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CCT5 as a candidate biomarker in bladder
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Abstract: CCT5, a subunit of the chaperonin-containing TCP1 complex, has been implicated in the development of
various malignancies. However, its role in bladder cancer remains undefined. This study investigated the functional
contribution of CCT5 and its association with Hippo/YAP signaling. Using data from The Cancer Genome Atlas (TCGA)
and Gene Expression Omnibus (GEO), CCT5 expression and its prognostic significance were analyzed. Single-cell
and spatial transcriptomics were employed to explore expression patterns and cellular heterogeneity. Functional as-
sessments were conducted in vitro and in vivo using xenografts. To elucidate the underlying mechanisms, RNA-seq
was integrated with Western blotting analysis. CCT5 was found to be upregulated in bladder cancer and correlated
with poor prognosis and aggressive pathological features. Single-cell and spatial analyses revealed that CCT5 was
enriched in malignant epithelial subpopulations with high CNV scores, activated oncogenic pathways, and exten-
sive cell-cell interactions. Functionally, CCT5 promoted proliferation, migration, invasion, and G1/S transition while
inhibiting apoptosis; its depletion reduced xenograft growth. At the signaling level, CCT5 knockdown enhanced
phosphorylation of MST1, LATS1, and YAP, without significant changes in total protein levels, suggesting activation
of Hippo/YAP signaling. These findings highlight CCT5 as an oncogenic factor in bladder cancer, potentially acting
through the regulation of Hippo/YAP signaling, and propose its potential as a biomarker and therapeutic target in
bladder cancer.
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Introduction outcomes remain suboptimal, primarily due to
high recurrence rates, aggressive progression,
and therapy resistance [5-7]. Therefore, there is
an urgent need for sensitive biomarkers and

precise therapeutic targets in BLCA.

Bladder cancer (BLCA), with a high incidence
among urological diseases, remains one of the
ten most prevalent cancers globally. According
to GLOBOCAN 2022, approximately 613,791

new cases and 220,349 deaths were reported,
emphasizing its significant disease burden [1].
While cystoscopy remains the diagnostic gold
standard, certain lesions can still be missed
[2]. Although molecular markers such as TP53,
ERCC1, and FGFR3 have been explored for
diagnostic and therapeutic applications, their
practical utility remains limited, making early
detection a continuing challenge [3, 4]. Despite
advancements in surgical approaches, system-
ic treatments, and immunotherapies, patient

The chaperonin-containing TCP-1 (CCT), also
known as the TRiC complex, is a type Il molecu-
lar chaperonin specific to eukaryotes. Com-
posed of eight distinct subunits, it assists in the
proper folding of a variety of substrates, includ-
ing STAT3, the von Hippel-Lindau (VHL) tumor
suppressor, actin, tubulin, and cell cycle regula-
tors [8-12]. These substrates are critical for
tumor-related processes such as proliferation,
invasion, and migration. Among the CCT sub-
units, CCT5 has been found to be upregulated
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in several cancers, correlating with malignant
features and poor clinical outcomes, suggest-
ing an oncogenic role [13-20]. However, the sp-
ecific function and mechanistic basis of CCT5
in BLCA remain unclear.

The Hippo signaling pathway is a vital regulato-
ry network that controls organ development,
cell proliferation, immune response, and tissue
homeostasis [21]. It operates through a kinase
cascade, involving MST1/2, LATS1/2, YAP, and
TAZ [22]. Upon activation, MST1/2 are phos-
phorylated, which in turn activates LATS1/2
phosphorylation. This cascade leads to YAP
phosphorylation, resulting in its sequestration
in the cytoplasm and inhibition of transcription-
al activity [22-24]. In BLCA, the Hippo pathway
plays a key role in disease progression, poor
prognosis, and immune evasion [25, 26]. There-
fore, exploring whether CCT5 influences BLCA
progression by modulating the Hippo pathway
is of significant research interest.

This study comprehensively examined CCT5
expression, its prognostic relevance, and its
functional roles in BLCA by integrating TCGA
and GEO datasets with clinical tissue samples.
These findings were further validated through
experiments in both cultured cells and animal
models. Our results show that CCT5 expression
is elevated in BLCA tissues and associated can-
cer cells, with higher expression linked to poor
prognosis and more aggressive pathological
features. Functional analyses revealed that
CCT5 promotes proliferation, migration, inva-
sion, and G1/S phase progression while inhibit-
ing apoptosis in BLCA cells. Mechanistically,
CCT5 accelerates BLCA progression by modu-
lating the Hippo/YAP signaling pathway. In sum-
mary, our findings highlight CCT5 as an onco-
genic driver in BLCA, suggesting its potential as
both a diagnostic marker and a therapeutic
target.

