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Abstract: Membrane-bound LRRC15 facilitates communication with adjacent cells by interacting with extracellular
molecules, yet its role in urothelial carcinoma remains undefined. A systematic analysis of clinicopathological tran-
scriptome profiles of urothelial carcinoma patients reveals that dysregulated levels of LRRC15 are associated with
tumor malignancy features and poor prognosis. A clinically based molecular simulation model highlights potential
mechanisms whereby LRRC15 mediates urothelial carcinoma cell motility and growth, primarily through the extra-
cellular matrix organization pathway. Further molecular interaction mapping identifies SCG5 as a novel molecule
linking to LRRC15 via protein-protein interactions, positively correlating with advanced pathological features and
worse prognosis in urothelial carcinoma patients. Kaplan-Meier plotter results indicate that the LRRC15/SCG5 axis
can serve as a prognostic marker for low survival rates in both non-muscle invasive and muscle-invasive bladder
cancer. Molecules affected by the LRRC15/SCG5 axis in bladder cancer and upper tract urothelial carcinoma con-
tribute to signatures of poor prognosis in urothelial carcinoma. These findings support targeting the LRRC15/SCG5

axis as a potential therapeutic strategy to intervene in urothelial carcinoma progression.
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Introduction

According to the American Cancer Society,
there were 83,190 new cases of urinary blad-
der-related tumors and approximately 16,840
deaths in 2024. This high incidence and mor-
tality rate place bladder cancer among the top
ten most concerning cancer types, underscor-
ing the urgent need for novel diagnostic strate-
gies to intervene in tumor progression [1]. The
five-year survival rate for patients diagnosed
with metastatic events plummets from approxi-
mately 80% to 5% [2]. The genomic heterogene-
ity of urothelial carcinoma, compounded by its
origin in both the upper tract and bladder tis-
sues, adds to its complexity [3]. Various carcin-
ogens, including tobacco exposure, have been
implicated in the development of urothelial car-
cinoma and subsequent bladder cancer [2,
4-7]. Pathologically, bladder cancer is catego-
rized based on the extent of muscle invasion in
the bladder wall into non-muscle invasive blad-

der cancer (NMIBC) and muscle invasive blad-
der cancer (MIBC). While nearly 70% of superfi-
cial tumors can be managed initially through
Transurethral Resection of Bladder Tumor
(TURBT), the recurrence rate exceeds 50%
[8-10]. Despite genomic differences, about half
of MIBC cases are believed to originate from
recurrent NMIBC [11, 12]. Furthermore, approx-
imately 50% of MIBC patients experience me-
tastasis even after undergoing neoadjuvant
chemotherapy and cystectomy [11, 13]. There-
fore, there is an urgent need to develop
enhanced diagnostic strategies and tools for
urothelial carcinoma, including prognostic
biomarkers.

Leucine-rich repeat containing 15 (LRRC15) is
a member of the Leucine-rich repeat-containing
(LRRC) protein family, distinguished by its
Leucine-rich repeat (LRR) domains. Notably, the
LRR structure functions as a receptor for recog-
nizing non-mammalian pathogens, including
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toll-like and NOD-like receptors [14]. Sequence
alignment with the coxsackievirus-adenovirus
receptor indicates that LRRC15 influences cel-
lular susceptibility to adenovirus infections
[15]. Dysregulated expression of LRRC15 has
been identified as a prognostic factor in glio-
blastoma, ovarian cancer, osteosarcoma, and
breast cancer [16-21]. LRRC15, a transmem-
brane protein, is considered an adhesion pro-
tein antigen due to its interactions with extra-
cellular molecules [15, 22, 23]. In ovarian can-
cer, the interaction between LRRC15 and integ-
rin promotes tumor motility and metastasis
[24]. Upregulated LRRC15 has also been impli-
cated in drug resistance in osteosarcoma and
prostate cancer [25, 26]. The expression of
LRRC15 is transactivated by TGF-3, particularly
in activated mesenchymal-like tissues such as
corneal and periodontal ligament cells [27, 28].
In tumor biology, upregulated LRRC15, regulat-
ed by TGF-B in tumor-associated fibroblasts
[29, 30], alters invasive activity and enhances
immune evasion of cancer cells [29-32].
However, no studies have comprehensively
addressed the clinicopathological significance
and potential molecular mechanisms of
LRRC15 as a prognostic marker in urothelial
carcinoma.

By re-analyzing the TCGA-BLCA transcriptome
profiles, this study reveals for the first time the
distribution of LRRC15 in tumors and its corre-
lation with different pathological features and
prognostic values. A molecular simulation
model identified SCG5 as a potential protein
partner of LRRC15, involved in LRRC15-me-
diated urothelial carcinoma malignancy. This
systematic analysis indicates that dissecting
the LRRC15/SCG5 axis and its downstream
effectors can enhance therapeutic strategies
for intervening in urothelial carcinoma.

