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ARTICLE INFO ABSTRACT

Keywords: Background: Urothelial carcinoma (UC) is one of the most common cancers worldwide. The biological hetero-
Urothelial carcinoma ) geneity of UCs causes considerable difficulties in predicting treatment outcomes and usually leads to clinical
Leucme'.“c}‘ repeat-containing protein mismanagement. The identification of more sensitive and efficient predictive biomarkers is important in the
Prognosis L diagnosis and classification of UCs. Herein, we report leucine-rich repeat-containing protein 59 (LRRC59) located
Endoplasmic reticulum stress . . . - . .

Ubiquitination in the endoplasmic reticulum as a novel predictive factor and potential therapeutic target for UCs.

Methods: Using whole-slide image analysis in our cohort of 107 UC samples, we performed immunohistochem-
istry to evaluate the prognostic value of LRRC59 expression in UCs. In vitro experiments using RNAi were con-
ducted to explore the role of LRRC59 in promoting UC cell proliferation and migration.

Results: A significant correlation between LRRC59 and unfavorable prognosis of UCs in our cohort was
demonstrated. Subsequent clinical analysis also revealed that elevated expression levels of LRRC59 were
significantly associated with higher pathological grades and advanced stages of UC. Subsequently, knockdown of
LRRC59 in UM-UC-3 and T24 cells using small interfering RNA significantly inhibited cell proliferation and
migration, resulting in cell cycle arrest at the G1 phase. Conversely, the overexpression of LRRC59 in UC cells
enhanced cell proliferation and migration. An integrated bioinformatics analysis revealed a significant functional
network of LRRC59 involving protein misfolding, ER stress, and ubiquitination. Finally, in vitro experiments
demonstrated that LRRC59 modulates ER stress signaling.

Conclusions: LRRC59 expression was significantly correlated with UC prognosis. LRRC59 might not only serve as
a novel prognostic biomarker for risk stratification of patients with UC but also exhibit as a potential therapeutic
target in UC that warrants further investigation.
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Introduction

Urothelial carcinoma (UC) is one of the most common cancers
worldwide [1]. Frequent recurrence rates and high risk of metastasis in
UC pose significant challenges for the treatment of UC. In the treatment
of muscle-invasive bladder cancer (MIBC), platinum-based neoadjuvant
chemotherapy followed by radical cystectomy is the current standard of
care [2]. However, approximately 70% of patients have tumor metas-
tasis, and the 5-year survival remains extremely poor [3]. As a result, the
identification of more efficient and accurate molecular biomarkers is
important in the risk stratification of patients with UC for individualized
management.

Previous studies have established that clinical factors, such as lymph
nodes (LN) status and T stage, are important factors that affect the
prognosis of patients with UC. The 5-year overall survival rate of LN-
positive patients is <30% [4]. Although several studies have indicated
that predictive models incorporating genetic and clinical factors are
useful in predicting the prognosis of UC, few studies have validated the
utility of predictive models for the improvement of clinical
decision-making [5,6]. Moreover, owing to the striking molecular het-
erogeneity, patients with UC with the same grade and stage might pre-
sent distinct outcomes. For example, patients at the early stage, such as
Tis or basal-squamous differentiation, show aggressive phenotypes and
resistance to treatment [7,8]. Currently, no reliable tools are available to
distinguish tumors that have the potential to progress. Therefore, there
is a need to identify novel biomarkers for improving the diagnostic ac-
curacy of UC.

Emerging studies have shown that post-translational modifications
(PTMs), which mainly occur in the endoplasmic reticulum (ER), are
important for cancer development and progression [9,10]. The ER is an
essential organelle for protein folding and quality control. Protein mis-
folding in tumor cells results in ER stress (ERS), triggers unfolded pro-
tein response (UPR), and guides unfolded proteins into the cytoplasm for
ubiquitination and destruction via the proteasome [11]. Moreover, in-
duction of UPR and ERS leads to extracellular vesicle formation and
promotes cell proliferation, tumor progression, and recurrence [12].
However, the role of ERS/UPR signaling in the progression of UCs re-
mains unclear.

The present study, using a data-driven approach to identify the
pathogenic genes in UCs, showed a strong correlation network associ-
ated with poor prognosis of UCs, which involved multiple ER proteins,
including leucine-rich repeat-containing protein 59 (LRRC59). To
elucidate the roles of LRRC59-mediated PTM in UC, using whole-slide
image (WSI) and bioinformatics analyses, we validated that LRRC59 is
anovel biomarker with prognostic value for risk stratification and robust
prediction of overall survival for patients with UC. Functional studies
further showed that LRRC59 plays an important role in the regulation of
tumor cell proliferation and migration. Thus, LRRC59 may also serve as
a potential therapeutic target for UCs.