Materials and methods
CCT5 expression and functional analysis

The TCGA dataset for BLCA (https://cancerge-
nome.nih.gov) was utilized to assess CCT5 exp-
ression, its prognostic significance, and poten-
tial biological relevance. For differential expres-
sion analysis, tumor samples were ranked by
CCT5 expression and stratified using the medi-
an value as a cutoff, dividing the samples into
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CCT5-low (bottom 50%) and CCT5-high (top
50%) groups. Differential expression was ana-
lyzed using DESeq2 in R 4.2.1 (|log,FC| > 1;
FDR < 0.05, Benjamini-Hochberg), and graph-
ics were generated with ggplot2. Survival anal-
yses were performed using Kaplan-Meier cur-
ves and log-rank testing via the survival R pack-
age. To explore functional associations, genes
correlated with CCT5 were analyzed for Gene
Ontology (GO) terms, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways, and
gene set enrichment analysis (GSEA) using the
clusterProfiler R package. For improved reliabil-
ity of co-expression-based enrichment, CCT5
co-expressed genes were defined with a corre-
lation threshold (|R| > 0.6 and FDR < 0.05),
and the resulting gene set was used for down-
stream GO/KEGG enrichment analyses. Recei-
ver operating characteristic (ROC) curves were
computed using the pROC package. Associa-
tions between CCT5, immune infiltration, and
immune checkpoints were explored with ssG-
SEA. Validation of CCT5 expression differences
was performed using GEO datasets GSE7476
and GSE13507 (https://www.ncbi.nim.nih.gov/

geo).
Single-cell RNA-sequencing analysis

Single-cell RNA sequencing (scRNA-seq) data
for BLCA were retrieved from the GEO database
(GSE135337), which served as the primary
resource for cell-type annotation, epithelial
subclustering (CCT5-high/CCT5-low), inferCNV
analysis, differential expression-based enrich-
ment, and cell-cell communication analysis.
Additionally, an independent scRNA-seq datas-
et (GSE145137) was used to validate the cell-
type-specific expression of CCT5. Spatial tran-
scriptomics analysis was conducted via the
CNGB STOmics platform (https://db.cngb.org/
stomics/) to visualize the spatial distribution of
CCT5 expression in BLCA tissues. Doublet
scores were calculated using Scrublet, and
cells were filtered based on the following crite-
ria: doublet score < 0.3, mitochondrial gene
proportion < 10%, detected genes 500-7000,
and counts 1000-40,000. After quality control,
21,767 high-quality cells were retained. Data
were preprocessed using Scanpy (v1.9.1), in-
cluding normalization and identification of high-
ly variable genes. Dimensionality reduction was
performed by PCA, batch effects were correct-
ed using Harmony, and unsupervised clustering
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was carried out using the Leiden algorithm to
construct a k-nearest neighbor graph. UMAP
was used for visualization. Cell types were an-
notated based on canonical marker genes,
including epithelial cells (EPCAM, KRT19), T
lymphocytes (CD3D, CD3E), and B lymphocytes
(CD79A, MS4A1). CCT5 expression was visual-
ized at single-cell resolution using FeaturePlot;
epithelial subsets with higher overall CCT5
expression were labeled as Epithelial _CCT5_
high, and others were labeled as Epithelial_
CCT5_low. During atlas construction, epithelial
cells from benign BCN samples were retained,
and sample-of-origin mapping was performed
to assess the distribution of epithelial states
between BC and BCN samples. Copy number
variations (CNVs) were inferred using inferCNV
(v1.6.0), with epithelial cells as observations
and T cells from all samples as the reference
population to establish a diploid baseline for
CNV inference across the integrated dataset.
Intercellular communication networks were
analyzed using CellChat (v1.1.3) to identify
ligand-receptor interactions between Epithe-
lial_CCT5_high cells and other annotated cell
types.

Cell lines and human tissue specimens

The Institute of Urological Diseases at the Se-
cond Hospital of Lanzhou University (Lanzhou,
China) provided the normal human urothelial
cell line SV-HUC-1 and BLCA cell lines (UMUC-3,
T24, 182, 253J, and 5637). The cell lines were
cultured in either Ham’s F-12K (Gibco) or RPMI-
1640 (Shanghai Yuanpei), with both media
supplemented with 1% streptomycin, 1% peni-
cillin, and 10% fetal bovine serum (FBS).

BLCA tissue specimens were collected from the
Department of Urology, Second Hospital of
Lanzhou University, with approval from the ins-
titutional ethics committee (Approval No.
2025A-517) and written informed consent
obtained from each participant.

Immunohistochemistry (IHC)

IHC was performed using the UltraSensitive™
SP kit (Maixin Biotechnology, KIT-9710) accord-
ing to the manufacturer’s protocol. Briefly, tis-
sue sections were baked, deparaffinized, rehy-
drated through graded alcohols, and subjected
to antigen retrieval in EDTA buffer, followed by
cooling and PBS washing. Endogenous peroxi-
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dase activity and nonspecific binding were
blocked using reagents from the kit. Sections
were incubated overnight at 4°C with primary
antibodies against CCT5 (1:200, Proteintech,
11603-1-AP) and Ki67 (1:1000, Proteintech,
27309-1-AP). After returning to room tempera-
ture, biotin-conjugated goat anti-mouse/rabbit
IgG polymer and streptavidin peroxidase were
applied sequentially. Immunostaining was visu-
alized using 3,3-diaminobenzidine (DAB; Mai-
xin Biotechnology, KIT-0015), followed by he-
matoxylin counterstaining, ethanol dehydra-
tion, and mounting with neutral resin.