Results

Elevated LRRC15 is a marker of malignancy in
urothelial carcinoma patients

To confirm the association between elevated
LRRC15 levels and high-risk cancer incidence,
a pan-cancer analysis was conducted. Hazard
ratio values indicated that LRRC15 distribution
is linked to high-risk events across various
cancer types, including urothelial carcinoma
(Figure 1A). A volcano plot comparing TCGA
(The Cancer Genome Atlas Program) transcrip-
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tome profiles between pathological stage | and
stage IV revealed increased LRRC15 levels in
advanced stage IV BLCA patients compared to
early stage |, supporting the hypothesis that
LRRC15 is associated with malignancy features
and contributes to high-risk incidence in BLCA
(Figure 1B; Supplementary Table 1). Specifically,
compared to adjacent normal tissues, LRRC15
was significantly upregulated in urothelial carci-
noma tissues in TCGA-BLCA patients (P <
0.002004) (Figure 1C; Supplementary Table 2).
Similar results were observed in paired adja-
cent normal and tumor tissues from the same
patients, showing a significant increase in
LRRC15 in urothelial carcinoma (P = 0.0004)
(Figure 1D). Interestingly, high levels of LRRC15
in tumor tissues were more pronounced in
female patients compared to male patients (P
= 0.0103) (Figure 1E; Supplementary Table 1).
Consistent with the volcano plot, upregulated
LRRC15 levels were observed in advanced
BLCA patients defined as pathological stage IlI
and IV compared to stage | and Il (P < 0.0001)
(Figure 1F). In pathological T events, high
LRRC15 levels were observed in advanced
pathological T3+T4 compared to T1+T2 (P <
0.0001) (Figure 1G). Similarly, in pathological
N, patients with lymph node metastasis had
significantly higher LRRC15 levels compared
to those without lymph node metastasis
(P = 0.0009) (Figure 1H). Notably, increased
LRRC15 levels were significantly observed in
tissues with lymph node metastasis only (P =
0.0012) (Figure 1l). Currently, exposure to risk
factors like tobacco is recognized as contribut-
ing to bladder cancer progression [33]. TCGA-
BLCA transcriptome profiles revealed that
LRRC15 levels increased with the duration of
tobacco smoking history, suggesting that
repeated tobacco exposure may stimulate
LRRC15 upregulation (Figure 1J). Further anal-
ysis of overall survival based on LRRC15 levels
in patients’ tissues showed that high LRRC15
levels are associated with worse prognosis in
the TCGA-BLCA cohort (P =0.0232 [HR = 1.406
(1.048-1.887)]) (Figure 41K; Supplementary
Table 3). Similarly, analysis of the GSE13507
bladder cohort, which differentiates non-mus-
cle invasive (NMIBC) and muscle invasive
(MIBC) bladder cancer, indicated that patients
with high LRRC15 transcript levels had poorer
overall survival outcomes (NMIBC: P = 0.0369
[HR = 2.108 (1.046-4.248)], MIBC: P = 0.0206
[HR = 2.768 (1.169-6.554)]). The P-values and
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Figure 1. Urothelial carcinoma malignancy is associated with increased LRRC15 expression. A. Hazard ratio analysis
delineates the correlation between LRRC15 distribution levels and risk in various cancer patient cohorts. B. Volcano
plot illustrating the differential expression levels of LRRC15 between advanced pathological stage IV and early
pathological stage | in urothelial carcinoma. C. Transcriptome profiling of LRRC15 in the TCGA-BLCA dataset. D. Com-
parison of LRRC15 transcriptome levels between paired adjacent normal tissues and corresponding tumor tissues
within the TCGA-BLCA cohort. E. Analysis of LRRC15 expression levels across different genders in the TCGA-BLCA
dataset. F. Differential analysis of LRRC15 transcriptome levels across various pathological stages in the TCGA-BLCA
dataset. G. Variation in LRRC15 transcriptome levels among different pathological T stages in the TCGA-BLCA da-
taset. H. Differential LRRC15 transcriptome levels across varying pathological N stages in the TCGA-BLCA dataset.
I. Transcriptome profiling of LRRC15 in metastatic sites within the TCGA-BLCA cohort. J. Impact of tobacco smok-
ing history on LRRC15 transcriptome levels over time in the TCGA-BLCA dataset. K. Correlation analysis between
LRRC15 transcription levels and overall survival rates in the TCGA-BLCA cohort. L. Association between LRRC15
transcription levels and overall survival rates in the non-muscle invasive bladder cancer cohort (GSE13507). M.
Correlation of LRRC15 transcription levels with overall survival rates in the muscle invasive bladder cancer cohort
(GSE13507). N. Distribution of LRRC15 protein levels in urothelial tissues and carcinoma patient samples.

hazard ratio values suggested a stronger cor- cy (Figure 1L, 1M; Supplementary Tables 4, 5).
relation between LRRC15 and MIBC malignan- Additionally, immunohistochemistry of urotheli-
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al tissues consistently supported transcrip-
tome data, showing high LRRC15 levels in high-
grade urothelial carcinoma clinical patient tis-
sues compared to normal tissues (not detect-
ed) (Figure 1N).

To elucidate the functional significance of
LRRC15 in the malignant phenotype of bladder
cancer, we employed the T24 cell ling, originally
derived from a patient with grade Ill muscle-
invasive bladder carcinoma (MIBC). Efficient
and sustained silencing of LRRC15 was achie-
ved through lentiviral-mediated shRNA delivery,
and immunoblot analysis confirmed robust
knockdown at the protein level relative to lucif-
erase shRNA controls (Supplementary Figures
1A, 12). Subsequent phenotypic assessments
were conducted using these stable LRRC15-
deficient clones. Clonogenic assays revealed a
marked suppression in colony-forming capacity
upon LRRC15 depletion, indicating a critical
role in sustaining proliferative potential (P =
0.0107; Supplementary Figure 1B). Further-
more, transwell migration assays performed on
fibronectin-coated membranes demonstrated
a significant impairment in cellular motility
following LRRC15 knockdown (P = 0.0195;
Supplementary Figure 1C). Similarly, Matrigel-
based invasion assays showed a notable re-
duction in invasive capacity upon LRRC15
silencing (P = 0.0355; Supplementary Figure
1D). Collectively, these findings implicate
LRRC15 as a key regulator of both growth and
motility programs in MIBC-derived T24 cells,
highlighting its potential contribution to the
aggressive behavior of bladder cancer.

Overall, these clinically relevant findings indi-
cate that increased LRRC15 levels are involved
in the pathological events that contribute to
malignancy features and serve as a prognostic
marker for urothelial carcinoma patients.

LRRC15 contributes to the malignancy of uro-
thelial carcinoma by participating in extracel-
lular matrix organization events

Currently, the molecular mechanism mediated
by LRRC15 in cancer biology remains unclear,
particularly in urothelial carcinoma. Given the
structural composition of the urology system,
urothelial carcinoma encompasses both Upper
Tract Urothelial Carcinoma (UTUC) and lower
tract bladder cancer. Exploring the transcrip-
tome profiles of LRRC15 in these two distinct
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tissue origins can help map similar or divergent
molecular regulations. To investigate the poten-
tial mechanisms involving LRRC15, a clinical-
based molecular simulated model was em-
ployed [34-37]. Initially, molecules significantly
positively and negatively correlated with LRR-
C15 in bladder cancer-related TCGA datasets
(Cell 2017, Firehose Legacy, Nature 2014,
PanCancer Atlas) were identified using a Venn
diagram. Approximately 1919 positive and 276
negative molecules to LRRC15 were identified
(Supplementary Figure 2A; Supplementary
Table 6). Ingenuity Pathway Analysis (IPA)
depicted the potential cellular functions involv-
ing LRRC15 in bladder cancer, primarily includ-
ing cell adhesion, cancer biology, and T lympho-
cyte-related functions (Supplementary Figure
2B). A ranked gene ontology list highlighted
canonical signaling pathways significantly in-
volved in LRRC15 regulation, including Immu-
noregulatory Interactions between a Lymphoid
and a non-Lymphoid cell, Molecular Me-
chanisms of Cancer, Extracellular Matrix
Organization, Integrin Cell Surface Interactions,
Tumor Microenvironment Pathway, Axonal
Guidance Signaling, Regulation of the Epithelial-
Mesenchymal Transition by Growth Factors
Pathway, FAK Signaling, ILK Signaling, and
Bladder Cancer Signaling (Supplementary
Figure 2C; Supplementary Table 7). Among
these molecules, potential relationships linked
to LRRC15 molecular interaction or regulation
were predicted (Supplementary Figure 2D). In
UTUC, approximately 2808 positive and 899
negative molecules related to LRRC15 were
retrieved from the Cornell/Baylor/MDACC, Nat
Commun 2019 dataset. IPA analysis indicated
that cellular functions were mainly associated
with cell differentiation and cell growth
(Supplementary Figure 3A; Supplementary
Table 8). Similar to LRRC15 regulation in blad-
der cancer, but with different rankings, the
canonical pathways in UTUC highlighted Mole-
cular Mechanisms of Cancer, Extracellular
Matrix Organization, and Axonal Guidance Si-
gnaling as primary pathways for tumor progres-
sion (Supplementary Figure 3B; Supplementary
Table 9). The molecular interaction and regula-
tion map also indicated that LRRC15 partici-
pates in UTUC progression through similar or
other molecules (Supplementary Figure 3C;
Supplementary Table 11). Integrating data from
bladder cancer (Supplementary Figure 2) and
UTUC (Supplementary Figure 3), approximately
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Figure 2. Malignant traits in urothelial carcinoma are regulated by
LRRC15 through its participation in extracellular matrix organization. A.
Venn diagram analysis identifies molecules that are positively and nega-
tively associated with LRRC15 in bladder cancer and upper tract urothe-
lial carcinoma. B. Graphical summary profile illustrating the key cellular
functions of LRRC15 in urothelial carcinoma. C. Gene ontology analysis
of LRRC15, detailing its primary co-regulated canonical pathways in uro-
thelial carcinoma. D. Molecular interaction map of LRRC15 highlighting
its influence on various molecules in urothelial carcinoma.