Materials and methods
Patient data

A total of 107 patients diagnosed with urothelial carcinoma between
January 2014 and March 2020 were included as study subjects. All study
subjects were from the Second Affiliated Hospital and Yuying Children’s
Hospital of Wenzhou Medical University (WMU). The pathologic diag-
nosis was based on the eighth edition of the American Joint Committee
on Cancer [13]. Written informed consent was obtained from all pa-
tients. This study was performed in accordance with the Declaration of
Helsinki (revised in 2013). All experimental protocols were approved by
the Ethics Committee of the Second Affiliated Hospital and Yuying
Children’s Hospital of WMU (2021-K-101-01).
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IHC analysis

To elucidate the expression of LRRC59 in UC, formalin-fixed
paraffin-embedded UC samples were cut into 3 pm-thick serial sec-
tions. Immunostaining of the sections was conducted on the Ventana
BenchMark Ultra platform (Roche Diagnostics, Tucson). Briefly, slides
were incubated for 8 min in EZPrep for deparaffinization and antigen
retrieval. Sections were incubated in Cell Conditioner 1 (prediluted; pH
8.0) for 30 min at 37 °C and then for 8 min at 37 °C in UV inhibitor. Anti-
LRRC59 antibody was added at a 1:200 dilution for 32 min at 37 °C. UV
HRP UNIV MULT (secondary antibody) was added and incubated for 8
min. Then, the specimen was counterstained with hematoxylin II and
bluing reagent (Ventana) and coverslipped. Rabbit polyclonal anti-
bodies against LRRC59 (aa 84-307) were purchased from Abcam
(#ab184143). Lung adenocarcinoma and colorectal carcinoma were
used as positive controls, according to the Human Protein Atlas (HPA)
database and previous studies [14]. The primary antibody was used as a
negative control.

IHC evaluation

IHC was conducted to analyze the expression of LRRC59, which
showed a granular cytoplasmic staining pattern. Immunostaining was
evaluated based on the staining intensity of positive cells [14,15]. The
color intensity of the cytoplasm was scored as follows: 0, no staining; 1,
weak staining; 2, medium staining; and 3, strong staining. A score of
0 indicated a negative result. A score of 1-3 indicated a positive result.
IHC staining was evaluated by two independent pathologists in a blin-
ded manner.

Using the NanoZoomer XR Digital Pathology microscope (Hama-
matsu Photonics KK, Hamamatsu), all slides were scanned as WSIs at a
magnification of 40 x .

WSI analysis

The QuPath software [16] (version 0.2.1) was used to perform
automated quantification of H-scores from whole-slide immunohisto-
chemistry images. The original IHC slides were scanned and subjected to
subsequent analysis. For each IHC slide, the estimate stain vectors
command was used to facilitate stain separation. In the QuPath soft-
ware, five representative regions of interest (ROIs) were manually
selected by a pathologist using the Squared Tool (250 pm x 250 pm).
Then, an in-house Groovy Script was created for WSI analysis to auto-
matically calculate the mean H-scores for the ROIs for each slide.

Data source and bioinformatics analysis

In-house R scripts were used for data processing, analysis, and
visualization. Gene expression data and corresponding clinical infor-
mation were obtained from publicly available databases, including Gene
Expression Omnibus (GEO) datasets (http://www.ncbi.nlm.nih.
gov/gds/), The Cancer Genome Atlas (TCGA, https://tcga-data.nci.
nih.gov/tcga/), cBioPortal (https://www.cbioportal.org/), and the
HPA database (http://www.proteinatlas.org/). Enrichment analyses
were conducted using the WebGestalt software (WEB-based GEne SeT
AnaLysis Toolkit, http://www.webgestalt.org/). Producer price index
(PPI) analysis was conducted using STRING (https://string-db.org). The
SEEK platform was used for gene co-expression analysis in bladder
cancer microarray datasets GSE31684, GSE3167, and GSE32548 (htt
ps://seek.princeton.edu/seek/).

