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Objective: The calcium-dependent activator protein for secretion (CAPS) has
emerged as a protein of interest in tumor biology; however, its functional
significance in endometrial carcinoma (EC) remains largely unexplored.
Methods: We performed an integrative analysis leveraging bulk RNA sequencing
data from The Cancer Genome Atlas, GTEx, and publicly available EC datasets,
coupled with gene set enrichment analysis (GSEA) and single-cell transcriptomic
profiling. The association between CAPS expression and clinicopathological
parameters as well as patient prognosis was systematically assessed. In
addition, functional enrichment, intercellular communication, and immune
infiltration analyses were conducted to elucidate the molecular and
microenvironmental roles of CAPS. In vitro assays were employed to validate
the biological effects of CAPS knockdown on EC cell proliferation, migration,
and invasion.

Results: CAPS was significantly upregulated in early-stage, low-grade, and
endometrioid endometrial carcinoma, and its elevated expression was
associated with improved patient survival. GSEA indicated that high CAPS
expression was correlated with enhanced ribosome biogenesis and oxidative
phosphorylation, along with suppression of proliferative signaling, reflecting a
metabolically differentiated phenotype. Single-cell transcriptomic analysis
revealed that CAPS was specifically enriched in terminally differentiated
secretory epithelial cells, promoting epithelial maturation and oxidative
metabolism. Furthermore, CAPS-positive cells exhibited extensive crosstalk
with immune cells, suggesting a potential role in facilitating anti-tumor
immune responses. Functional assays confirmed that CAPS knockdown
markedly enhanced EC cell proliferation, migration, and invasion.
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Conclusion: CAPS may act as a tumor suppressor in EC by stabilizing
microtubule architecture, reprogramming cellular metabolism, and modulating
immune interactions within the tumor microenvironment. These findings
highlight CAPS as a promising prognostic biomarker and potential therapeutic

target in EC.

CAPS, pan-cancer, endometrial carcinoma, multi-omics, immune remodeling

1 Background

Endometrial cancer (EC) is among the most prevalent
gynecological malignancies, with an estimated lifetime risk of
approximately 3.1% among women. Although most cases are
diagnosed at an early stage (stage I) with a 5-year overall survival
(OS) rate of 85%-90% (1), prognosis drops sharply to about 18%
once distant metastasis develops. Current treatments including
surgery, radiotherapy, and chemotherapy (2) form the
cornerstone of EC management but are associated with significant
limitations. Surgery is restricted to early-stage disease, radiotherapy
is constrained by dose-limiting toxicity, nearly 40% of advanced
cases develop resistance to chemotherapy, and immunotherapy
shows clinical benefit primarily in microsatellite instability-high
(MSI-H) or mismatch repair-deficient (IMMR) subtypes, with an
objective response rate of only ~40% (3). Moreover, the pronounced
molecular heterogeneity of EC further compromises the efficacy of
conventional therapies and underscores the urgent need for reliable
prognostic biomarkers and actionable therapeutic targets to
facilitate precision medicine (4).

Calcyphosine (CAPS) is an EF-hand Ca2+-binding
phosphoprotein originally identified as a cAMP-dependent
substrate in thyroid tissue; recent studies have drawn attention to
its relevance in cancer biology. Through its EF-hand domains
(Figure 1), CAPS binds Ca®" and orchestrates calcium-dependent
vesicle fusion and neurotransmitter release (4). Increasing evidence
indicates aberrant CAPS expression across multiple cancers (5-8),
implicating it in oncogenic signaling (9). Dysregulation of EF-hand-
mediated calcium signaling and altered vesicular secretion may
reshape the tumor microenvironment and modulate immune cell
infiltration, suggesting a dual role for CAPS in calcium signaling
and immune remodeling in EC (10).

In this study, we systematically characterized the molecular and
clinical significance of CAPS across pan-cancer datasets by
integrating The Cancer Genome Atlas (TCGA), GTEx, and
Clinical Proteomic Tumor Analysis Consortium (CPTAC) multi-
omics resources. Using single-cell transcriptomics, we delineated
the cellular distribution and regulatory networks of CAPS within
the EC tumor microenvironment. Finally, analyses of clinical
samples and in vitro assays validated the biological role of CAPS
in EC progression. Collectively, these findings identify CAPS as a
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putative tumor suppressor, establish its prognostic value, and
provide a foundation for CAPS-based diagnostic and
therapeutic strategies.

2 Methods
2.1 Data sources and preprocessing

An overview of the datasets and sample information used in this
study is provided in Supplementary Table 1. Gene expression profiles
were obtained from the UCSC Xena database (https://xenabrowser.net/),
which provides batch-corrected and normalized TCGA pan-cancer
datasets as well as GTEx (11) normal tissue data. Protein expression
profiles across multiple cancer types were retrieved from the
CPTAC database (https://proteomics.cancer.gov/programs/cptac).
Clinical characteristics and survival information for EC
patients were downloaded from the TCGA portal (https://
portal.gdc.cancer.gov). Genomic alterations of CAPS were
analyzed using the cBioPortal platform (https://www.cbioportal.
org/). Single-cell RNA sequencing data were obtained from the
GEO database (https://www.ncbi.nlm.nih.gov/geo/), specifically
dataset GSE173682 (n = 5). The clinical characteristics of the
endometrial carcinoma samples included in this dataset are
summarized in Supplementary Table 2.