1167 positive and 8 negative
molecules were found to be co-
regulated by LRRC15 in urothelial
carcinoma, as analyzed by a Venn
diagram (Figure 2A). These mole-
cules primarily contribute to cel-
lular functions such as cell differ-
entiation, cell growth, and stimu-
lation of cell-related functions
(Figure 2B). The ranked canoni-
cal pathways showed that Extra-
cellular Matrix Organization, Inte-
grin Cell Surface Interactions,
and Molecular Mechanisms of
Cancer are significantly regulated
by LRRC15 in both bladder can-
cer and UTUC (Figure 2C), map-
ping the key molecules involved
in LRRC15 interaction and regula-
tion (Figure 2D). These results
suggest that LRRC15 promotes
malignancy in urothelial carcino-
ma through extracellular matrix
organization-related signaling, im-
pacting both bladder cancer and
UTUC progression.

SCG5 and LRRC15 interaction
correlates with specific pathologi-
cal features in patients with uro-
thelial carcinoma

Based on the results from the
clinical-based molecular simula-
tion model, SCG5 emerged as a
key molecule due to its role as a
chaperone protein that supports
the membrane functions of LR-
RC15 [38]. This consistent link
between SCG5 and LRRC15 inter-
action or regulation in urothelial
carcinoma was observed (Figure
2D, Supplementary Figures 1D,
2C). A pan-cancer analysis re-
vealed that SCG5 is significantly
upregulated in multiple cancers,
including urothelial carcinoma
(Figure 3A). The interactome pro-
file [39] indicated that LRRC15
interacts with SCG5 and shares
common interactors (Figure 3B;
Supplementary Table 12). Trans-
criptome profiles from TCGA-BL-
CA showed a significant positive
correlation between LRRC15 and
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Figure 3. The interaction between SCG5 and LRRC15 is a notable feature in the pathological profiles of urothelial
carcinoma patients. A. Distribution of SCG5 levels between normal adjacent and tumor tissues across different
cancer types. B. Venn diagram identifying proteins that interact with both LRRC15 and SCG5 based on proteomics
profiles. C. Correlation analysis of LRRC15 and SCG5 expression levels in TCGA-BLCA profiles. D. Correlation analysis
of LRRC15 and SCG5 expression levels in the bladder cancer cohort (GSE13507). E. Volcano plot depicting SCG5
expression levels in advanced pathological stage IV versus early pathological stage | of urothelial carcinoma. F. Tran-
scriptome profiles of SCG5 in TCGA-BLCA. G. Comparison of SCG5 transcriptome levels between adjacent normal tis-
sues and corresponding tumor tissues in TCGA-BLCA. H. SCG5 expression levels stratified by gender in TCGA-BLCA.
|. Differences in SCG5 transcriptome levels across various pathological stages in TCGA-BLCA. J. Variations in SCG5
transcriptome levels across different pathological T stages in TCGA-BLCA. K. Differences in SCG5 transcriptome
levels across various pathological N stages in TCGA-BLCA. L. Changes in SCG5 transcriptome levels associated
with tobacco smoking history over time in TCGA-BLCA. M. Correlation between SCG5 transcript levels and overall
survival rate in TCGA-BLCA. N. Correlation between SCG5 transcript levels and overall survival rate in non-muscle
invasive bladder cancer cohort (GSE13507). O. Correlation between SCG5 transcript levels and overall survival rate
in muscle invasive bladder cancer cohort (GSE13507). P. Venn diagram identifying molecules positively and nega-
tively associated with SCG5 in bladder cancer and UTUC. Q. Graphical summary profile outlining the primary cellular
functions of SCG5 in urothelial carcinoma. R. Gene ontology analysis listing the key canonical pathways co-regulated
by SCG5 in urothelial carcinoma. S. Molecular interaction map of SCG5 illustrating its impact on various molecules

in urothelial carcinoma.

SCG5 levels (Spearman’s correlation = 0.44, P
= 4.1E-20). In bladder cancer cohorts, a signifi-
cant positive correlation between LRRC15 and
SCG5 was also observed in NMIBC (Spear-
man’s correlation = 0.1996, P = 0.0443)
(Supplementary Figure 4A) and MIBC (Spear-
man’s correlation = 0.1674, P = 0.0316)
(Supplementary Figure 4B). Combined analysis
of NMIBC and MIBC further confirmed this posi-
tive correlation (Spearman’s correlation =
0.1674, P=0.0316) (Figure 3D; Supplementary
Table 13). Consistent with LRRC15 (Figure 1B),
SCG5 was found to be upregulated in pathologi-
cal stage IV tumor tissues compared to stage |
in TCGA-BLCA transcriptome profiles (Figure
3E). High SCG5 levels were significantly
increased in BLCA tissues compared to adja-
cent normal tissues (P = 0.0086) (Figure 3F;
Supplementary Table 14). Specifically, compar-
ing identical patients, an increased level of
SCG5 in tumor tissues was noted (Figure 3G).
SCG5 levels did not show significant gender dif-
ferences among patients (Figure 3H). Notably,
SCG5 transcriptome levels significantly in-
creased in advanced pathological stages, T
and N stages (P < 0.05) (Figure 3I-K). Similar to
LRRC15, patients with a history of tobacco
exposure also showed increased levels of SCG5
(Figure 3L). Further linking SCG5 expression
profiles to overall survival prognosis revealed
that higher SCG5 levels correlated with lower
overall survival in TCGA-BLCA patients (P =
0.0444 [HR = 1.335 (1.0008-1.822)]) (Figure
3M; Supplementary Table 3). In the bladder-
related cohort (GSE13507), high SCG5 levels
were associated with worse overall survival
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rates in NMIBC (P = 0.004 [HR = 2.215 (1.037-
4.731)]) (Figure 3N; Supplementary Table 4)
and MIBC (P = 0.032 [HR = 2.402 (1.078-
5.352)]) (Figure 30). To simulate the potential
molecular mechanisms of SCG5 in urothelial
carcinoma, Venn diagram (Supplementary
Figure 5A; Supplementary Table 15) and IPA

(Supplementary Figure 5B) analyses were con-
ducted using bladder cancer datasets (Cell

2017, Firehose Legacy, Nature 2014, PanCan-
cer Atlas). SCG5’s major cellular functions
included cell adhesion and stimulation, primar-
ily via regulation of extracellular matrix organi-
zation and integrin cell surface interactions sig-
naling (Supplementary Figure 5C; Supplemen-
tary Table 16). Importantly, molecular interac-
tion and regulation analysis confirmed the rela-
tionship between SCG5 and LRRC15 (Supple-
mentary Figure 5D). In UTUC, SCG5 primarily
influenced cell growth and response to cytotox-
icity-related functions (Supplementary Figure
6A; Supplementary Table 17), potentially via
ILK signaling and the Th1l pathway (Supple-
mentary Figure 6B; Supplementary Table 18).
The molecular interaction and regulation
results consistently indicated the relationship
between SCG5 and LRRC15 (Supplementary
Figure 6C). Combining the positive and nega-
tive molecules of SCG5 in both bladder cancer
and UTUC (Figure 3P; Supplementary Table 19)
yielded results consistent with LRRC15, high-
lighting extracellular matrix organization (Figure
3Q; Supplementary Table 20) as the primary
canonical pathway influenced by SCG5. As
revealed by IPA, the mimic graphical summary
derived from SCGb5-associated signaling pre-
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dicts its involvement in cellular regulatory net-
works, highlighting potential functional roles
and compartmental distribution. Notably, the
interaction with LRRC15, delineated within a
red-outlined region, suggests a putative molec-
ular axis of relevance (Figure 3R, 3S).