Cell culture
The human urothelial carcinoma cell lines T24 and UM-UC-3 cell

lines used in this study were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). T24 cells were cultured in RPMI-
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1640 complete medium (Gibco, Gaithersburg, MD, USA), whereas UM-
UC-3 cells were cultured in DMEM complete medium (Gibco, Gai-
thersburg, MD, USA). The complete medium was supplemented with
10% fetal bovine serum (FBS; Sigma-Aldrich, Darmstadt, Germany) and
1% penicillin/streptomycin (Gibco, Gaithersburg, MD, USA). All cell
lines were carefully cultured in a humidified atmosphere with 5% CO- at
37 °C. To induce ER stress, tunicamycin (TM, 2 pg/mL, MedChemEx-
press, USA) dissolved in sterile dimethyl sulfoxide (DMSO) was added to
the culture medium in the presence or absence of siLRRC59s.

RNA extraction and quantitative real-time (qRT)-PCR

Total RNA was extracted from the cell lines using TRIzol reagent
(Invitrogen, Shanghai, China). cDNA was synthesized using the Prime-
Script™ RT Reagent Kit (Takara, Shiga, Japan). qRT-PCR was per-
formed on cDNA samples using TB Green Premix Ex TaqllI (Takara Bio,
Shiga, Japan). Fluorescent signals were detected by the Quantstudio Dx
system (Applied Biosystems, Singapore) according to the manufacturer’s
instructions. The mRNA levels of LRRC59, HYOU1, XBP1, E2F1 were
normalized to GAPDH using the 2725CT method. The primer sequences
were as follows: LRRC59, 5-GAAGAAGCGTGAGGCTAAGCA-3'(for-
ward), 5'- TTAGATTTCGGGGCCTGATTTG-3'(reverse); HYOU1, 5'-
GAGGAGGCGAGTCTGTTGG-3'(forward), 5-GCACTCCAGGTTTGACAA
TGG-3'(reverse); XBP1, 5'-CCCTCCAGAACATCTCCCCAT-3'(forward),
5-ACATGACTGGGTCCAAGTTGT-3'(reverse); E2F1, 5-CATCCCAG-
GAGGTCACTTCTG-3'(forward), 5-GACAACAGCGGTTCTTGCTC-3'(rev
erse); GAPDH, 5'-ACAACTTTGGTATCGTGGAAGG-3'(forward), 5'-GCC
ATCACGCCACAGTTTC-3/(reverse).

RNA interference

Small interfering RNA (siRNA) duplexes targeting LRRC59 were
synthesized by GenePharma (Shanghai, China). Nonspecific siRNA se-
quences were used as negative control. siRNAs were transfected into
cells using Lipofectamine RNAiMax (Life Technologies, Waltham, MA,
USA) according to the manufacturer’s instructions. The sequences of the
siRNAs were as follows: silencing control (siCtrl), UUCUCCGAACGU-
GUCACGUTT; siLRRC59#1, GUGACUGCUUGGAUGAGAATT; and
siLRRC59#2, GGAGUAUGAUGCCCUCAAATT.

Plasmid construction and transfection

The coding sequence of LRRC59 was cloned into a pcDNA3.1(+)
vector (IGE Biotechnology, Guangzhou, China) to construct LRRC59
overexpression plasmid. Plasmid vectors were transfected into urothe-
lial carcinoma cells cultured in six-well plates using X-tremeGENE
(Sigma-Aldrich, St. Louis, MO, USA), following the manufacturer’s
protocol. Cells were harvested for qRT-PCR analysis 48 h after
transfection.

CCK-8 assay

Cell viability was evaluated using the CCK8 Cell Counting Kit
(Dojindo Laboratories, Kumamoto, Japan). T24 and UM-UC-3 cells
transfected with siLRRC59s or pcDNA3.1(+)-LRRC59 were plated and
cultured in 96-well plates with 1.0 x 10 cells/well and incubated
at the temperature of 37 °C for 6 days. Detection was performed at the
same time points each day. The optical density (OD) values were
measured at 450 nm using a microplate reader (Tecan, Switzerland).
The experiments were performed in triplicate for each cell line.

Colony formation assay
Cells were placed in six-well plates (1 x 103cells/well) and main-

tained in media containing 10% FBS for 14 days. The colonies were fixed
with 4% paraformaldehyde (Servicebio, Wuhan, China) and stained
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with 0.1% crystal violet (Sigma-Aldrich, Darmstadt, Germany). Colonies
were imaged using vSpot Spectrum (AID, Germany). All assays were
performed three times for each cell line.