Quantitative real-time polymerase chain reac-
tion (RT-qPCR)

Total RNA was extracted using the Steady-
Pure RNA Extraction Kit (Accurate Biotech-
nology, AG21023) following the product manu-
al. RNA extraction efficiency was assessed
using a NanoDrop 2000, and reverse tran-
scription was performed according to the kit
protocol (Accurate Biotechnology, AG11728).
RT-gPCR was conducted following the manu-
facturer’s instructions (Accurate Biotechnology,
AG11701). The reaction began with 95°C for
30 seconds (denaturation), followed by 40
cycles of 95°C for 5 seconds and 60°C for 30
seconds. CCT5 levels were calculated as 224
values and normalized to B-actin [27]. Each
reaction was performed in triplicate to ensure
reproducibility. Primer sequences are provided
in Table S1.

Protein extraction and Western blotting

As previously reported [28], total cellular pro-
teins were extracted. Samples were separated
using a 10% SDS-PAGE system and transferred
to PVDF membranes. Blocking was performed
with TBST containing 5% non-fat milk at 37°C
for 90 minutes. The membranes were then in-
cubated with diluted primary antibodies at 4°C
overnight. After treatment with secondary anti-
bodies for 1 hour, protein signals were visual-
ized and analyzed using a dual-infrared imaging
system. The following antibodies were used:
GAPDH (1:1000; Servicebio, #GB15004-100),
CCT5 (1:1000; Proteintech, #11603-1-AP), CD-
K4 (1:1000; Proteintech, #11026-1-AP), CDK6
(1:12000; Proteintech, #14052-1-AP), Cyclin D1
(1:1000; Proteintech, #26939-1-AP), phospho-
MST1/2 (1:1000; Cell Signaling Technolo-
gy, #49332), MST1 (1:500; Santa Cruz, #sc-
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515051), LATS1 (1:500; Santa Cruz, #sc-
398560), phospho-LATS1 (1:1000; Cell Sig-
naling Technology, #8654), YAP1 (1:500; Santa
Cruz, #s¢-101199), and phospho-YAP1 (1:1000;
Abways, #CY5743).

Cell transfection

CCT5 knockdown and overexpression plas-
mids were synthesized by Miaolingbio (Wuhan,
China). UMUC-3, T24, and J82 cells were trans-
fected using polyethylenimine (PEI; Servicebio,
G1802-1ML) following the manufacturer’s pro-
tocol. Stable transfectants were generated
through puromycin selection. The efficiency of
knockdown and overexpression was assessed
using RT-gPCR and Western blotting analysis.
Relevant sequences are provided in Table S2.
In the CCT5 knockdown validation experiment,
cells were divided into three groups: negative
control (NC), CCT5 knockdown (Sh1), and CCT5
knockdown (Sh2). For the CCT5 overexpression
validation experiment, the groups were: nega-
tive control (Vector) and CCT5 overexpression
(OE).

Cell proliferation assay

The proliferation assay was conducted in
96-well plates, with approximately 2,000 cells
seeded per well. Reagents were added accord-
ing to the manufacturer’s instructions on days
0, 1, 2, 3, and 4 after cell attachment, and ab-
sorbance was measured at 450 nm. All assays
were performed in triplicate. Data analysis and
visualization were done using GraphPad Prism
10.

Cell colony assay

For the clonogenic assay, approximately 1,000
cells were seeded per well in six-well culture
dishes and cultured for two weeks under appro-
priate conditions. The medium was then re-
moved, and colonies were fixed with 4% para-
formaldehyde for 30 minutes, stained with dil-
uted crystal violet, and counted using a micro-
scope. All assays were performed in triplicate
to ensure reproducibility.

Scratch assay

For the scratch assay, when cell density rea-
ched approximately 80%, a uniform scratch
was made using a pipette tip perpendicular to
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the dish surface. After washing with PBS, the
initial gap width (O h) was recorded using
microscopy. Cells were cultured for an addition-
al 24 hours, after which the gap closure was
re-evaluated by imaging.

Transwell assays

In the migration assay, 600 uL of complete
medium was added to the bottom wells, and
200 L of serum-free cell suspension (20,000
cells) was seeded into the insert. Cells were
incubated for 24 hours.

For the invasion assay, 600 uL of medium (10%
FBS) was added to the bottom wells. Matrigel
was diluted to one-ninth of its original concen-
tration and applied to the upper surface of the
chamber. Then, 200 pL of serum-free cell sus-
pension (20,000 cells) was added, and cells
were cultured for 2 days.

After fixation (paraformaldehyde) and staining
(crystal violet), five random fields per chamber
were captured and analyzed using ImagelJ.

Cell cycle and apoptosis assays

For the cell cycle assay, cells at approximately
80% confluence were processed using the Cell
Cycle Assay Kit (Linkebio, CCS012) according
to the kit protocol and analyzed via flow cytom-
etry. A total of 1 x 106 cells were collected, pre-
pared as per the instructions of the correspond-
ing Kit (Linkebio, AP101), and analyzed.