To experimentally validate the biological rele-
vance of SCG5 in bladder cancer progression,
we utilized the T24 cell line - a representative
MIBC model characterized by aggressive traits.
Stable silencing of SCG5 was achieved via len-
tiviral shRNA transduction, and the efficacy of
knockdown was verified through immunoblot
analysis (Supplementary Figures 7A, 12). Func-
tionally, suppression of SCG5 resulted in a sta-
tistically significant reduction in clonogenic
potential, indicative of impaired proliferative
capacity (P = 0.0028; Supplementary Figure
7B). Further, transwell-based motility assays
demonstrated that SCG5 depletion led to a
measurable decline in both cell migration
across fibronectin substrates (P = 0.0472;
Supplementary Figure 7C) and invasion through
Matrigel matrices (P = 0.0044; Supplementary
Figure 7D). These findings collectively suggest
that SCG5 facilitates tumor-promoting behav-
iors by augmenting both growth and motility in
MIBC-derived cells, thereby implicating it as a
potential contributor to bladder cancer aggres-
siveness. These findings collectively demon-
strate that SCG5 is a crucial molecule in
LRRC15-mediated urothelial carcinoma malig-
nancy features.

The pathological connection between LRRC15
and SCG5 in patients with urothelial carci-
noma

To further validate the relationship between
LRRC15 and SCG5 at the molecular level and
its reflection in pathological profiles, a series of
correlation analyses were conducted. Results
demonstrated a significant positive correlation
between LRRC15 and SCG5 levels in pathologi-
cal stages of TCGA-BLCA (Spearman’s correla-
tion = 0.4025, P < 0.0001) (Figure 4A; Supple-
mentary Table 21). Similar significant correla-
tions were observed in pathological T (Spear-
man’s correlation = 0.4131, P < 0.0001) (Figure
4B) and pathological N (Spearman’s correlation
=0.4387,P <0.0001) (Figure 4C). Furthermore,
analysis using the Cancer Cell Line Encyclopedia
(CCLE) datasets indicated that the correlation
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between LRRC15 and SCG5 observed in patho-
logical profiles was also reflected in BLCA-
related cell lines, including absolute profile
(Spearman’s correlation = 0.6040, P = 0.0029)
(Figure 4D; Supplementary Table 22) and
expression public 23Q4 profile (Spearman’s
correlation = 0.6846, P < 0.0001) (Figure 4E).
Combining the prognostic values of LRRC15
(Figure 1K) and SCG5 (Figure 3M) showed that
BLCA patients with higher levels of both
LRRC15 and SCG5 had a significantly lower
overall survival rate (P = 0.0186) (Figure 4F).
Additionally, high levels of LRRC15 (P = 0.0478
[HR = 2.888 (1.010-8.254)]) (Figure 4G) and
SCG5 (P =0.0351 [HR = 3.091 (1.082-8.830)])
(Figure 4H) were significantly associated with
worse disease-free interval (DFI) rates. Patients
with high levels of both LRRC15 and SCG5
exhibited the worst DFI values (P = 0.029)
(Figure 4l1). Similar findings were observed in
the pathological records for progression-free
interval (PFIl), where high levels of LRRC15 (P =
0.0461 [HR = 1.358 (1.005-1.833)]) (Figure
4J) and SCG5 (P = 0.0456 [HR = 1.358 (1.006-
1.834)]) (Figure 4K) correlated with lower DFI
survival rates. Patients with high levels of both
LRRC15 and SCG5 had significantly worse DFI
values (P = 0.0444) compared to those with
low levels of LRRC15 and SCG5 (Figure 4L).
These results suggest that the molecular regu-
latory relationship between LRRC15 and SCG5
is reflected in BLCA-related cell lines and
patient pathological events.

Prognostic value of effectors within the
LRRC15/SCG5 axis in urothelial carcinoma

Following the confirmation of the LRRC15/
SCG5 axis as prognostic markers for urothelial
carcinoma, the subsequent investigation focu-
sed on whether their co-regulated molecules
are also involved in tumor malignancy features
for prognostic purposes. Molecular analysis of
the potential downstream effectors regulated
by LRRC15 and SCG5 in urothelial carcinoma
(Figures 2, 3) was conducted. Venn diagram
analysis further identified downstream effec-
tors co-regulated by both LRRC15 and SCG5 in
bladder cancer (Figure 5A; Supplementary
Table 23), UTUC (Figure 5B), and both regions
(Figure 5C). Ranked gene ontology results from
IPA analysis highlighted canonical pathways
predominantly affected by both LRRC15 and
SCG5, notably extracellular matrix organization
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Figure 4. Correlation of LRRC15 and SCG5 in the pathology of urothelial carcinoma patients. A. Correlation between
LRRC15 and SCG5 transcriptome levels across different pathological stages in TCGA-BLCA. B. Correlation between
LRRC15 and SCG5 transcriptome levels across different pathological T stages in TCGA-BLCA. C. Correlation be-
tween LRRC15 and SCG5 transcriptome levels across different pathological N stages in TCGA-BLCA. D. Correlation
between LRRC15 and SCG5 transcriptome levels in the Absolute dataset of CCLE-BLCA cell lines. E. Correlation
between LRRC15 and SCG5 transcriptome levels in the Expression public 23Q24 dataset of CCLE-BLCA cell lines.
F. Prognostic analysis of overall survival in TCGA-BLCA using combined LRRC15 and SCG5 levels. G. Prognostic sig-
nificance of LRRC15 transcript levels with respect to disease-free interval in TCGA-BLCA. H. Prognostic significance
of SCG5 transcript levels with respect to disease-free interval in TCGA-BLCA. I. Prognostic analysis of disease-free
interval in TCGA-BLCA incorporating combined LRRC15 and SCG5 levels. J. Prognostic significance of LRRC15 tran-
script levels with respect to progression-free interval in TCGA-BLCA. K. Prognostic significance of SCG5 transcript
levels with respect to progression-free interval in TCGA-BLCA. L. Prognostic analysis of progression-free interval in
TCGA-BLCA using combined LRRC15 and SCG5 levels.