Cell cycle analysis

The cancer cells were harvested at 48 h after the transfection of
siLRRC59s, then washed with ice-cold PBS, and fixed in 75% ice-cold
ethanol at 4 °C. RNaseA (Takara, Shiga, Japan) was added into the
flow tubes, followed by a water bath at 37 °C for 30 min. For staining,
the cells were incubated in propidium iodide (PI, Life Technologies)
solution for 10 min in dark. Flow cytometry anslysis of the cell cycle for
the treated cells was performed byCytoFLEX ( Beckman, USA). The ex-
periments were performed in triplicate.

Transwell assay

The migration ability of UC cells was estimated by Transwell assay.
Transwell chambers with a pore size of 8.0 pm (Millipore, Darmstadst,
Germany) were used in this assay. Cells were suspended in 200 pL
serum-free medium evenly and plated in Transwell chambers. 600 pL
medium supplemented with 10% FBS was added to the twenty-four-well
plates as a chemoattractant. After incubation for 20 h (UM-UC-3 cells) or
8 h (T24 cells), the migrated cells at the bottom of the chambers were
fixed in 4% paraformaldehyde and then stained with 0.1% crystal violet
solution for 15 min. Then, the cells in the lower chamber were counted.
All experiments were performed in triplicate.

Statistical analysis

Survival analysis was conducted using statistical R language
(https://www.r-project.org/). The analytic packages include survival,
ggsurv, and rbsurv for robust likelihood-based survival modeling. For
visualization and the log-rank test, GraphPad Prism version 8 was used
to generate plots. We used a p-value < 0.05 as a significant level to
interpret the results. Hypoxia score correlation analysis was performed
using the TCGA/cBioPortal (https://www.cbioportal.org). Comparisons
between the two groups were performed using Student’s t-test, and
Mann-Whitney U test. The data are indicated as standard error of the
mean (SEM), and a p-value < 0.05 was considered statistically signifi-
cant. Gene-gene correlations and predictive model building were per-
formed using in-house R scripts based on the package caret. Fisher’s
exact test was used for the association test between gene expression
levels and clinical variables. Univariate and multivariate Cox regression
analyses were performed using R script.

Results

Screening of the pathogenic biomarkers for the prediction of prognosis of
uc

To identify the oncogenic genes for predicting poor outcome of UCs,
we screened the upregulated genes with potential prognostic prediction
capabilities in UCs. As shown in Fig. 1, we first identified upregulated
genes in UC samples using the publicly available TCGA-BLCA dataset.
Then, the unfavorable prognostic genes in bladder cancer characterized
in the HPA database were obtained and intersected with the upregulated
genes. The resulting 14 highly confident oncogenic genes were inspected
and finally generated for subsequent analyses (Fig. 1A). Univariate
analysis of the oncogenic prognostic genes identified LRRC59 at the top
of the list (Supplementary Table S1).

To further characterize the highly confident oncogenic genes, we
first explored their expression patterns in cells. We found that LRRC59,
SCD, DHCR7, and RPN2 were located in the cellular ER in the HPA
dataset, suggesting the important role of abnormal ER function in UC
progression. Then, we conducted co-expression analysis to identify the
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Fig. 1. Screening of unfavorable prognostic genes in UCs. (A) Venn diagram demonstrated the upregulated unfavorable prognostic genes in bladder cancer. (B)
Correlation matrix of the upregulated unfavorable prognostic genes. (C) ROC plots for the prediction of the prognosis of bladder cancer in the testing dataset in
TCGA/BLCA. (D, E) Survival curves for the comparisons of the high and low expression levels for the LRRC59 and KPNA2 genes identified in UCs.
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co-expression network associated with the pathogenesis of UC. A cor-
relation heatmap showed that there was a significant co-expression
network involving DSC2, KPNA2, LRRC59, GARS, and MTHFD1L
(Fig. 1B).

Furthermore, we built a model using the training dataset (70% of the
entire dataset) derived from the TCGA-BLCA dataset and tested the
model using the testing dataset (30% of the entire dataset). We found
that the identified genes performed well in the prediction of the prog-
nosis of bladder cancer in testing dataset (the genomic model had AUC
of 0.709 to predict 60-month survival) (Fig. 1C). Among these, LRRC59
and KPNA2 showed the strongest correlation in the expression levels.
Higher expression levels of the two genes were significantly correlated
with unfavorable prognosis in bladder cancer (log-rank p-value < 0.05)
(Fig. 1D; 1E; Supplementary Fig. S1). Based on previous studies, the
functions of KPNA2 on the nuclear membrane have been characterized
in UCs [17], but the roles of LRRC59 remain to be determined.