2.2 Expression and variation analysis

To assess differential expression of CAPS between tumor and
normal tissues, Wilcoxon rank-sum tests were applied to compare
mRNA levels. These findings were validated at the protein level using
CPTAC data with the same statistical approach. CAPS expression
across human organs was visualized using the R package gganatogram
(v1.1.1). Genomic alterations, including mutation frequency, mutation
types, and copy number alterations (CNA), were analyzed using
cBioPortal (http://www.cbioportal.org). Correlations between CAPS
expression and tumor mutational burden (TMB) or microsatellite
instability (MSI) were calculated using the R package TCGAplot
(v8.0.0) with Pearson correlation analysis. All tests were two-sided,
with P < 0.05 considered statistically significant.
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FIGURE 1

Surface conformation of CAPS and the four Ca*-binding pockets. (A) Overall schematic of the CAPS monomer, showing its characteristic bilobal
structure consisting of an N-terminal lobe (EF1-EF2) and a C-terminal lobe (EF3-EF4). (B) Ca®*-binding environment of the four EF-hand domains.
Upon Ca* coordination, the C-lobe (light cyan) undergoes a pronounced conformational change forming a prominent hydrophobic pocket, while
the N-lobe (light red) is partially shielded by an additional o.-helix (yellow), limiting access to its binding site. (C—F) Coordination details of EF-hands
1-4. Each site adopts a typical seven- or eight-coordination geometry, primarily mediated by oxygen atoms from Asp/Glu residues (dashed lines
indicate Ca®*-ligand distances). EF1 (C) and EF2 (D) reside within the N-terminal lobe, while EF3 (E) and EF4 (F) are located in the C-terminal lobe,
collectively enabling the Ca®*-dependent conformational regulation of CAPS.

2.3 Pan-cancer survival and clinical
outcome analysis

The prognostic relevance of CAPS expression across cancers
was evaluated using the R packages survival (v3.6-4) and survminer
(v0.5.0). Associations with OS, progression-free interval (PFI), and
disease-specific survival (DSS) were systematically assessed.
Kaplan-Meier survival curves were generated, and group
differences were tested by log-rank tests. Univariate Cox
proportional hazards regression models were applied to estimate
the protective or risk effects of CAPS expression (12), with hazard
ratios (HRs) and 95% confidence intervals (CIs) reported. Forest
plots were generated using the forestplot package (v2.0.1) to
visualize HRs and CIs across cancer types. All analyses were two-
sided, with P < 0.05 considered significant.

2.4 CAPS expression, clinicopathological
characteristics, and prognostic model
analysis in endometrial cancer

In EC, we used the Kruskal-Wallis nonparametric test (does not

require normal distribution) to assess the association between
CAPS expression [log,(TPM + 1)] and clinicopathological
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characteristics (age, histological type, residual tumor status) (P <
0.05), as gene expression data often deviate from normality due to
biological heterogeneity, unequal variances, and small sample sizes,
and this test ensures robust inter-group comparisons. To determine
the independent prognostic value of CAPS, univariate and
multivariate Cox regression analyses were conducted alongside
relevant clinical variables. Based on these results, a nomogram
model was constructed to predict OS, with calibration curves used
to assess predictive accuracy. A nomogram-based prognostic tool
was subsequently developed to facilitate individualized survival
prediction (13). The concordance index (C-index) (14)was used
to quantify the predictive ability of the nomogram. Calibration
analysis and visualization were performed using the ‘rms’ (v8.0.0)
package. All analyses were performed in R (v4.2.1), with two-sided
P < 0.05 considered statistically significant.

2.5 Functional enrichment and multi-omics
analysis of CAPS and immune infiltration

To explore the molecular mechanisms of CAPS-related
pathways in EC, genome-wide Pearson correlation analysis was
performed using the psych package. Genes significantly co-
expressed with CAPS (|Cor| > 0.5, P < 0.05) were identified (15)
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and subjected to Gene Ontology (GO; biological process, molecular
function, and cellular component) and KEGG pathway enrichment
analyses using cluster Profiler (v4.10.0) (16). Gene set enrichment
analysis (GSEA) was further conducted with 1,000 permutations
based on the Hallmark gene sets from MSigDB (https://www.gsea-
msigdb.org/gsea/msigdb). To assess the association between CAPS
expression and immune infiltration, two complementary
approaches were applied: the ssGSEA algorithm implemented in
GSVA (v1.46.0) and the CIBERSORT deconvolution algorithm
(v1.06) (17). Marker genes from 24 immune cell types in EC and
22 immune cell types across pan-cancer cohorts were analyzed.
Results were visualized with ggplot2 (v3.4.3), Complex Heatmap
(v2.16.0), and other R packages.

2.6 Single-cell transcriptomic analysis

Single-cell transcriptomic analyses were performed in R
(v4.2.1). Raw sequencing data were processed and quality-
controlled using Seurat (v5.1.0). Criteria included retention of
genes expressed in at least three cells, exclusion of cells with
>10% mitochondrial content, and removal of low-quality cells
with <300 or >5,000 detected genes. Batch effects were corrected
using the Harmony algorithm (v0.1.1) (18). Cell clusters were
annotated based on canonical marker gene expression and
manually validated. Intercellular communication networks were
inferred with CellChat (v1.6.1) using the human ligand-receptor
database (19). Stemness features were quantified with CytoTRACE
(v0.3.3), and developmental trajectories were reconstructed to
model differentiation dynamics. Using the Monocle package
(v2.28.0) to construct time-series trajectories of SEC cells,
tracking their dynamic changes during development.