Xenograft tumor model

The nude mice were obtained from the Experi-
mental Animal Center of the Lanzhou Veterinary
Research Institute, Chinese Academy of Agri-
cultural Sciences. Fifteen 5-week-old female
nude mice (weighing between 18 and 20 g)
were maintained in specific pathogen-free
(SPF) conditions, with access to autoclaved
chow and sterilized water ad libitum. The mice
were randomly assigned to three groups (five
mice per group): NC, CCT5 knockdown (Sh1l),
and CCT5 knockdown (Sh2). UMUC-3 cells were
resuspended in Matrigel mixed with physiolo-
gical saline at a 1:1 ratio, and 1 x 10° cells
were subcutaneously injected into each mouse.
Tumor growth was monitored every 3 days
using calipers. Mice were closely observed th-
roughout the experiment, with humane end-
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points predefined. Upon reaching the ethical
tumor volume endpoint of approximately 1000
mm?3, mice were euthanized by cervical disloca-
tion, and tumors were harvested for imaging,
weighing, and fixation. Tumor volume was cal-
culated using the formula V = (length x
width?)/2. The Experimental Animal Welfare
and Ethics Committee of the Second Hospi-
tal of Lanzhou University approved all animal
studies (Approval No. D2025-412), which were
conducted in accordance with institutional
guidelines.

RNA sequencing

Following the manufacturer’'s protocol, suffi-
cient quantities of controland CCT5-knockdown
T24 cells were collected and snap-frozen in lig-
uid nitrogen for temporary storage. RNA se-
quencing and primary data processing were
performed by Guoke Andes Biotechnology
Co., Ltd. (Hangzhou, China). Differentially ex-
pressed genes were identified using a thresh-
old of [log,FC| > 1 and an adjusted p-value
(padj) < 0.05, followed by functional enrich-
ment analysis.

Statistical analysis

Summary statistics (mean + SD; n = 3) were
calculated using GraphPad Prism (v10.0).
Student’s t-test was used for pairwise (two-
group) comparisons, while one-way ANOVA with
Tukey’s post hoc test was applied for compari-
sons involving more than two groups. Statis-
tical significance was defined as P < 0.05, with
results above this threshold considered non-
significant (ns). All experiments were indepen-
dently repeated three times. Computational
analyses of bulk and single-cell transcriptomes,
as well as figure generation, were performed
using R (v4.2.1) and Python (v3.10), with com-
monly used packages such as ggplot2, pheat-
map, Seurat, and Scanpy.

Result

The expression level of CCT5 was significantly
increased in bladder cancer

Pan-cancer analysis revealed a significant up-
regulation of CCT5 expression across 17 tumor
types, including BLCA (Figure 1A, 1B). Further
examination of BLCA data showed consistently
higher CCT5 levels in tumor tissues compared
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to adjacent normal tissues, both in paired and
unpaired cohorts (Figure 1C, 1D). This finding
was confirmed by results from two external
GEO datasets, GSE7476 and GSE13507 (Figure
1E, 1F). IHC staining further supported these
observations, showing markedly stronger CCT5
staining in patient-derived BLCA specimens
than in normal urothelial controls (Figure 1G).
Consistent with these results, RT-qPCR analy-
sis of clinical samples demonstrated signifi-
cantly higher CCT5 mRNA levels in tumors com-
pared to paired adjacent noncancerous tissues
(Figure 1H). Additionally, CCT5 expression was
notably elevated in BLCA cell lines (UMUC-3,
5637, J82, T24, and 253J) at both the tran-
script and protein levels, as confirmed by
RT-gPCR and Western blotting analysis, com-
pared to the normal urothelial line SV-HUC-1
(Figure 1l, 1)).

High CCT5 expression correlates with poor
survival and aggressive clinical features in
bladder cancer

Kaplan-Meier survival curves indicated that
patients with high CCT5 expression had signifi-
cantly poorer overall survival (OS), disease-spe-
cific survival (DSS), and progression-free sur-
vival (PFS) compared to the low-expression
group (Figure 2A-C). CCT5 expression was sig-
nificantly higher in T2-T4 tumors and pathologi-
cal stage II-IV compared to normal tissues, but
no consistent stepwise increase in expression
across advanced stages was observed (Figure
2D, 2E). Furthermore, CCT5 levels were mark-
edly higher in non-papillary subtypes compared
to papillary subtypes and in high-grade tumors
relative to low-grade tumors (Figure 2F, 2G).
ROC curve analysis demonstrated that CCT5
had strong diagnostic potential for distinguish-
ing BLCA tissues from adjacent normal tissues,
with an AUC of 0.835 (Figure 2H).

Enrichment analysis of CCT5 in bladder cancer

To further investigate the role of CCT5 in BLCA,
this study identified 2,176 genes that were dif-
ferentially expressed between the CCT5-high
and CCT5-low groups (Figure 3A) and 746
genes significantly correlated with CCT5 ex-
pression. A heatmap displaying the top 20 ge-
nes positively correlated with CCT5 is shown
in Figure 3B. GO enrichment analysis revealed
that these co-expressed genes were primarily
associated with cell cycle-related processes,
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Figure 1. Upregulation of CCT5 was observed in bladder cancer. A, B. Pan-cancer analysis of CCT5 expression
across 33 tumor types from the TCGA database. C, D. Evaluation of CCT5 expression in paired and unpaired sam-
ples from TCGA-BLCA cohorts. E, F. Validation of elevated CCT5 expression in BLCA using GSE7476 and GSE13507.
G. Immunohistochemical staining of clinical specimens reveals stronger CCT5 expression in bladder tumor tissues
compared to normal urothelium. H. RT-qPCR results demonstrating upregulation of CCT5 in bladder carcinoma tis-
sues relative to matched adjacent non-cancerous tissues. |, J. RT-gPCR and Western blot analyses confirm higher
CCT5 levels in UMUC-3, 5637, J82, T24, and 253J than in the SV-HUC-1.
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Figure 2. High CCT5 expression correlates with poor survival and aggressive clinical features. A-C. Kaplan-Meier
curves revealed that high CCT5 expression was correlated with adverse survival outcomes. D, E. Differential expres-
sion of CCT5 across distinct stages of BLCA. F, G. Expression variations of CCT5 between papillary and non-papillary
subtypes, as well as between low-grade and high-grade BLCA. H. ROC analysis underscored the strong diagnostic
capacity of CCT5 (AUC = 0.835).