LRRC59 serves as a novel prognostic biomarker in UCs

To characterize the functions and roles of LRRC59, we profiled
protein expression using an IHC assay in UC samples. We found that
LRRC59 was mainly localized in the cytoplasm of cancer cells. LRRC59
expression was not detected in the nuclei. The expression levels of

IHC-019

IHC-089

IHC-030

IHC-061

Adjacent normal urothelium
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LRRC59 in tumor cells were strikingly upregulated compared with those
in the adjacent normal urothelium (Fig. 2A). Interestingly, LRRC59
overexpression was primarily found in tumor cells but not in umbrella
cells (Fig. 2B). The upregulation of LRRC59 in our results was consistent
with those found in the TCGA and GSE3167 datasets (Supplementary
Fig. S2).

To investigate whether LRRC59 can be regarded as a prognostic
biomarker, we explored the effect of LRRC59 on the prognosis of pa-
tients with UC. From the survival analysis, we observed that the positive
expression levels of LRRC59 were closely associated with worse survival
of UCs compared with the negative expression of LRRC59, with a log-
rank p-value of 0.045 in our cohort (n = 107) (Fig. 3A and B). Patients
with higher tumor H-scores showed a significant correlation with poor
survival (Fig. 3C). In multivariate Cox proportional hazards survival
analysis, LRRC59 expression was shown to be an independent risk factor
in the prediction of UCs (95%CI,1.45-7.5, p-value = 0.004) (Fig. 4).

Thus far, LRRC59 has not been correlate with UCs in previous
studies. In the current study, a strong association with worse outcomes
indicated that LRRC59 might be considered as a predictive biomarker
for the prognosis of UCs.

Fig. 2. Representative images of LRRC59 expression in UC samples. (A) The expression patterns of LRRC59 in the adjacent normal urothelium and tumor tissue
within the same sample. Scale bar: 50 um; magnification at 400 x . (B) LRRC59 was upregulated in tumor cells but not in umbrella cells.
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Fig. 3. Elevated expression levels of LRRC59 were revealed as clinically relevant. (A) Representative images to indicate IHC staining intensities. Scale bar (top): 100
pm; magnification at 200 x . Scale bar (bottom): 25 pm; magnification at 800 x . (B) The elevated expression levels of LRRC59 were significantly correlated with
poorer survival of UCs in our cohort (n = 107). Scale bar: 50 pm; magnification at 400 x . (C) Higher H-score was associated with poorer median survival compared
with low H-score from our cohort. (D) Based on H-score, significant differences were found between high-grade UCs and low-grade UCs. (E) Based on H-score,

significant differences were found between NMIBC and MIBC. NMIBC, non-muscle-invasive bladder cancer; MIBC, muscle-invasive bladder cancer. ****p < 0.0001.

Upregulated level of LRRC59 was significantly associated with higher
tumor grades and advanced stages of UC

Next, to investigate the correlation between LRRC59 gene expression
and clinical factors, we analyzed the association between LRRC59 gene
expression levels and covars, tumor grades, and stages (Table 1). Of the
107 UC samples, 43% (46/107) had low-grade tumors and 57% (61/
107) had high-grade tumors. The positive staining of LRRC59 was
observed in 64 cases, including 14 (21.8%) low-grade UC cases and 50
(78.2%) high-grade UC cases. Of the 61 high-grade UC cases, LRRC59
expression was observed in 50 (82%). However, of the 46 low-grade UC
cases, LRRC59 expression was found in only 14 (30.5%). These results
showed that the expression levels of LRRC59 were elevated in high-
grade tumors, which indicated that the enhancement of LRRC59

expression might be highly linked to UC grades (Fig. 3D).

To further assess whether LRRC59 is involved in UC progression, we
analyzed the expression levels of LRRC59 in both non-muscle-invasive
bladder cancer (NMIBC) and MIBC. Our cohort of 107 cases consisted
of 63 NMIBC and 36 MIBC cases. Of the 63 NMIBC cases, 50.8% (32/63)
were positive for LRRC59 expression. Among the 36 MIBC cases, posi-
tive staining for LRRC59 was found in 83.4% (30/36) of the samples.
LRRC59 expression is increased in MIBC. Our findings suggest that
LRRC59 plays an important role in UC progression (Fig. 3E).