2.7 Clinical sample collection

We collected paired clinical tissue specimens from 12 patients
with pathologically confirmed primary endometrioid EC. Each
patient provided both tumor tissue (Cancer, n = 12) and matched
adjacent noncancerous tissue (Normal, n = 12). Eligible patients
had complete clinicopathological data, received no preoperative
radiotherapy, chemotherapy, or hormonal therapy, and had no
history of other malignancies or severe systemic disease. The
“adjacent noncancerous tissue (NC)” was defined as histologically
normal endometrium located at least 2 cm from the tumor margin,
and all NC samples were pathologically reviewed to exclude
microscopic infiltration. For experimental procedures, formalin-
fixed, paraffin-embedded (FFPE) tissues were used for
immunohistochemistry, with surgical specimens fixed in 10%
neutral-buffered formalin for approximately 24 h at room
temperature, processed, and paraffin-embedded according to
standard pathology protocols; blocks were stored at room
temperature in a desiccated environment until sectioning. Fresh-
frozen tissues were used for Western blotting: each specimen was
snap-frozen in liquid nitrogen within 30 min of resection and stored
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at -80°C. For protein extraction, frozen tissues were homogenized in
RIPA lysis buffer (Solarbio, Beijing, China) supplemented with
phenylmethylsulfonyl fluoride (PMSF; Solarbio, Beijing, China)
and a protease inhibitor cocktail (Beyotime, Shanghai, China).
The homogenate was centrifuged at 12,000 x g for 10 min at 4°C,
and the supernatant was collected. Protein concentration was
determined using a BCA assay (Solarbio, Beijing, China), followed
by Western blot analysis.

2.8 Immunohistochemistry

We performed THC on FFPE sections (4 um). After dewaxing
and rehydration, sections underwent heat-induced antigen retrieval
in citrate buffer (pH 6.0) for 15 minutes, followed by blocking with
0.3% hydrogen peroxide (H,0,) and normal goat serum. Sections
were incubated overnight at 4°C with anti-CAPS antibody (Abmart,
PK35981; 1:200), then with an HRP-conjugated secondary
antibody, developed with DAB (BOSTER, China), and
counterstained with hematoxylin. For quantification, one slide per
case was scanned; three representative high-power fields (x200)
were analyzed in Image] to calculate mean optical density (MOD =
integrated optical density [IOD]/area), and the mean of the three
fields was taken as the final MOD for each case. CAPS staining
localized predominantly to the cytoplasm. Two pathologists,
blinded to group labels, independently scored the slides; if the
inter-rater MOD differed by >10%, discrepancies were resolved by
joint review. Antibody validation: using the same antibody in
Western blotting, a single specific band at ~20-21 kDa was
detected, supporting antibody specificity under our conditions.

2.9 Western blot analysis

We performed Western blot analysis on all 12 cases of Cancer
and Normal tissue. For each sample, 20 pg of total protein was
separated on 10% SDS-PAGE gels and transferred to PVDF
membranes. The membranes were blocked with 5% skim milk,
incubated with anti-CAPS primary antibody (Abmart, catalog no.
PK35981 1:1000) and anti-B-actin(1:5000,Servicebio, Cat.#G1213)
primary antibody (internal control), followed by incubation with
horseradish peroxidase (HRP)-labeled secondary antibody. Images
were developed and captured using ECL chemiluminescence.
Density quantification was performed using Image] software, with
CAPS band intensity normalized against B-actin. All results are
derived from 3 independent biological replicates.

2.10 Cell culture

The human EC cell lines KLE and Ishikawa were obtained from
GeneChem Co., Ltd. (Shanghai, China). Ishikawa cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone, Logan,
UT, USA) supplemented with 10% fetal bovine serum (FBS; Siji
Green, China) and 1% penicillin-streptomycin (Servicebio, Wuhan,
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China). KLE cells were maintained in DMEM/F12 medium (Hyclone,
Logan, UT, USA) supplemented with 10% FBS and 1% penicillin—
streptomycin. All cells were incubated at 37°C in a humidified
atmosphere containing 5% CO,.

2.11 Cell transfection

Ishikawa and KLE cells were transfected with CAPS-targeting
small interfering RNAs (siRNAs; siRNA-CAPS) or a non-silencing
control (Si-NC) according to the manufacturer’s protocol. Three
independent siRNAs (Sil-CAPS, Si2-CAPS, and Si3-CAPS), along
with the negative control (Si-NC), were synthesized by Hanbio
Biotechnology Co., Ltd. (Shanghai, China), and their sequences are
provided in Supplementary Table 4. Cells were seeded in six-well
plates at a density of 1 x 10 cells/mL in 2 mL complete medium per
well. When cell confluence reached ~50%, transfection was
performed using Lipofectamine 8000 (Invitrogen, USA).
Following transfection, cells were maintained under standard
conditions (37°C, 5% CO,) for 48 h before subsequent assays.