including DNA replication, mitotic phase transi-
tion, and regulation of DNA metabolism (Figure
3C). Additionally, these genes were enriched in
chromosomal regions, spindle structures, and

microtubule assemblies (Figure 3D). Molecular
function analysis revealed significant enrich-
ment in ATP hydrolysis activity, tubulin binding,
GTPase binding, and chaperone-mediated pro-
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Figure 3. Functional enrichment analysis of CCT5-related genes in BLCA. A. Volcano plot of DEGs between the CCT5-
high and CCT5-low groups in the TCGA-BLCA cohort. B. Heatmap of the top 20 positively correlated genes with CCT5
in the TCGA-BLCA cohort. C-E. GO enrichment analysis of CCT5-co-expressed genes in BP, CC, and MF. F. KEGG
analysis showed enrichment in the cell cycle pathway. G, H. GSEA linked high CCT5 expression to dysregulation of

bladder cancer and Hippo signaling pathways.

tein folding (Figure 3E). Pathway enrichment
analysis identified key pathways associated wi-
th these genes, including the cell cycle, oocyte
meiosis, and spliceosome (Figure 3F). More-
over, GSEA highlighted that elevated CCT5 ex-
pression was linked to dysregulation of BLCA-
related pathways and the Hippo signaling path-
way (Figure 3G, 3H). These results suggest that
CCT5 may act as an oncogenic driver in BLCA by
promoting cell cycle progression and disrupting
Hippo signaling.

Single-cell transcriptomic analysis reveals epi-
thelial CCT5-high subclusters with increased
malignancy

To comprehensively investigate the functional
role of CCT5 in BLCA, scRNA-seq data from the
GSE135337 cohort were analyzed. After rigor-
ous quality assessment (Figure S1A-H), 21,767
high-quality cells meeting the quality thresh-
olds were included for further analysis. UMAP
projection and cell-type annotation identified
major populations, including epithelial, im-
mune, endothelial, and stromal cells (Figure
4A, 4B). Marker gene dot plots confirmed these
annotations: B cells were marked by CD79A/
MS4A1, endothelial cells by PECAM1/VWF, epi-
thelial cells by EPCAM/KRT19, fibroblasts by
DCN/COL1A1, myeloid cells by AIF1/LYZ, and T
cells by CD3D/CD3E (Figure 4C). The feature
plot revealed that CCT5 expression was primar-
ily detected in clusters annotated as epithelial
cells (Figure 4D). Analysis of cellular composi-
tion across samples showed that epithelial
cells made up the largest fraction in most sam-
ples (Figure 4E). To validate this finding, the
cell-type-specific expression of CCT5 was fur-
ther evaluated in an independent dataset
(GSE145137), which confirmed higher CCT5
expression in cancer cells (Figure 4F). Epithelial
clusters were categorized into CCT5-high and
CCT5-low states based on cluster-level CCT5
expression (post-clustering annotation; Figure
4B). InferCNV analysis revealed that the CCT5-
high epithelial subgroup exhibited significantly
elevated CNV scores compared to the CCT5-
low subgroup, with CNV inferred using epithelial
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cells as observations and T cells as the refer-
ence population. This suggests a higher infe-
rred CNV burden in the CCT5-high group (Figure
5A, 5B). Enrichment analysis indicated that
genes upregulated in the CCT5-high subpopula-
tion were associated with cancer-related pro-
grams, such as MYC and E2F target gene sets,
as well as metabolic pathways related to oxida-
tive phosphorylation (Figure 5C). Furthermore,
spatial transcriptomics demonstrated the pres-
ence of CCT5 expression across various tumor
regions (Figure 5D). Cell-cell communication
analysis showed that CCT5-high epithelial cells
exhibited broad interactions with multiple cell
populations, including immune cells and fibro-
blasts, with increased interaction number and
strength in the inferred communication net-
work (Figure 5E). These results suggest that
higher CCT5 expression is associated with a
subset of epithelial cells exhibiting distinct CNV
features and microenvironmental interaction
patterns in BLCA.

CCT5 expression is associated with immune
infiltration and checkpoint genes

Given the enrichment of CCT5 in epithelial tu-
mor cells, its potential link with tumor immune
modulation was further explored using TCGA
data. High CCT5 expression correlated with
altered infiltration levels of multiple immune
cell subsets, including macrophages, NK cells,
and T-cell populations. Moreover, CCT5 was
positively associated with several inhibitory
and co-stimulatory checkpoint molecules. De-
tailed results are provided in Figure S2A-E.

