone or in combination [49]. Our
study confirms that patients with low STAC3
expression may respond better to immunother-
apy, whereas patients with high expression
may benefit more from PD-1 inhibitors or com-
bined PD1 and CTLA-4 inhibitors. However,
more validation and mechanistic studies are
needed for the use of STAC3 as a molecular
marker in cancer immunotherapy.

In essence, our initial analysis supports the
development of a prognostic model comprising
F2, STAC3, CASQ2, JPH2, MCOLN3, and KCNN3
to accurately forecast KIRC outcomes. Further-
more, STAC3 knockdown has been shown to
suppress KIRC cell proliferation, migration,
invasion, and in vivo tumor development. The
regulation of the immune microenvironment of
tumor tissues by STAC3 may be critical for its
role. This research aids in the identification of
novel prognostic markers for KIRC.
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Supplementary Figure 1. Eliminate batch effects in sample data.
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Supplementary Figure 2. Impact of immune cell populations on clinical outcomes in KIRC.
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Supplementary Figure 3. Correlation analysis of hub genes (JPH2, CASQ2, MCOLN3, KCNN3, F2) with tumor stromal score, ESTIMATE score, and immune score. *,
P<0.05; **, P<0.01; ***, P<0.001; **** P<0.0001.
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Supplementary Figure 4. Exploring the mechanism of STAC3’s impact on tumor immunity. A: Elevated STAC3 ex-
pression across various tumors correlates with increased macrophage infiltration, higher Immune Score, and ac-
tivation of the HALLMARK IL-6 JAK-STAT3 signaling pathway. B: Pronounced expression of STAC3 in monocytes/
macrophages within tumor tissues suggests a role in immune cell function.
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Supplementary Figure 5. Mechanism of the effect of STAC3 on tumor immune infiltration. A: CD68+ MO macro-
phages, CD80+ M1 macrophages, CD163+ M2 macrophages, and Foxp3+ Tregs significantly impact the survival
of KIRC patients. B: Analysis of receptor-ligand pairs between tumor cells with high and low STAC3 expression and
macrophages. C: Inhibition of STAC3 reduces JAK2/STAT3 signaling pathway activation in macrophages.
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Supplementary Figure 6. Investigation into the mechanisms by which STAC3 affects tumor cell proliferation and
invasion. A: Differentially expressed genes associated with STAC3 expression. B: GO enrichment analysis of differen-
tially expressed genes. C: KEGG pathway enrichment analysis of differentially expressed genes. D: STAC3 regulation
of the JAK2/STAT3 signaling pathway in tumor cells.
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Supplementary Figure 7. TGF-, CCRT, CD8B expression on NKT cells, CD4 T cells and CD8 T cells.
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Supplementary Figure 8. Correlation analysis between STAC3 expression and IPS scores of patients undergoing
different immunotherapy approaches (CTLA4_neg_PD1_neg, CTLA4_pos_PD1_neg).