2.12 CCK-8 cell proliferation assay

Cell proliferation was evaluated using the Cell Counting Kit-8
(CCK-8; BioScience, China) in Ishikawa and HEC-1-A cells. Cells
were seeded into 96-well plates at a density of 5 x 10? cells per well
and cultured for 0, 24, 48, and 72 hours. At each time point, cell
morphology was examined under a microscope before reagent
addition to avoid artifacts. Then, 10 uL of CCK-8 reagent was
added to each well and incubated at 37°C in the dark for 2 hours.
The absorbance at 450 nm (OD,s,) was measured using a
microplate reader(Thermo Scientific, USA). OD,s, values were
normalized to the control group (Si-NC) at each time point. Each
experiment included three biological replicates, with technical
triplicates per condition. Statistical analysis was performed using
two-tailed unpaired Student’s t-tests.

2.13 EdU staining assay

EdU incorporation assays were performed using the Cell-
Light' ' EdU Apollo567 In Vitro Kit (RiboBio, China) in Ishikawa
and KLE cells. Cells were seeded into 24-well plates containing
coverslips and incubated with 50 uM EdU for 2 h at 37°C. Before
fixation, cell morphology and confluence were inspected
microscopically to ensure uniform growth. Cells were then fixed
with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100,
and stained with the Apollo567 reaction cocktail followed by DAPI
counterstaining. Images were captured using a fluorescence
microscope (Revvity, USA). For each well, three randomly
selected fields (x200) were analyzed using Image] software, with
consistent thresholds for EAU and DAPI channels. The EdU
labeling index (%) = EdU" cells/DAPI' cells x 100. Each
experiment included three biological replicates, each with
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technical triplicates. Statistical analysis was performed using two-
tailed unpaired Student’s t-tests.

2.14 Wound healing assay

Cell migration was assessed using a wound-healing assay in
Ishikawa and KLE cells. Cells were seeded into six-well plates and
cultured until reaching full confluence. A sterile 200 pL pipette tip
was used to create a vertical scratch across the monolayer. Detached
cells were removed by PBS washing, and serum-free medium was
added. Cell morphology was examined immediately after scratching
to ensure smooth wound edges and to avoid artifacts. Images of the
wound area were captured at 0, 24, and 48 h using an inverted
microscope (x100). Three randomly selected fields per well were
analyzed using Image] software, and the percentage of wound
closure was calculated as (Ay - A )/Ag X 100%, where A, and A,
represent the initial and residual wound areas, respectively. Each
experiment was performed in triplicate with three independent
biological replicates. Statistical analyses were conducted using two-
tailed unpaired Student’s t-tests.

2.15 Transwell migration and invasion
assays

Cell migration and invasion were evaluated using Transwell
chambers (8 wm pore size, Corning, USA) in Ishikawa and KLE
cells. Transfected cells were resuspended in serum-free DMEM at a
density of 8 x 10%; cells/200 uL and seeded into the upper chambers,
while the lower chambers were filled with 700 UL medium
containing 20% fetal bovine serum as a chemoattractant. For
invasion assays, the upper chambers were pre-coated with
Matrigel (BD Biosciences, USA). After 24 h incubation at 37°C,
non-migrated cells on the upper membrane surface were gently
removed. Cells that had migrated or invaded to the lower surface
were fixed with 4% paraformaldehyde, stained with 0.5% crystal
violet in methanol (Solarbio, China) for 30 min, and examined
microscopically to confirm consistent staining and morphology.
Five randomly selected fields (x200) per insert were imaged, and the
number of migrated or invaded cells was quantified using Image]J
software. Each assay was conducted in triplicate with three
independent biological replicates, and two-tailed unpaired
Student’s t-tests were used for statistical analysis.

2.16 Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.0
(GraphPad Software, USA). Continuous variables were expressed as
mean + standard error of the mean (SEM), and categorical variables as
frequencies and percentages. Data normality was assessed using the
Shapiro-Wilk test. Comparisons between two groups were conducted
using two-tailed unpaired Student’s t-tests for normally distributed
data or Mann-Whitney U tests for non-normal data. For multiple
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group comparisons, one-way ANOVA (for normal data) or Kruskal-
Wallis tests (for non-normal data) were applied, with Bonferroni post-
hoc correction when appropriate. Correlations were analyzed using
Pearson’s correlation coefficient. Statistical significance was defined as
P < 0.001, **P < 0.01, and *P < 0.05. Each experiment was
independently repeated at least three times to ensure reproducibility.

3 Result

3.1 Multi-omics analysis of CAPS
expression, sex-specific differences, and
prognostic value across pan-cancer

By integrating transcriptomic data from TCGA and proteomic
data from the CPTAC, we observed that CAPS exhibits consistently
aberrant expression patterns across multiple malignancies.
Specifically, elevated CAPS expression was detected in 11 cancer
types, including uterine corpus endometrial carcinoma (UCEC),
breast invasive carcinoma (BRCA), and ovarian cancer (OV)
(Figures 2A, B). Prognostic analyses based on OS, PFI, and DSS
demonstrated that CAPS exhibits distinct prognostic implications
across cancer types (Figures 2E-G). Notably, high CAPS expression
was associated with favorable prognosis in UCEC (HR = 0.46, 95%
CIL: 0.29-0.72, P < 0.001), but correlated with poor survival
outcomes in lower-grade glioma (LGG) (HR = 2.39, 95% CI:
1.69-3.38, P < 0.001). These findings were further validated by
Kaplan-Meier survival analyses (Supplementary Figures SIA-H).
Collectively, these multi-omics and multi-cohort analyses highlight
the context-dependent role of CAPS across tumor types and
underscore its potential utility as a molecular biomarker for
precision oncology.