Knockdown of CCT5 restrains bladder cancer
cell proliferation, invasion, and migration

To investigate the role of CCT5 in the malig-
nant phenotype of BLCA, CCT5 was knocked
down in UMUC-3 and T24 cells, which exhibit
relatively high expression levels, and stable
knockdown cell lines were established. The effi-
ciency of CCT5 knockdown was confirmed th-
rough RT-gPCR and Western blotting (Figure
6A-D). Cell proliferation was significantly redu-
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ced in CCT5 knockdown cells (Sh1, Sh2) com-
pared to the negative control (NC) group, as
demonstrated by CCK-8 assays (Figure 6E, 6F).
Colony formation assays further showed that
silencing CCT5 significantly impaired the clono-
genic capacity of BLCA cells (Figure 6G).
Additionally, transwell assays revealed a sub-
stantial reduction in both invasion and migra-
tion abilities of UMUC-3 and T24 cells following
CCT5 knockdown (Figure 6H, 6l). Consistently,
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wound-healing assays demonstrated a marked
suppression of the migratory capacity of UMUC-
3 and T24 cells upon CCT5 knockdown (Figure
6J, 6K).

Knockdown of CCT5 results in enhanced apop-
totic activity and cell cycle inhibition

Apoptosis analysis by flow cytometry revealed a
significant increase in apoptotic rates in CCT5
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cells (shCCT5 groups) as determined by CCK-8 assay. G. Clonogenic survival was markedly attenuated upon CCT5
knockdown, evidenced by a reduction in colony numbers. H, |. Transwell assays revealed impaired migratory and
invasive capabilities in CCT5-silenced cells. J, K. Wound healing progression was delayed following CCT5 ablation,

indicating suppressed migration.

knockdown UMUC-3 and T24 cells compared
to the NC group (Figure 7A, 7B). Cell cycle anal-
ysis indicated that CCT5 knockdown led to an
increase in the proportion of cells in the G1
phase, accompanied by a reduction in the S
and G2 phases, suggesting a G1/S phase
arrest (Figure 7C, 7D). Western blotting con-
firmed these findings, showing a marked
decrease in the expression of key cell cycle
regulators (Cyclin D1, CDK4, CDK®) in the CCT5
knockdown groups compared to the NC group
(Figure 7E, 7F).

CCT5 overexpression drives malignant progres-
sion

To validate the oncogenic role of CCT5, a stable
CCT5-overexpressing J82 cell line was gener-
ated, with successful overexpression verified
by RT-gPCR and Western blotting (Figure 8A,
8B). Functional assays demonstrated that ecto-
pic CCT5 expression significantly enhanced cel-
lular growth and clonogenicity (Figure 8C, 8D).
Furthermore, invasion, migration, and wound-
healing capacities were notably increased in
CCT5-overexpressing cells compared to the
vector control group (Figure 8E, 8F). Flow cyto-
metric apoptosis assays showed that CCT5
overexpression significantly suppressed apop-
totic rates relative to the vector control group
(Figure 8G). Cell cycle analysis by flow cytome-
try revealed that forced expression of CCT5
accelerated the G1/S transition, as evidenced
by a reduction in the proportion of G1-phase
cells and a simultaneous increase in the S and
G2-phase populations. Western blotting analy-
sis confirmed increased expression of Cyclin
D1, CDK4, and CDK6 in CCT5-overexpressing
cells compared to the vector control group
(Figure 8H, 8I).

CCT5 knockdown attenuates subcutaneous
tumor growth in nude mice

Subcutaneous xenograft tumors were generat-
ed by injecting UMUC-3 cells with stable CCT5
knockdown or NC group cells into mice. Tumor
growth was monitored over time, and CCT5
depletion significantly delayed tumor progres-
sion, resulting in smaller tumor volumes and
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lower weights compared to controls (Figure
9A-C). Consistent with these findings, IHC show-
ed reduced Kib67 expression in tumors derived
from CCT5-knockdown cells (Figure 9D).

CCT5 drives bladder cancer progression via
modulation of the Hippo/YAP pathway

To investigate the underlying molecular mecha-
nisms, RNA-seq analysis was performed on
T24 cells following CCT5 depletion. Volcano
plot and heatmap analyses revealed that sev-
eral downstream targets of the Hippo pathway,
including BMP4, CCN1, AMOT, and CCN2, were
significantly downregulated after CCT5 knock-
down (Figure 9E, 9F). Functional enrichment
analysis of the differentially expressed genes
suggested involvement in processes such as
wound healing, cell development, and growth
factor activity, with KEGG analysis highlighting
significant enrichment in the Hippo signaling
pathway (Figure 9G, 9H). Western blotting anal-
ysis revealed that CCT5 knockdown promoted
phosphorylation of MST1, LATS1, and YAP1,
while their total protein expression remained
unchanged (Figure 9l, 9J). This pattern indi-
cates activation of the Hippo cascade and inhi-
bition of YAP-driven transcription. These results
suggest that CCT5 promotes BLCA progression
through modulation of the Hippo signaling
pathway.

Discussion

This study demonstrates that CCT5 is signifi-
cantly upregulated in BLCA at both the tran-
scriptional and protein levels. Elevated CCT5
expression is strongly associated with poor sur-
vival outcomes and aggressive pathological
features. Functional experiments, both in vitro
and in vivo, further confirm that CCT5 enhances
the malignant behavior of BLCA cells. Mecha-
nistically, our data suggest that CCT5 regulates
the Hippo/YAP axis: CCT5 knockdown increas-
es phosphorylation of MST1, LATS1, and YAP,
while the total protein levels of these molecules
remain unchanged. In conclusion, this study
provides evidence that CCT5 promotes BLCA
progression and may serve as both a clinical
biomarker and a therapeutic target.