LRRC59 promoted the proliferation and migration of UC cells

To explore the biological functions of LRRC59 in UC cells, siLRRC59s
and pcDNA 3.1(+)-LRRC59 were respectively transfected into T24 and
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Fig. 4. Multivariate Cox proportional hazards survival analysis of LRRC59. *p < 0.05. **p < 0.01.
Knockdown of LRRC59 induced cell cycle arrest
Table 1

Association analysis of the expression levels of LRRC59 with the clinical-
pathological variables of urothelial carcinoma patients.

Variables LRRC59 (n, %)* OR(95%CI) p-value
Low High Total

Gender

Female 10(18.5) 11(20.8) 21(19.6)

Male 44(81.5) 42(79.2) 86(80.4) 0.87(0.33-2.27) 0.771

Age (years)

<65 23(42.6) 18(34.0) 41(38.3)

>65 31(57.4) 35(66.0) 66(61.7) 1.44(0.66-3.19) 0.3593

Stage

Ta-T1 41(75.9) 22(41.5) 63(58.9)

T2-T4 9 (16.7) 27(50.9) 36(33.6) 5.59(2.31- 0.000228
14.60)

Missing 4(7.49) 4(7.5) 8(7.5)

Grade

Low grade 37(68.5) 9(17.0) 46 (43.0)

High grade  17(31.5) 44(83.0) 61(57.0) 10.6(4.41- 4.53E-07
28.00)

" Defined by the best cut-off value.

UM-UC-3 cells, resulting in the remarkable downregulation or upregu-
lation of LRRC59 mRNA level(Fig. 5A and B). CCK-8 assays showed that
the proliferation of UM-UC-3 and T24 cells in the siLRRC59s group was
significantly impaired compared with the siCtrl group (Fig. 5C and D). In
contrast, when LRRC59 wasoverexpressed, T24 and UM-UC-3 cells
exhibited a higher cell viability rate than the controls (Fig. 5E and F).
Consistently, colony-formation assays revealed that the size and number
of colonies in both cell lines were dramatically inhibited by siLRRC59s
compared to the siCtrl group (Fig. 5G and H), while cell lines with high
expression of LRRC59 were markedly increased (Fig. 5I and J).
Furthermore, Transwell assayshowed that silencing of LRRC59 caused a
significant reduction of the migrated UM-UC-3 and T24 cells (Fig. 5K
and L). Conversely, we found that the overexpression of LRRC59 pro-
moted UC cell migration (Fig. 5SM and N). These data indicate that
LRRC59 plays a vital role in cancer cell migration and tumor
proliferation.

To further determine whether LRRC59 silencing inhibited cell
viability by affecting the tumor cell cycle progression, we performed
flow cytometric analysis to examine cell cycle alterations in the UC cell
lines. Consistently, UC cells was significantly increased in the G1 phase
in both UM-UC-3 and T24 cells transfected with siLRRC59s compared
with the siCtrl group (Fig. 6D-G), which suggests that cells with LRRC59
silencing were arrested at the G1 phase.

LRRC59 co-expression networks were correlated to PTMs at the ER

To investigate the potential upstream factors modulating LRRC59,
we conducted bioinformatics analysis using the TCGA-BLCA dataset. We
found that elevated expression levels of LRRC59 were significantly
correlated with copy number amplifications of the genes and higher
hypoxia scores (Supplementary Fig. S3) in the TCGA-BLCA cohort,
suggesting that LRRC59 was regulated by copy number alternations and
might be associated with hypoxia responses in tumors.

Furthermore, to investigate the LRRC59 modulating network, we
investigated co-expression networks of LRRC59 in three microarray
datasets of bladder cancer in GEO by using the SEEK platform (Fig. 6A).
We found that the top-ranked co-expression genes were strongly corre-
lated with cell cycle pathways and a couple of pathways involved in
PTMs, including the regulation of protein modification and protein
ubiquitination pathways in GO analyses (Fig. 6B and C; Supplementary
Table S2).