tently showed significant positive correlation
with LRRC15 or SCG5 (Spearman’s correlation
= 0.3, P < 0.05) (Figure 5G-I). Importantly,
downstream effectors mediated by the LRRC-
15/SCG5 axis further demonstrated their

and signaling for cell-cell interaction and cell
motility in tumor and tumor microenvironment
(Figure 5D-F; Supplementary Table 24). Mole-
cules regulated by the LRRC15/SCG5 axis in
various urothelial carcinoma sources consis-
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Figure 5. The impact of LRRC15/SCG5 axis effectors on prognostic markers in urothelial carcinoma. A. Venn dia-
gram illustrating co-regulated molecules between LRRC15 and SCG5 in TCGA-BLCA datasets. B. Venn diagram
depicting co-regulated molecules between LRRC15 and SCG5 in the UTUC dataset. C. Venn diagram showing co-
regulated molecules between LRRC15 and SCG5 across TCGA-BLCA and UTUC datasets. D. Canonical pathways
involving co-regulated molecules of the LRRC15/SCG5 axis in bladder cancer. E. Canonical pathways associated
with co-regulated molecules of the LRRC15/SCG5 axis in UTUC. F. Canonical pathways shared by co-regulated mol-
ecules of the LRRC15/SCG5 axis in both bladder cancer and UTUC. G. Correlation between co-regulated molecules
and the LRRC15/SCG5 axis as a bladder cancer signature. H. Correlation between co-regulated molecules and the
LRRC15/SCG5 axis as a UTUC signature. |. Correlation between co-regulated molecules and the LRRC15/SCG5 axis
as a signature for both bladder cancer and UTUC. J. Prognostic value of the LRRC15/SCG5-mediated bladder cancer
signature for overall survival and disease-free survival. K. Prognostic value of the LRRC15/SCG5-mediated UTUC
signature for overall survival and disease-free survival. L. Prognostic significance of the LRRC15/SCG5-mediated

signature in bladder cancer and UTUC for overall survival and disease-free survival.

potential as signatures for overall survival and
disease-free survival prognostic purposes (P <
0.05, HR > 1) (Figure 5J-L).

To further dissect the regulatory interplay
between LRRC15 and SCG5 and its relevance
to clinical prognosis in bladder cancer, we sys-
tematically examined their interdependence
in vitro using individual knockdown clones
(Supplementary Figures 1, 7). Surprisingly,
quantitative PCR analysis revealed that silenc-
ing either LRRC15 or SCG5 led to a significant
downregulation of the reciprocal gene at the
transcript level, suggesting a bidirectional regu-
latory circuit (Supplementary Figures 8A, 11,
12). Consistently, immunoblotting confirmed
that depletion of LRRC15 resulted in a concom-
itant reduction of SCG5 protein abundance
(Supplementary Figure 8B), reinforcing the exis-
tence of a functional LRRC15-SCG5 axis that
may contribute to malignancy beyond correla-
tive transcriptomic profiles observed in patient
cohorts. This molecular linkage prompted fur-
ther exploration of its therapeutic vulnerability.
As a proof-of-concept, we employed Samro-
tamab - a humanized IgG1-k chimeric monoclo-
nal antibody targeting LRRC15. Treatment of
bladder cancer cells with Samrotamab mark-
edly reduced tumor cell viability compared to
the I1gG isotype control (Supplementary Figure

8D vs. Supplementary Figure 8C). Moreover,
Samrotamab exposure led to a paradoxical

compensatory upregulation of LRRC15 tran-
scripts (P = 0.0031), while simultaneously sup-
pressing SCG5 mRNA expression (P = 0.0011;
Supplementary Figure 8E), providing mechanis-
tic support that LRRC15 inhibition disrupts
the downstream axis driving malignant pheno-
types. Functional assays validated the th-
erapeutic implications of LRRC15 blockade.
Samrotamab-treated cells exhibited significant-
ly diminished clonogenic growth capacity (P =

2311

0.0317; Supplementary Figure 8F), indicating
effective suppression of tumor cell propaga-

tion. Furthermore, transwell-based assays
revealed substantial reductions in migratory (P
= 0.0389; Supplementary Figure 8G) and inva-
sive (P = 0.0106; Supplementary Figure 8H)
capabilities, highlighting the efficacy of target-
ing the LRRC15-SCG5 signaling module in cur-
tailing bladder cancer aggressiveness.

Together, these comprehensive analysis results
support that the LRRC15/SCG5 axis indeed
participates in the progression of urothelial car-
cinoma by promoting malignancy features. The
LRRC15/SCG5 axis and its effectors serve as
valuable prognostic markers and signatures for
urothelial carcinoma.

Discussion

The heterogeneity of urothelial carcinoma part-
ly stems from variations in tumorigenesis
across different patients within the urinary sys-
tem. Based on pathological stages, bladder
cancer is further classified into non-muscle
invasive (NMIBC) and muscle invasive (MIBC)
subtypes. Although transurethral resection of
bladder tumors (TURBT) can remove tumors
and preserve normal organ function, combined
with additional therapeutic strategies for pre-
ventive intervention, nearly 20% of patients
experience recurrence [10]. With the advance-
ment of artificial intelligence, deep learning
approaches are increasingly employed to iden-
tify potential biomarkers for cancer prognosis
and targeted therapy. Identifying markers
involved in the progression of urothelial carci-
noma from various origins will enhance the pre-
cision of patient prognosis and facilitate the
development of tailored clinical treatments.

In this study, an in-silico model identified
LRRC15 as being involved in various tumor pro-
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gressions and associated with high-risk surviv-
al rates (Figure 1A), a finding that aligns with
previous reports in glioblastoma, ovarian can-
cer, and breast cancer [16-18]. This study rep-
resents the first comprehensive investigation
into the potential role of LRRC15 in urothelial
carcinoma. Analysis of clinical transcriptome
profiles from TCGA-BLCA datasets confirmed
that LRRC15 expression is significantly elevat-
ed in advanced pathological stages (Figure
1B). Comparative analysis revealed a notable
increase in LRRC15 levels in tumor tissues
compared to normal adjacent tissues, with sig-
nificant differences observed not only between
individuals (Figure 1C) but also within identical
patients (Figure 1D). Variations in LRRC15 tran-
script levels were found to distinguish between
different pathological features, including path-
ological stages (Figure 1F), T stages (Figure
1G), and N stages (Figure 1H). Immunohisto-
chemistry further supported these findings,
showing elevated LRRC15 levels in high-grade
urothelial carcinoma tissues (Figure 1N).
Clinical data suggest that changes in LRRC15
expression may be influenced by hormonal and
tobacco exposure (Figure 1E and 1J). Moreover,
the association between LRRC15 and advanced
pathological features, along with prognosis
events and transcriptome profiles from TCGA-
BLCA, highlights that high LRRC15 levels cor-
relate with poor overall survival (Figure 1K).
Notably, LRRC15 is linked to worse overall sur-
vival predictions in both NMIBC (Figure 1L) and
MIBC (Figure 1M; Supplementary Table 5), with
significance and hazard ratio values indicating
a stronger correlation with reduced survival
rates in MIBC. Consequently, LRRC15 emerges
as a promising target for prognosis and thera-
peutic intervention in urothelial carcinoma. In
this study, we employed clinical transcriptome
profiles from bladder cancer and UTUC to devel-
op a molecular simulation model [34-37] aimed
at mapping the LRRC15-mediated gene ontol-
ogy across different tissue origins of urothelial
carcinoma. The analysis revealed that in blad-
der cancer, LRRC15 is predicted to be involved
in cellular adhesion, cancer-related mecha-
nisms, and microenvironmental cellular func-
tions (Supplementary Figure 2B). Conversely, in
UTUC, LRRC15 is predominantly associated
with tumor growth-related functions (Supple-
mentary Figure 3A; Supplementary Table 10).
Notably, LRRC15’s impact on cellular differen-
tiation and growth is evident in both bladder
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cancer and UTUC (Figure 2A). Gene ontology
analyses of LRRC15-mediated cellular func-
tions highlight that canonical pathways include
extracellular matrix organization (Figure 2C),
although the ranking of these pathways differs
slightly between bladdercancer (Supplementary
Figure 2C) and UTUC (Supplementary Figure
3B). LRRC15 has been previously reported to
promote tumor metastasis features in ovarian
and breast cancer [19, 20]. Moreover, it has
been shown to regulate integrin-related signal-
ing to enhance ovarian cancer cell motility [24].
Consistent with these findings, our ranked
canonical pathways list confirms the involve-
ment of integrin cell surface interactions, ILK,
and FAK signaling in LRRC15 regulation in both
bladder cancer (Supplementary Figure 2C) and