Am J Cancer Res 2026;16(1):51-69
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Figure 7. Knockdown of CCT5 results in enhanced apoptotic activity and cell cycle inhibition. A, B. Flow cytometric
analysis revealed a significant increase in apoptosis upon CCT5 knockdown in UMUC-3 and T24 cells. C, D. CCT5
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Notably, our single-cell and spatial transcrip- BLCA. CCT5 expression is predominantly en-
tomic analyses offer additional validation and riched in epithelial tumor cells, with a distinct
mechanistic insight into the role of CCT5 in CCT5-high subpopulation exhibiting higher CNV
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scores and enrichment of oncogenic MYC and
E2F target programs. Spatial transcriptomics
further confirmed the widespread expression
of CCT5 in tumor tissues, while intercellular
communication analysis revealed extensive
interactions between CCT5-high epithelial cells
and immune and stromal populations. These
findings highlight CCT5 as a marker of malig-
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nant epithelial subsets and suggest its poten-
tial role in influencing the tumor microenviron-
ment through epithelial-immune crosstalk.

Enrichment analyses based on the TCGA cohort
highlight cell cycle-related processes, while
transcriptomic profiling of T24 cells after CCT5
knockdown reveals enrichment in developmen-
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Figure 9. CCT5 knockdown suppresses tumor growth in vivo and activates Hippo signaling. A-C. Subcutaneous xe-
nograft models demonstrated impaired tumor growth upon CCT5 knockdown. D. Tumors with CCT5 knockdown ex-
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phosphorylation of MST4, LATS1, and YAP without alterations in total protein levels.
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tal and wound-healing pathways. Our single-
cell data complement these findings, demon-
strating that CCT5-high epithelial cells are en-
riched in proliferative and malignant signaling,
consistent with the oncogenic roles observed
in bulk RNA-seq and functional assays. Toge-
ther, these results indicate that CCT5 contrib-
utes to BLCA progression by driving intrinsic
proliferative programs and shaping extrinsic
cellular interactions.

Our observations align with previous studies
showing that CCT5 promotes malignant pheno-
types in other cancers. In lung adenocarcino-
ma, CCT5 enhances invasion and migration
through interactions with cyclin D1 and activa-
tion of the PIBK/AKT pathway [15]. In gastric
cancer, CCT5 upregulation is linked to aggres-
sive phenotypes, including epithelial-mesen-
chymal transition (EMT) and lymph node metas-
tasis, through activation of the Wnt/B-catenin
pathway [17]. Research on hepatocellular carci-
noma has shown that CCT5 facilitates progres-
sion by accelerating cell cycle transition and
increasing invasive potential [16]. These find-
ings highlight CCT5’s role in promoting malig-
nant progression across various cancers, sug-
gesting that its chaperonin function is coupled
with oncogenic signaling pathways.

The Hippo/YAP association identified in this
study is biologically plausible within the context
of BLCA. Aberrations in the Hippo pathway
are critically involved in urothelial carcinoma
pathogenesis, promoting proliferation, apopto-
sis evasion, and the acquisition of EMT, with
YAP/TAZ acting as key nuclear transcriptional
effectors of this pathway [29, 30]. Our findings
demonstrate that CCT5 knockdown increases
the phosphorylation of MST41, LATS1, and YAP,
supporting a model in which CCT5 inhibits
Hippo signaling to maintain YAP activity. Loss of
CCTb5, conversely, restores Hippo pathway acti-
vation and reduces YAP transcriptional func-
tion. Whether CCT5 exerts this effect indirectly
through chaperoning cytoskeletal components
or directly via interactions with core pathway
factors requires further investigation.

Beyond the Hippo pathway, independent evi-
dence suggests that CCT5 intersects with mul-
tiple oncogenic signaling networks. In head
and neck cancer models, CCT5 functions down-
stream of the B-catenin/CBP-mTORC1 axis to
regulate EMT-related gene programs [14]. In
colorectal cancer, CCT5 interacts with aspara-
gine synthetase (ASNS) to promote asparagine
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biosynthesis, thereby activating mTORC1 sig-
naling and enhancing tumor proliferation and
immunosuppression; this effect can be re-
versed by asparaginase, which synergizes with
anti-PD-L1 therapy [13]. These studies, despite
tissue-specific variations, highlight a broader
paradigm in which CCT5 links protein homeo-
stasis to metabolic and transcriptional drivers,
facilitating malignant progression. This mecha-
nism warrants further exploration in BLCA.

While bulk RNA-seq analysis suggested a
potential link between CCT5 and tumor immune
infiltration, our single-cell results revealed that
CCT5 expression is predominantly confined to
epithelial tumor cells. This implies that the
immunological associations observed in bulk
analyses may be mediated indirectly through
epithelial-immune interactions, rather than dir-
ect expression in immune cells. Thus, although
CCT5 may contribute to shaping an immuno-
suppressive tumor microenvironment, addition-
al functional studies are required to clarify the
exact mechanisms.