3.2 Genomic landscape of CAPS

To systematically elucidate the molecular characteristics of
CAPS, we first mapped its genomic location to chromosome
19q13.1-q13.2 (Supplementary Figure S2A). Pan-cancer mutation
profiling using TCGA data revealed an overall alteration frequency
of 0.9%, with copy number amplification as the predominant event,
followed by deep deletion (Figure 3A). Notably, hotspot mutations
V157G and X157_splice, located within the EF-hand calcium-
binding domain, may impair CAPS’s Ca®*-binding capacity
(Figure 3B). Genomic Identification of Significant Targets in
Cancer (GISTIC) analysis further demonstrated a gene dosage
effect, as CAPS mRNA expression was significantly elevated in
gain/amplification groups and reduced in shallow/deep deletion
groups (Figure 3C). Tissue-specific alteration patterns were also
observed: copy number amplification predominated in sarcoma and
lower-grade glioma, whereas deep deletions were more frequent in
UCEC (Figure 3D). These findings suggest that CAPS loss may
contribute to EC progression, potentially functioning as a tumor
suppressor. However, due to the relatively low overall mutation
frequency, the precise mechanisms remain to be elucidated.
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We next evaluated the correlation between CAPS expression and
TMB as well as MSI, revealing tumor-type—-specific associations.
CAPS expression was positively correlated with TMB in
glioblastoma but negatively correlated in gastric and colon
cancers (Figure 3E). Similarly, it was positively associated with
MSI in chromophobe renal cell carcinoma and negatively in uterine
carcinosarcoma (Figure 3F). Importantly, in EC, CAPS expression
did not show significant correlations with either TMB or MSI,
suggesting its role in tumorigenesis may involve alternative, non-
mutational pathways. Collectively, these results underscore the
molecular heterogeneity of CAPS alterations across different
tumor types and highlight the need for further mechanistic
studies in specific tumor contexts.

3.3 Association of CAPS expression with
clinicopathological features and prognosis
in EC

Based on clinical data from the TCGA-UCEC cohort, CAPS
expression was significantly associated with key clinicopathological
features and patient prognosis in EC (Figures 4A-H). Elevated CAPS
expression was observed in patients aged <60 years, those with stage I,
histological grade G1, myometrial invasion <50%, and endometrioid
histology. In contrast, CAPS expression was markedly reduced in high-
grade tumors (G2-G3), serous carcinoma, advanced-stage disease
(stage III-IV), and tumors with deep myometrial invasion (all P <
0.05). These findings indicate that CAPS is preferentially expressed in
early-stage, low-grade, and superficially invasive tumors, consistent
with an indolent tumor phenotype and favorable clinical outcomes. To
further assess the prognostic relevance of CAPS, a Cox proportional
hazards model was constructed using overall survival data from 553
TCGA-UCEC patients. Univariate Cox regression identified high
CAPS expression as a protective factor (HR = 0.87, 95% CI: 0.80-
094, P = 0.002) (Figure 4I). However, its independent prognostic
significance was diminished in multivariate analysis after adjustment
for established clinical variables (adjusted HR = 0.92, 95% CI: 0.78-
1.07, P = 0.32) (Figure 4]J). Given the biological importance of CAPS
and its complementary predictive value, we integrated CAPS
expression with seven clinicopathological variables to construct a
prognostic nomogram for UCEC patients (Figure 4K). This model
provided an intuitive tool for estimating 1- and 3-year survival
probabilities. The calibration curves demonstrated strong
concordance between predicted and observed outcomes (C-index =
0.82; Figure 4L), supporting CAPS holds significant reference value for
the clinical evaluation of patients with EC.

3.4 Expression features of CAPS in the EC
microenvironment and functional
enrichment analysis

Based on single-cell transcriptomic analysis of the GSE173682

dataset from GEO, we systematically characterized the expression
profile of CAPS within the EC microenvironment. Following
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FIGURE 2

Pan-cancer analysis of CAPS expression across multi-omics, tissue-specific, and prognostic dimensions. (A) Differential MRNA expression of CAPS across
cancer types in TCGA pan-cancer datasets. (B) Differential protein expression of CAPS across cancer types in CPTAC pan-cancer datasets. (C, D) Heatmaps
depicting CAPS mRNA expression across human organs and sexes based on TCGA pan-cancer data. (E—G) Forest plots showing the prognostic impact of

CAPS expression on overall survival (E), progression-free interval (F), and disease-

(*P < 0.05, ***P < 0.001)

stringent quality control to retain high-quality cells (Supplementary
Figures S3A-C), fifteen significant principal components were
identified via elbow plot analysis (Supplementary Figure S3D).
Clustering at a resolution of 1.2 yielded 24 robust clusters
(Supplementary Figures S3E, F), and UMAP visualization
(Figures 5A, B) delineated ten major cell types, including epithelial
cells, fibroblasts, endothelial cells, and various immune cell
populations. Analysis of cellular composition across samples revealed
marked inter-individual heterogeneity (Supplementary Figure S3G),
likely reflecting dynamic alterations within the tumor
microenvironment. Notably, CAPS expression exhibited pronounced
cell-type specificity, being markedly enriched in secretory endometrial
epithelial cells (SecECs) relative to other cell types (Figure 5C,
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specific survival (G), based on Cox regression analyses across cancers.