UTUC (Supplementary Figure 3B), reinforcing
the designation of LRRC15 as an adhesion pro-

tein antigen [23]. Beyond tumor cells, LRRC15
is also distributed in fibroblasts, including cor-
neal and periodontal ligament-associated fibro-
blasts [27, 28], suggesting its potential as a
biomarker for tumor microenvironment [40].
Previous reports have identified LRRC15 ex-
pression in various cancer-associated fibro-
blasts, implicating it in immunosuppressive
activities and extracellular matrix remodeling
[29-32]. Studies have shown that activated or
mesenchymal fibroblasts can transactivate
LRRC15 expression through TGFB [29, 30].
Additionally, in breast cancer, artificial manipu-
lation of LRRC15 in cancer-associated fibro-
blasts has been found to affect Wnt/B3-catenin
signaling, influencing breast cancer cell motility
features [32]. Although transcriptomic analysis
of TCGA-BLCA datasets revealed a statistically
significant positive correlation among LRRC15,
SCGDB, and TGFB expression in patient-derived
tumors (Supplementary Figure 9), this coordi-
nated upregulation was not recapitulated in
our stem-like T24 cell model. Specifically, the
LRRC15-SCG5 axis did not display a notable
elevation in the CD133"e"/CD44"e" tumor
sphere-enriched subpopulation (Supplemen-
tary Figure 10), suggesting that this molecular
circuit may not be directly involved in sustaining
cancer stemness phenotypes or may be uncou-
pled under sphere-forming conditions.

Our molecular simulation model underscores
that LRRC15’s roles extend beyond tumor-
specific functions, including significant invol-
vement in tumor microenvironment pathways
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and immunoregulatory interactions between
lymphoid and non-lymphoid cells (Figure 2C,
Supplementary Figures 2C, 3B). These findings
collectively suggest that LRRC15 plays a multi-
faceted role in urothelial carcinoma, impacting
both tumor progression and the surrounding
microenvironment.

The integration of literature and molecular sim-
ulation model results suggests that LRRC15-
mediated pathways involving extracellular ma-
trix organization and tumor microenvironment
in urothelial carcinoma may implicate interac-
tions with cancer-associated fibroblasts. Re-
search on LRRC15 distribution within mem-
brane regions indicates that its protein-protein
interaction partners could be leveraged for
designing strategies to enhance drug delivery
and efficacy [41]. This study identifies SCG5 as
a critical factor in the molecular interaction and
regulation of LRRC15 in both bladder cancer
(Supplementary Figure 2D) and UTUC (Supple-
mentary Figure 3C). The interactome profile
supports the interaction between LRRC15 and
SCG5 [39]. Transcriptome analysis from TCGA-
BLCA and the bladder cancer-related cohort
(GSE13507) shows that the expression of both
LRRC15 and SCG5 is elevated in bladder
cancer patients (Figure 3C, 3D). SCGb5, like
LRRC15, is significantly increased in tumor
tissues (Figure 3F, 3G) and is upregulated in
advanced pathological stages (Figure 3l), path-
ological T (Figure 3J), and pathological N (Figure
3K). Additionally, SCG5 levels increase in
response to tobacco exposure over time (Figure
3L). Unlike LRRC15, which exhibits higher lev-
els in females compared to males (Figure 1E),
SCGb5 levels are not significantly influenced by
gender (Figure 3H). In urothelial carcinoma
patients, elevated SCG5 levels are associated
with worse prognosis outcomes, including in
non-muscle invasive bladder cancer (NMIBC)
(Figure 3N) and muscle invasive bladder can-
cer (MIBC) (Figure 30; Supplementary Table 5).
This is consistent with findings in renal cell car-
cinoma and tongue cancer, where SCG5 is
linked to poor overall survival rates [42-44].
Conversely, in pancreatic cancer, SCG5 is
downregulated in malignant tumors, suggest-
ing a potential tumor-suppressive role [21].
These findings underscore the potential of
LRRC15 and SCG5 as biomarkers and thera-
peutic targets in urothelial carcinoma, provid-
ing insights into their roles in tumor progres-
sion and response to treatment.
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In urothelial carcinoma, a significant correlation
between the expression levels of LRRC15 and
SCG5 is observed across patient cohorts,
including various pathological stages, patho-
logical T, and pathological N classifications
(Figure 4A-C). Notably, this correlation is not
limited to patient samples but is also evident in
transcriptome profiles from commercially avail-
able urothelial carcinoma cell lines (Figure 4D,
4E). The correlation between LRRC15 and
SCG5 expression levels is further reflected in
overall survival, disease-free interval, and pro-
gression-free interval metrics (Figure 4F-L;
Supplementary Table 3), consistently identify-
ing patients with high LRRC15 and SCG5 levels
as having a higher risk and poorer treatment
response. The role of LRRC15 as a prognostic
marker has been previously associated with
chemoresistance in osteosarcoma [25]. Addi-
tionally, upregulation of LRRC15 has been
noted during the progression to androgen-inde-
pendent prostate cancer [26]. Interestingly,
membrane-bound LRRC15 has been shown to
rearrange cell surface receptors, potentially
affecting the efficiency of adenovirus-based
therapeutic agents [15]. Furthermore, Bacillus
Calmette-Guérin (BCG) therapy, used as adju-
vant treatment for non-muscle invasive bladder
cancer (NMIBC), interacts with extracellular
matrix components such as integrins and fibro-
nectin [45]. Given the previously noted associa-
tion between LRRC15 and integrin, it is plausi-
ble that LRRC15 expression may influence
patient tolerance to BCG therapy [23, 24].
Currently, targeted therapies using LRRC15-
specific antibody-drug conjugates (ADCs) are in
clinical trials [29]. Combining LRRC15-targeted
ADCs, such as ABBV-085, with BCG treatment
may enhance therapeutic efficacy and poten-
tially reduce patient resistance. This approach
warrants further investigation as a strategy to
improve outcomes in NMIBC. Collectively, the
evidence from this study, including the patho-
logical correlation between LRRC15 and SCG5
in urothelial carcinoma and the molecular simu-
lations, demonstrates that the LRRC15/SCG5
axis not only serves as an effective prognostic
marker but also that their co-regulated down-
stream effectors provide valuable signatures
for predicting outcomes in bladder and UTUC.
Targeting the LRRC15/SCG5 axis could signifi-
cantly enhance diagnostic and therapeutic
strategies for urothelial carcinoma, offering
potential advancements in clinical manage-
ment and treatment efficacy.
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Materials and methods