At the functional level, our gain- and loss-of-
function experiments demonstrated that CCT5
promotes cell growth, clonogenic potential, mo-
tility, and invasiveness. Conversely, CCT5 down-
regulation induced apoptosis and G1/S arrest,
accompanied by reduced expression of Cyclin
D1, CDK4, and CDK®6. These in vitro findings
were corroborated in vivo, where CCT5 knock-
down inhibited xenograft tumor growth and
decreased Ki-67 expression. Our results align
with previous studies showing that the TRiC/
CCT complex supports cell cycle progression
and inhibits apoptotic pathways [16, 31, 32],
reinforcing the potential of CCT5 as a therapeu-
tic target.

From a translational perspective, this study car-
ries several important implications. First, CCT5
may have diagnostic value: our ROC analysis
(AUC =~ 0.84) demonstrated good performance
in distinguishing tumor from normal tissues,
suggesting that CCT5 could complement cys-
toscopy and molecular testing. Second, single-
cell and spatial transcriptomics enabled us to
identify CCT5-high malignant epithelial sub-
sets, which may provide a foundation for devel-
oping precision therapies targeting specific cel-
lular populations. Although no direct CCT5
inhibitors are currently available, ongoing struc-
tural and functional studies of the TRiC/CCT
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complex could lead to strategies that disrupt
CCT5-client interactions or inhibit its chapero-
nin activity. Finally, given that Hippo/YAP signal-
ing is associated with immune escape and that
pan-cancer studies link CCT5 to an immuno-
suppressive tumor microenvironment, it is cru-
cial to investigate whether CCT5 influences
immune infiltration and checkpoint regulation
in BLCA.

However, this study has several limitations.
First, transcriptomic analyses can only suggest
correlations, not causality. While our interven-
tion experiments support the proposed mecha-
nistic model, it remains unclear whether CCT5
regulates the Hippo pathway through direct or
indirect mechanisms. Further studies, such as
MST1/2 inhibition rescue assays, ChIP-qPCR,
and proteomic interaction profiling, will be
needed to clarify this mechanism. Second, our
animal experiments relied on subcutaneous
xenografts, a model that does not fully reflect
the complexity of the natural tumor microenvi-
ronment. Third, the single-cell dataset analyzed
here had a limited sample size, and additional
validation in larger independent cohorts is nec-
essary. Future research should also focus on
developing pharmacological tools targeting the
CCT5/TRIiC complex - especially strategies
aimed at disrupting specific client-CCT5 inter-
actions - to assess the clinical feasibility of tar-
geting CCTb.

In conclusion, this study highlights CCT5 as an
oncogenic factor in BLCA. CCT5 is significantly
upregulated and associated with aggressive
clinicopathological features and poor survival.
Experimental evidence confirms that CCT5 pro-
motes malignant phenotypes, such as increa-
sed BLCA cell proliferation, and suggests that
its pro-tumor effects may be mediated by mod-
ulating the Hippo/YAP signaling pathway. These
findings position CCT5 as a potential prognos-
tic marker and an attractive therapeutic target,
providing a theoretical foundation for future
translational research focused on targeting
CCT5 for BLCA treatment.
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Table S1. Primer sequences used for qRT-PCR analysis

Gene Direction Sequence (5'—3’)

CCT5 Forward CATAAGCTGGATGTGACCTCT
Reverse GCCCCACTGACAAATTGCTA

B-actin Forward GAGCACAGAGCCTCGCCTTT
Reverse ACATGCCGGAGCCGTTGTC

Table S2. Sequences of shRNAs used for knockdown in stable cell lines

Name Forward Primer

shRNA1 GATCCGGCATTCACCCAATCAGAATACTCGAGTATTCTGATTGGGTGAATGCCTTTTTTG
shRNA2 GATCCGATAGCGTCCTTGTTGACATAACTCGAGTTATGTCAACAAGGACGCTATTTTTTTG
NC GATCCGTTCTCCGAACGTGTCACGTAATTCAAGAGATTACGTGACACGTTCGGAGAATTTTTTC

Note: NC, non-targeting negative control.
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Figure S1. Quality control and cell-type annotation of single-cell RNA-seq data from the GSE135337 cohort. (A-D)
Quality control (QC) metrics applied to single-cell data prior to analysis, encompassing the number of detected
genes (A), total UMI counts (B), doublet scores (C), and mitochondrial transcript percentage (D). Cells failing QC
thresholds were filtered out. (E) Cell type identity was assigned based on expression of established marker genes:
PTPRC (immune cells), CD3D (T cells), CD68 (myeloid cells), DCN (fibroblasts), and KRT19/EPCAM (epithelial cells),
visualized on UMAP plots. (F) Unsupervised clustering of cells revealed 11 distinct populations (0-10). (G) Composi-
tional analysis showed enrichment of epithelial cells in tumor samples (BC) compared to matched adjacent normal
tissue (BCN). (H) CCT5-high epithelial subpopulations were correlated with malignant tumor characteristics.
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Figure S2. Association of CCT5 expression with immune infiltration profiles and immune checkpoint molecules. (A)
Comparative analysis of immune cell infiltration between tumors with high and low CCT5 expression. (B) Correlation
heatmap of CCT5 and its co-expressed genes with various immune cell subsets. (C) CCT5 expression levels showed
significant correlations with the abundance of specific immune cells, including MO/M2 macrophages, activated
memory CD4+ T cells, resting NK cells, and regulatory T cells (Tregs). (D, E) Scatter plots depicting the relation-

ship between CCT5
molecules.

expression and the transcript levels of inhibitory (D) and stimulatory (E) immune checkpoint