Moreover, we performed PPI network analysis of LRRC59 using
STRING and found that LRRC59 physically interacted complexes were
predominantly located in the ER (Supplementary Fig. 4A and B).
Functional enrichment analysis using Biological Process indicated that
the function of LRRC59 networks was strongly correlated with fibroblast
growth factor receptor signaling, which is an important hallmark in UC
development (Supplementary Fig. 4C and D; Supplementary Fig. S5).
The underlying mechanisms might be based on the interactions of
fibroblast growth factor 1 (FGF1) with LRRC59 and KPN2A complexes in
the nucleopore [18]. The roles of LRRC59 interaction networks in UC
warrant further investigation.
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Fig. 5. LRRC59 promoted the proliferation and migration of UC cells. (A, B) LRRC59 was markedly downregulated or upregulated after siLRRC59s or pcDNA3.1-
LRRC59 transfection. (C, D) SiRNA knockdown of LRRC59 in T24 and UM-UC-3 cells significantly inhibited cell proliferation in CCK8 assay. (E, F) Overexpression of
LRRC59 in T24 and UM-UC-3 cells markedly increased cell proliferation in CCK8 assay. (G, H) Colony-formation assays demonstrated that LRRC59 knockdown
dramatically inhibited the size and number of colonies of T24 and UM-UC-3 cells. (I, J) The overexpression of LRRC59 increased the size and number of colonies of
T24 and UM-UC-3 cells. (K, L) The silencing of LRRC59 reduced T24 and UM-UC-3 cell migration in the Transwell assay. (M, N) The expression of LRRC59 increased
T24 and UM-UC-3 cell migration in the Transwell assay. *p < 0.05; **p < 0.01, ***p < 0.001.

Knockdown of LRRC59 induced ER stress and dys-regulation of cell cycle
genes in vitro

To further elucidate the oncogenic mechanisms of LRRC59 in
bladder cancer, we stimulated the bladder cancer cell line T24 and UM-
UC-3 by using tunicamycin (TM), a chemical showing as a potent
inducer of ER-stress in cells. We found that the stress-related marker
HYOU1 and XBP1 were significantly enhanced by TM. Knockdown of
LRRC59 gene expression enhanced HYOUland XBP1-mediated ER-
stress signaling (Fig. 7A and B). Meanwhile, E2F1, one of the important
cell cycle-related transcriptional factors in bladder cancer was found
decreased dramatically (Fig. 7C), consistent with our results in our FACS
analysis of cell cycle arrest. Importantly, we found that knockdown of
LRRC59 significantly enhanced the sensitivity of Cisplatin to inhibit the
viability of cell line UM-UC-3 (Fig. 7D and E). Our data suggests that
LRRC59 regulates the ER-stress signaling, regulates cell cycle, and
modulates the treatment response of cisplatin in vitro. In-depth in-
vestigations on the molecular mechanisms of LRRC59 in future may help
to clarify LRRC59 as a potential therapeutic target in bladder cancer.

Discussion

UC is a heterogeneous disease with high recurrence and mortality
rates. Identifying novel prognostic biomarkers and establishing stable

predictive models are crucial in personalized medicine for patients with
UC. In this study, we performed WSI analysis of IHC to investigate the
expression pattern and clinical significance of LRRC59 in 107 UC sam-
ples. We found that elevated expression of LRRC59 was significantly
correlated with poorer prognosis of UCs and consistently correlated with
worse clinicopathological features, such as higher pathological grades
and advanced stages. Moreover, our data showed that knockdown of
LRRC59 led to the inhibition of UC cell proliferation, migration, and
induction of cell cycle arrest at the G1 phase, while overexpression of
LRRC59 promoted UC cell proliferation and migration. Mechanically,
LRRC59 regulates ER-stress signaling and cell cycle in UC cell lines. Our
results suggest that LRRC59 may serve as a novel prognostic factor in
UC. Our results are consistent with the findings of previous studies on
other cancers [14,19,20].

Previous studies showed that about one-third of patients with NMIBC
have a lifelong risk of progression to MIBC or metastasis. The European
Organization for Research and Treatment of Cancer risk table has been
used for risk stratification and prognosis prediction in patients with
NMIBC [21]. However, pathological features, molecular subtyping, and
treatment approaches might have substantial influence on the classifi-
cation of patients at high-risk. Therefore, patients with potentially worse
outcomes remain likely to be misclassified, and the previously estab-
lished subtyping systems are limited in clinical practice. LRRC59 could
serve as a potential biomarker to complement risk stratification and
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Fig. 6. Enrichment analysis of LRRC59 co-
expressed genes in microarray datasets of
bladder cancer and flow cytometry analysis of
cell cycle. (A) The heatmap of the co-
expression network of LRRC59 in bladder
cancer microarray datasets. (B) Enrichment
analysis of the co-expression genes of
LRRC59. (C) Top-ranked enrichment plots in
GSEA analysis for the LRRC59-positive cor-
relation pathways. (D, E) The silencing of
LRRC59 increased the percentage of G1 phase
in T24 cells. (F, G) The silencing of LRRC59
increased the percentage of G1 phase in UM-
UC-3 cells.