Transcriptome profiles of LRRC15 and SCG5 in
urothelial carcinoma

Transcriptome profiles for LRRC15 and SCG5 in
urothelial carcinoma were sourced from multi-
ple databases, including TCGA-BLCA (https://
portal.gdc.cancer.gov/projects/TCGA-BLCA),
GEPIA2 (http://gepia2.cancer-pku.cn/#index),
and Timer 2.0 (http://timer.comp-genomics.
org/timer/). These profiles were used to evalu-
ate the distribution of gene expression in rela-
tion to tumor characteristics, pathological stag-
es, survival outcomes, gender, and tobacco
history. Correlations between LRRC15 and
SCG5 expression levels and overall survival
rates in NMIBC and MIBC were analyzed using
transcriptome data from GSE13507 (https://
www.nchi.nim.nih.gov/geo/query/acc.cgi?acc=
GSE13507).

Distribution of LRRC15 protein in clinical tis-
sues of urothelial carcinoma

Immunohistochemical staining of LRRC15 pro-
tein was conducted on tissue samples from
normal urinary bladder and urothelial carcino-
ma patients. The staining results were visual-
ized using images and associated staining
scores provided by the Human Protein Atlas
(https://www.proteinatlas.org/). These data
were systematically organized and presented in
the figures of this study to illustrate the differ-
ential expression patterns of LRRC15 across
different tissue types and patient cohorts.

Clinical-based molecular simulation model of
the LRRC15/SCG5 axis

Molecular interaction models were constructed
based on clinical data and previously estab-
lished methodologies [34-37]. Spearman cor-
relation scores of +0.3 and -0.3 were utilized
to assess the relationships among LRRC15,
SCGH5, and their co-regulated downstream
effectors across datasets, including TCGA
(PanCancer Atlas, Nature 2014; Firehose
Legacy; Cell 2017) and the UTUC dataset
(Cornell/Baylor/MDACC, Nat Commun 2019).
Significant molecular interactions were identi-
fied through Venn diagram analysis and further
analyzed using Ingenuity Pathway Analysis to
elucidate potential cellular functions, gene
ontology, and molecular interactions relevant
to urothelial carcinoma.
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Correlation of LRRC15 and SCG5 in urothelial
carcinoma

The correlation between LRRC15 and SCG5
in urothelial carcinoma was assessed using
data from the Cancer Cell Line Encyclopedia
(CCLE) database (https://sites.broadinstitute.
org/ccle/). Both the absolute profile and the
expression public 23Q4 profile datasets were
downloaded and analyzed. Statistical software
was employed to compute and analyze the cor-
relation between these two proteins.

Establishment of long-term gene silencing
models targeting LRRC15 and SCG5 in human
T24 bladder cancer cells

T24 cells, representing high-grade bladder car-
cinoma, were procured from FIRDI (Taiwan) and
subsequently maintained under standard cul-
ture protocols. To support optimal cell viability,
cultures were incubated in McCoy’s 5A medium
supplemented with 10% fetal bovine serum
and antibiotics (1% pen-strep) under physiologi-
cal conditions. Mycoplasma surveillance was
routinely carried out using polymerase chain
reaction techniques to validate the sterility of
cell cultures. Gene-specific shRNA constructs
targeting LRRC15 and SCG5 were procured
from the National RNAi Core Facility (Academia
Sinica, Taiwan) to facilitate stable knockdown
cell line generation. To generate lentivirus har-
boring the desired shRNA, HEK293T cells were
co-transfected with pLKO.1-puro, pPCMVARS8.91,
and pMD.G plasmids using Lipofectamine
3000, following standardized protocols. Culture
media enriched with lentiviral particles were
retrieved 48 and 72 hours after transfection,
filtered to remove cellular debris using a 0.45-
um membrane, and employed to infect T24
cells alongside 8 ug/mL polybrene. A 7-day
selection protocol using puromycin at a con-
centration of 2 ug/mL was employed to enrich
for cells harboring stable shRNA-mediated
gene silencing. The suppression levels of
LRRC15 and SCG5 transcripts and proteins
were quantitatively evaluated using real-time
PCR and Western blot analyses, respectively.
Total RNA extraction was performed using
TRIzol reagent, followed by reverse transcrip-
tion into cDNA utilizing the TOOLSQuant Il Fast
RT Kit (BIOTOOLS, KRT-BAO6-2) according to
the manufacturer’s guidelines. Real-time PCR
assays employed SYBR Green chemistry on a
QuantStudio 1 instrument, and gene expres-
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sion was quantified relative to 18S rRNA using
the 27-AACt approach. Total protein was
extracted by lysing cells in radioimmunoprecipi-
tation assay buffer enriched with inhibitors tar-
geting both serine/threonine phosphatases
and broad-spectrum proteases. Equalized pro-
tein inputs, following concentration assess-
ment, were fractionated via SDS-polyacrylamide
gel electrophoresis and immobilized on PVDF
membranes using electrotransfer. To minimize
background signal, membranes were incubat-
ed in a 5% bovine serum albumin solution and
subsequently exposed overnight at 4°C to pri-
mary antibodies specific for LRRC15 (Cell sig-
naling, 50546), SCG5 (Proteintech, 10761-1-
AP), and B-actin (GeneTex, GT5512). Following
incubation with horseradish peroxidase-conju-
gated secondary antibodies, chemiluminescent
signals were visualized using the ChemiDoc
imaging platform in accordance with the ECL
detection protocol.

Dissecting the oncogenic potential of LRRC15
and SCG5 in bladder carcinoma progression