Supplementary Figure S3H). Sub-clustering of SecECs with
optimized parameters (Supplementary Figure S3I) identified five
functional subpopulations (Figure 5D, Supplementary Figure S3J):
stem/progenitor-like, highly proliferative, inflammatory secretory,
specialized differentiated, and stress-associated inflammatory subsets.
Expression density mapping (Figure 5E) revealed that CAPS
expression peaked in the specialized differentiated subgroup
(neuroendocrine-like cells), but was comparatively low in the
proliferative and inflammation-associated clusters. CytoTRACE2
analysis of differentiation status (Figure 5F) showed a progressive
increase in CAPS expression along the epithelial trajectory, peaking
at terminal differentiation. Pseudotime analysis (Figure 5G) likewise
indicated that CAPS expression tracks branch progression in SecECs.
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FIGURE 3

Genomic landscape of CAPS alterations across cancers. (A) OncoPrint summary of CAPS genomic alterations in the TCGA Pan-Cancer Atlas cohort.
(B) Lollipop plot illustrating mutation sites within the CAPS protein sequence. (C) Genomic distribution of CAPS copy number alterations (CNA) based

on GISTIC analysis. (D) Frequency distribution of CAPS genetic alteration
between CAPS expression and tumor mutational burden (TMB). (F) Rada
instability (MSI). (*P < 0.05, **P < 0.01).

Taken together, CAPS expression rises with epithelial maturation and
is associated with a more differentiated secretory epithelial phenotype.

To further investigate the biological function of CAPS, we
performed functional enrichment analysis of CAPS-related genes
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types across different cancer types. (E) Radar plot showing the correlation
r plot showing the correlation between CAPS expression and microsatellite

in the TCGA-UCEC cohort. Gene Ontology and KEGG pathway
analyses demonstrated significant enrichment in processes such as
cilium movement and tubulin binding, as well as metabolic
pathways including ether lipid metabolism and fat digestion and
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FIGURE 4
Association of CAPS expression with clinicopathological features and prognosis

in EC. (A—H) Correlation between CAPS expression levels and

clinicopathological parameters in UCEC patients: (A) age, (B) histological subtype, (C) residual tumor status, (D) FIGO stage, (E) depth of myometrial invasion,

(F) histological grade, (G) primary therapy outcome, and (H) menopausal status

(I, 3) Univariate (1) and multivariate (J) Cox regression analyses of CAPS

expression and clinical variables for overall survival. (K) Prognostic nomogram integrating CAPS expression and clinicopathological variables based on
multivariate Cox model. (L) Calibration plot evaluating the performance of the prognostic nomogram. (ns, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001).

absorption (Supplementary Figure S2B). Network visualization
classified these into two functional modules: (1) a high-density
cluster centered on “cilium movement/microtubule binding,” and
(2) a metabolism-associated cluster focused on “ether lipid
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metabolism/fat digestion and absorption” (Supplementary Figure
S2C). GSVA enrichment analysis further revealed that CAPS-
related genes were positively associated with ribosome biogenesis,
oxidative phosphorylation, and o.-linolenic acid metabolism, while
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negatively correlated with proliferative pathways such as cell cycle
and DNA replication (Supplementary Figure S2D). Collectively,
these results indicate that CAPS may influence EC progression
through dual mechanisms: modulating microtubule or ciliary
systems to regulate cellular motility, and reprogramming
metabolic and cell cycle pathways to restrict aberrant proliferation.

3.5 Cell-cell communication features and
immune-related functions of CAPS in the
EC microenvironment

To further elucidate the role of CAPS in the tumor
microenvironment of EC, we conducted a comprehensive cell-cell
communication analysis using the previously described single-cell
dataset. The intercellular communication network (Figures 6A, B)
revealed both the number and strength of interactions between
CAPS high-/low-expressing secretory endometrial epithelial cells
(SecECs) and various immune microenvironmental cell types.
Ligand-receptor pathway analysis (Figure 6C) identified the
MDK-NCL and MIF-CD74 signaling axes as the principal routes
through which CAPS high SecECs engaged in paracrine
interactions. In these pathways, MDK and MIF ligands, secreted
by CAPS high SecECs, mediated key signaling events with
neighboring immune and stromal cells. Specifically, the most
prominent targets of the MDK axis were NSecECs and mural
cells, while the MIF pathway primarily engaged dendritic cells
and natural killer (NK) cells (Figure 6D). Global communication
profiling (Figure 6E) revealed mural cells as the most active signal
transmitters, whereas NK cells served as the major recipients.
Within the MDK pathway, CAPS high SecECs exhibited the most
robust secretory activity, with NSecECs acting as the primary
receiving population (Figure 6F). Complementary analysis using
ssGSEA and CIBERSORT algorithms in the TCGA-UCEC and pan-
cancer cohorts further supported these findings (Figure 6G). In EC,
CAPS expression was positively correlated with the infiltration of
NK cells (R = 0.421), eosinophils (R = 0.301), neutrophils (R =
0.146), and T cells (R = 0.087), but showed no significant
association with regulatory T cells (Tregs) or B cells. Cell fraction
analysis (Figure 6H) illustrated the distribution of CAPS
expression across diverse immune subsets, although no definitive
immunophenotypic bias was observed, likely due to the inherent
limitations of bulk RNA sequencing. Importantly, pan-cancer
analyses in additional tumor types, including bladder carcinoma
(BLCA), clear cell renal cell carcinoma (KIRC), and colorectal
adenocarcinoma (COAD), consistently demonstrated correlations
between CAPS expression and immune microenvironment
remodeling (Supplementary Figures S4F,G, Supplementary
Figures S4A-K). Taken together, these results delineate
the immunological functions and communication features of
CAPS at both single-cell and transcriptomic levels, providing
novel insights into its regulatory role within the tumor

immune microenvironment.
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3.6 Downregulation of CAPS promotes
proliferation, migration, and invasion of EC
cells