To delineate the contributions of LRRC15,
SCG5, and Samrotamab to bladder tumor
pathobiology, we conducted a panel of in vitro
assays focused on cellular proliferation and
invasiveness. Samrotamab at 20 yg/mL (MCE,
catalog HY-P99899) was administered for a
24-hour period, with Human IgG1 kappa iso-
type control (HY-P99001) included as a refer-
ence to assess subsequent biological respons-
es. A clonogenic assay was performed by seed-
ing 500 LRRC15- and SCG5-silenced T24 blad-
der carcinoma cells per well in standard 6-well
culture dishes to evaluate long-term prolifera-
tive capacity. Routine maintenance of the
cells was carried out in McCoy’s 5A medium for-
tified with 10% FBS and antibiotic-antimycotic
agents, with complete medium replacement
performed every 72 hours. At the end of a two-
week culture period, colonies were stabilized
via 4% paraformaldehyde treatment and
stained with 0.1% crystal violet to enable down-
stream visualization. Quantification of colony
formation was performed by manual inspec-
tion, wherein each colony was operationally
defined as a cell cluster composed of no fewer
than 50 individual cells. Migration and invasion
capacities were evaluated using Boyden cham-
bers equipped with transwell filters featuring
8-um pores, with migration assays employing
fibronectin-coated membranes and invasion
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assays utilizing Matrigel-coated inserts. Cells
of the T24 line were subjected to serum starva-
tion for one day prior to plating at a density of
100,000 cells per insert in McCoy’s 5A medium
devoid of fetal bovine serum. Cells were seed-
ed into the upper compartment of the tran-
swell, while the lower chamber was filled with
medium enriched with 10% fetal bovine serum
to serve as a chemotactic stimulus. To simulate
the extracellular matrix barrier, the upper cham-
ber was coated with a Matrigel layer at a con-
centration of 1 mg/mL prior to cell seeding for
invasion assays. After allowing cells to migrate
or invade for 24 hours, those that failed to tra-
verse the membrane were delicately wiped
away from the upper chamber with a cotton tip.
After translocation to the membrane’s lower
side, cells were preserved with 4% paraformal-
dehyde, stained with a crystal violet solution,
and assessed by counting in three arbitrarily
selected areas per well using bright-field
microscopy. Data were represented as the
mean cell count per microscopic field for both
migrated and invaded populations.

Statistical significance of clinicopathological
correlations of the LRRC15/SCG5 axis and
kaplan-meier plotter analysis in urothelial car-
cinoma

Clinical and pathological correlations, as well
as prognostic analyses, including Kaplan-Meier
plots, were computed using Microsoft Office
2019 and SPSS version 19. The significance of
associations between transcriptome profiles of
LRRC15 and SCG5 in urothelial carcinoma
patients was evaluated using unpaired
Student’s t-tests. Statistical significance was
denoted as follows: *P < 0.05, **P < 0.01, and
***pP < 0.001.
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Supplementary Figure 1. LRRC15 loss as a modulator of tumorigenic and invasive traits in bladder cancer. A. The
suppression efficiency of LRRC15 achieved via lentiviral-mediated knockdown was validated through immunoblot
analysis. B. Silencing LRRC15 markedly impaired the clonogenic capacity of T24 bladder carcinoma cells under
adherent conditions. C. Targeted suppression of LRRC15 curtailed the migratory potential of T24 urothelial carci-
noma cells under serum gradient stimulation. D. LRRC15 depletion weakened the ability of bladder cancer cells to
navigate and invade through artificial extracellular matrix substrates.
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Supplementary Figure 2. Biological functions and molecular regulations of LRRC15 in bladder cancer. A. Venn
diagram illustrating the identification of molecules positively and negatively associated with LRRC15 in bladder
cancer. B. Graphical summary profile depicting the key cellular functions associated with LRRC15 in bladder cancer.
C. Gene Ontology analysis outlining the canonical pathways regulated by LRRC15 in bladder cancer. D. Molecular
interaction map of LRRC15, highlighting the impacted molecules in bladder cancer.
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Supplementary Figure 3. Biological functions and molecular regulations of LRRC15 in upper tract urothelial carci-
noma. A. Graphical summary profile illustrating the primary cellular functions associated with LRRC15 in UTUC. B.
Gene Ontology analysis detailing the canonical pathways regulated by LRRC15 in UTUC. C. Molecular interaction

map of LRRC15, depicting the affected molecules in UTUC.
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Supplementary Figure 4. Correlation of LRRC15 and SCG5 in non-muscle invasive bladder cancer and muscle in-
vasive bladder cancer. A. Correlation between LRRC15 and SCG5 in NMIBC patients from the GSE13507 cohort. B.
Correlation between LRRC15 and SCG5 in MIBC patients from the GSE13507 cohort.
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Supplementary Figure 5. Biological functions and molecular regulations of SCG5 in bladder cancer. A. Venn dia-
gram illustrating the identification of molecules positively and negatively associated with SCG5 in bladder cancer. B.
Graphical summary profile outlining the principal cellular functions associated with SCG5 in bladder cancer. C. Gene
Ontology analysis listing the canonical pathways co-regulated by SCG5 in bladder cancer. D. Molecular interaction

network of SCG5, showing the molecules impacted by SCG5 in bladder cancer.
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Supplementary Figure 6. Biological functions and molecular regulations of SCG5 in upper tract urothelial carcino-
ma. A. Graphical summary profile depicting the principal cellular functions associated with SCG5 in UTUC. B. Gene
Ontology analysis detailing the canonical pathways co-regulated by SCG5 in UTUC. C. Molecular interaction network
of SCGDH, illustrating the molecules influenced by SCG5 in UTUC.
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Supplementary Figure 7. Functional reprogramming of bladder cancer cells induced by SCG5 knockdown. A. Im-
munoblotting was utilized to verify the effective downregulation of SCG5 following lentiviral vector transduction. B.
SCG5 depletion led to a significant reduction in the number and size of colonies formed by T24 cells. C. Silencing
of SCG5 markedly impaired the directional motility of T24 bladder cancer cells in transwell-based migration set-
tings. D. Invasion assays revealed that SCG5-deficient T24 cells exhibited markedly reduced capacity to penetrate
Matrigel-coated membranes.
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Supplementary Figure 8. Pharmacological or genetic blockade of LRRC15 and its downstream effector SCG5 sup-
pressed key oncogenic hallmarks in bladder malignancy. A. The transcriptional consequences of LRRC15 or SCG5
knockdown were characterized by a comprehensive gPCR assessment of axis component expression. B. Western
blot analysis revealed alterations in the expression patterns of LRRC15-SCG5 axis proteins following targeted gene
silencing. C. The proliferative capacity of T24 tumor cells following a 24-hour exposure to 20 pg/mL IgG isotype con-
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trol was quantified using the Countess 3 automated cell counter. D. T24 cell growth following a 24-hour treatment
with Samrotamab at a concentration of 20 micrograms per milliliter was measured through Countess 3-based cell
enumeration. E. The impact of Samrotamab-mediated LRRC15 inhibition on the LRRC15-SCG5 signaling axis in
bladder cancer cells was quantitatively assessed by gPCR analysis. F. Exposure to Samrotamab caused a significant
decline in colony formation by T24 cells. G. The migratory response of T24 cells under chemoattractant stimulation
was notably suppressed by Samrotamab. H. The invasive capacity of bladder cancer cells was substantially reduced
following Samrotamab treatment in chamber experiments.
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Supplementary Figure 9. Analysis of expression correlation and tissue distribution of LRRC15, SCG5, and TGF-B
among TCGA bladder cancer patients.
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Supplementary Figure 10. Investigating the expression landscape of the LRRC15-SCG5 axis in bladder cancer stem
cells. A. Representative micrographs at 10x and 40x magnifications illustrate the morphological characteristics
of T24 cells cultured under adherent and ultra-low attachment conditions. B. The transcriptional activity of the
LRRC15-SCG5 axis in stem-like bladder carcinoma cells was assessed using gPCR analysis.
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Supplementary Figure 11. Unprocessed quantitative datasets reflecting T24 cell viability post IgG and Samrotamab
treatment were acquired using the Countess 3 cell analyzer.
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Supplementary Figure 12. The unprocessed immunoblot datasets supporting this analysis are available.
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