To validate CAPS expression in EC, IHC and Western blot
analyses were performed on tumor tissues and matched adjacent
non-tumor tissues from EC patients. IHC staining revealed
significantly higher CAPS expression in tumor tissues compared
to adjacent non-tumor counterparts (Figures 7A-C). Quantitative
Western blotting further confirmed elevated CAPS protein levels in
tumor specimens (P < 0.01; Figure 7D). We selected Ishikawa and
KLE cells with high endogenous CAPS expression (Supplementary
Table 3). Transfection with two independent siRNA sequences
effectively silenced CAPS expression (Supplementary Table 4,
Figure 7K). CCK-8 assays showed that optical density (ODys)
values were significantly increased in CAPS-knockdown groups
compared to controls at 48 h and 72 h (P < 0.05; Figures 7E-G),
suggesting enhanced cell viability. Consistently, EAU incorporation
assays demonstrated a significant increase in EdU-positive cells
following CAPS knockdown (P < 0.01; Figures 7H-J), indicating
accelerated DNA synthesis and cell proliferation. To assess the
impact of CAPS on cell motility and invasiveness, wound healing
and Transwell assays were performed. The wound healing assay
revealed significantly enhanced wound closure in CAPS-silenced
cells at 24 h (P < 0.01; Figures 8A-D). Similarly, Transwell
migration assays showed a marked increase in the number of
migrating cells (P < 0.01; Figures 8E-G), while Matrigel-coated
invasion assays confirmed elevated invasive capacity following
CAPS knockdown (P < 0.01; Figures 8F-H). Collectively, these
results demonstrate that silencing CAPS promotes EC cell
proliferation, migration, and invasion in vitro. These findings
support a tumor-suppressive role for CAPS in EC and suggest
that CAPS may restrain malignant progression by limiting the
aggressive phenotypes of EC cells.

4 Discussion

CAPS was initially identified in canine thyroid tissue as a
calcium-dependent secretory activator protein harboring an EF-
hand domain, classically associated with ion transport and thyroid
function. However, its role in tumorigenesis remains largely
undefined. In this study, we employed an integrative multi-omics
approach, including pan-cancer genomic profiling and single-cell
transcriptomic analysis, to comprehensively characterize the
molecular and functional roles of CAPS in EC.

CAPS was found to be significantly upregulated in EC, with the
highest expression levels observed in early-stage, low-grade,
superficially invasive, and endometrioid-type tumors. Its elevated
expression correlated strongly with favorable patient prognosis.
Notably, CAPS expression progressively declined with advancing
tumor stage, suggesting its potential role in restraining disease
progression. Pan-cancer genomic analyses revealed that CAPS
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FIGURE 5

Component 1 Component 1

Cell subtype-specific expression pattern of CAPS and its dynamic changes along the pseudotime trajectory in the EC microenvironment. (A, B).
UMAP dimensionality reduction and visualization of single-cell transcriptomic data (GSE173682), annotated with major cell types. (C) CAPS
expression levels across distinct cell populations. (D) Subclustering and functional annotation of secretory endometrial epithelial cells (SeECs).

(E) Expression density plot of CAPS across SeEC subpopulations. (F) CytoTRACE2-based pseudotime trajectory illustrating the dynamic expression of
CAPS during SeECs differentiation. (G) Visualization of pseudotime trajectory showing dynamic changes of CAPS expression in SecEC.

transcription is primarily regulated by copy number variation, with
frequent deep deletions observed in UCEC and uterine sarcoma.
Co-expression and functional enrichment analyses indicated that
CAPS may modulate tumor behavior by regulating the cilium-
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microtubule system, cell cycle, and metabolic pathways—facilitating
metabolic activation while restraining excessive proliferation to
maintain a differentiated epithelial phenotype. Similarly,
functional validation demonstrated that CAPS knockdown
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FIGURE 6

Cell-cell communication features of CAPS in the tumor microenvironment of EC. (A, B) Intercellular interaction networks showing the number and
weight of interactions between CAPS high/low-expressing SeECs and other cell types. (C) Analysis of key ligand-receptor signaling pathways
involved in CAPS-mediated intercellular communication. (D, E) Global communication landscape and CAPS-specific signaling activity via the MDK
pathway. (F) Heatmap of differential signaling pathway activities across cell populations. (G) Pearson correlation analysis between CAPS expression
and immune cell infiltration in the TCGA-UCEC cohort. (H) Proportional distribution of CAPS expression across various immune cell types.

(*P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant).

markedly enhanced EC cell proliferation, migration, and invasion
in vitro.

As a calcium-binding protein, CAPS has been implicated in
spindle apparatus organization and mitotic regulation (20). High
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CAPS expression appears to preserve cytoskeletal integrity and
cellular quiescence, whereas its downregulation may lead to
structural destabilization and uncontrolled cell cycle activation

(21). Previous studies have linked primary cilia loss to
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CAPS expression in EC and its impact on cell proliferation. (A) Western blot analysis of CAPS protein levels in EC tissues and paired adjacent non-
tumor tissues. (B) Quantification of CAPS protein expression based on Western blot results. (C) Representative immunohistochemical (IHC) staining
images of CAPS in EC and adjacent tissues at 20x and 40x magnification. (D) Statistical analysis of IHC scores (n = 12 per group). (E, F) CCK-8
assays evaluating cell viability in KLE and Ishikawa cells following CAPS knockdown. (G, H) EdU staining assays assessing proliferative capacity after
CAPS knockdown in KLE and Ishikawa cells. (I, 3) Quantification of EdU-positive cells. (K) CAPS knockdown efficiency validated by Western blot in
Ishikawa and KLE cells. CAPS protein levels were markedly reduced after transfection with Sil-CAPS and Si3-CAPS compared with Si-NC. B-actin
served as the loading control.(*P < 0.05, **P< 0.01, ****P < 0.0001)
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proliferative reprogramming in diverse cancers. Consistently, our
GSEA revealed that CAPS-high cells are enriched for ribosome
biogenesis and OXPHOS, while classical proliferative pathways
were suppressed-highlighting a metabolic phenotype divergent
from the Warburg effect (22). This oxidative metabolic state is
characteristic of terminally differentiated cells (23, 24). Prior
research has shown that enhancement of OXPHOS can attenuate
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proliferation and increase sensitivity to differentiation signals,
supporting the notion that CAPS may modulate tumor cell
fate via metabolic reprogramming (25). These insights may
have therapeutic relevance, as targeting CAPS-associated
metabolic states could offer novel strategies for inducing
differentiation or suppressing proliferation in metabolically
distinct EC subtypes.
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Beyond its intrinsic cellular functions, CAPS also appears to
influence the tumor microenvironment. Single-cell communication
analyses revealed that CAPS-positive secretory epithelial cells
engage in extensive and specific ligand-receptor interactions with
multiple immune cell types, particularly through MDK-NCL and
MIF-CD74 signaling axes (26). Among these, NK cells have been
broadly associated with improved prognosis in solid tumors (27),
while eosinophils may contribute to anti-tumor immunity by
promoting T cell recruitment and remodeling of the tumor
vasculature (28). Collectively, these findings suggest that CAPS
exerts tumor-suppressive effects not only by modulating cellular
metabolism and differentiation but also by shaping the immune
microenvironment, thereby providing new insights into its
multifaceted role in EC.

These observations suggest that CAPS may exert a dual tumor-
suppressive effect-by modulating both epithelial cell behavior and
the surrounding immune landscape. Accordingly, CAPS may serve
as a potential biomarker for identifying immune-inflamed EC
subtypes and guide immunotherapeutic stratification. Moreover,
its downstream signaling pathways could represent viable targets
for enhancing anti-tumor immune responses in EC.

Interestingly, previous studies have reported divergent roles for
CAPS in other malignancies. For example, CAPS has been shown to
promote glioma progression by activating the Ca®*-ERK pathway
(8) and to facilitate tumor growth in gastric and lung cancers (9).
These discrepancies underscore the context-dependent nature of
CAPS function, likely driven by tissue-specific molecular programs
and microenvironmental influences. Our single-cell data suggest
that CAPS expression is confined to a terminally differentiated
epithelial subpopulation in EC, highlighting the limitations of
bulk-tissue analyses, which may obscure functionally distinct
cellular subsets. While previous studies have linked CAPS
overexpression to stress-responsive or metabolically activated
tumor states, our findings instead reveal an association with
epithelial differentiation and suppression of proliferative capacity.

In summary, CAPS represents a promising molecule of prognostic
and therapeutic relevance in endometrial carcinoma. Its elevated
expression is consistently associated with more indolent pathological
features and improved clinical outcomes, suggesting potential utility as
a biomarker for patient stratification. Functionally, CAPS may exert
tumor-suppressive effects by maintaining epithelial differentiation,
restraining aberrant proliferation, and modulating the tumor immune
microenvironment. Nevertheless, this study has several limitations. The
single-cell RNA-seq analysis was derived from a single dataset
(GSE173682) without cross-dataset validation, and the number of
clinical samples used for validation was relatively small, consisting
entirely of the endometrioid subtype. Future studies should incorporate
molecular and histological stratification to enhance generalizability. In
addition, functional assays were limited to in vitro models, and in vivo
evidence and detailed mechanistic insights remain to be established.
Future work will therefore focus on in vivo modeling, genetic rescue
experiments, and cross-dataset single-cell validation to further elucidate
the regulatory mechanisms and translational implications of CAPS in
endometrial carcinoma and other malignancies.
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5 Conclusion

This study identifies CAPS as a tissue-specific regulator
exhibiting dual roles across malignancies. In EC, elevated CAPS
expression is strongly associated with indolent pathological features
and favorable clinical outcomes. Mechanistically, CAPS appears to
function as a tumor suppressor by promoting epithelial
differentiation and oxidative metabolism, inhibiting aberrant
proliferation, and modulating the immune microenvironment.
These findings support the clinical relevance of CAPS as a
prognostic biomarker and highlight its potential as a therapeutic
target in EC, offering a foundation for future mechanistic
investigations and translational research.
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