L. Pei et al.

HYOU1
A.

B siCtrl SiLRRC59#1 MM siLRRC59#2 MM siCtrl+TM (2 ug/mL)

Bl siLRRC59#1+TM (2 pg/mL) M siLRRC59#2+TM (2 pg/mL)

*k

B.

Translational Oncology 23 (2022) 101474

XBP1

B sict SILRRC59#1 MMl siLRRC59%#2 [l siCtri+TM (2 pg/mL)

Bl SiLRRC59#1+TM (2 ug/mL) MMl SILRRC59#2+TM (2 ug/mL)

*kk
- 15—

[ [ hai
2 2
s é

2 »

2 o

5 &

g 2

o [

s 3
& &

T24 UM-UC-3
C. E2F1 D. E.
BN siCti WM SiLRRC59#1 MMl siLRRC59#2 UM-UC-3 BN siCti B SiLRRC59#1 WM siLRRC59#2
15 120r -~ siCtrl ~5 20 .

o 5= *hk —_ siCtrl 5 0=

: ek 2 100 , T po

: i, — > w0 - siLRRC59#1 I

2 104 '—l - ~ SILRRC59#2 s

@ 2 g0} =]

g. - £ s S 1.0+

% > 4o0f e o

0.5+ 2 e S

2 o 20 bl s 059

k< 0 . . B

€ o0 2 -1 0 1 2 S go-

T24 UM-UC-3 Cisplatin (pg/mL,log) UM-UC-3
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identify patients with high-risk NMIBC for appropriate treatment.

Our analyses showed that the elevated expression of LRRC59 was
significantly correlated with the prognosis of patients with bladder
cancer in the TCGA-BLCA dataset. Moreover, the elevated expression of
LRRC59 was also found significantly associated with the resistance to
the treatment response in the TCGA-BLCA dataset (Supplementary
Fig. S6A; Supplementary Table S3). Therefore, the evaluation of the
expression levels of LRRC59 by using IHC assay may not only be useful
in distinguishing high-risk patients with poor prognosis, but also be
helpful in identification of patients with non-response to the treatment.

In addition to LRRC59, the expression levels of three members of the
leucine-rich repeat-containing gene family were also found elevated in
tumors compared to their normal counterparts in TCGA-BLCA dataset,
including LRRC15, LRRC57, LRRC58 (Supplementary Fig. S6B-D).
Among these, LRRC15 has been recently reported as a novel therapeutic
target for multiple solid tumor indications [22-24]. The LRRC15"CAF
(carcinoma-associated fibroblasts) subpopulation was found to be
driven by TGF-p and correlated with a poor response to anti-PD-L1
therapy. Targeting LRRC15"CAF using combinatorial therapy ap-
proaches may improve immunotherapy responses in patients with can-
cer [25]. For LRRC59, it has been reported that LRRC59 is a regulator of
DDX58, which is involved in type I IFN signaling that responds to viral
infections [26]. In addition, LRRC59 participates in trafficking of
NA-sensing TLRs from the ER and regulates TLR-mediated signaling
[27]. These studies suggested that the members of the leucine-rich
repeat-containing gene family such as LRRC15 and LRRC59 might
play roles in the immune response.
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In our data, we observed that elevated LRRC59 expression was
significantly associated with a positive nodal status, but the underlying
mechanisms underpinning lymph node (LN) metastasis remain unex-
plored. Recent studies have shown that stress-related RNA helicase
protein Ddx21 [28], metabolic pathway regulatory factors YAP/TAZ
[29], and specific immune environment in LN might facilitate tumor
colonization and metastasis [30]. We found that LRRC59 is significantly
correlated with multiple stress-related genes in TCGA-BLCA data
including DDX21 (Supplementary Fig. S5D). Meanwhile, we validated
that LRRC59 participates in the modulation of the ER-stress signaling
mediated by HYOU1 and XBP1 (Fig. 7). Therefore, in future direction,
investigation of relationships between the ER-stress and LN metastasis in
UC might be helpful in elucidating the mechanisms underlying LN
metastasis in UC.

LRRC59 is a tail-anchored protein with a single transmembrane
domain close to its C-terminal end that localizes to the ER and nuclear
envelope [31]. Recently, LRRC59 was recognized as a nuclear trans-
location of FGF1. FGF1 is known to potently regulate tumor cell sur-
vival, migration, and invasion [18]. The upregulated expression of FGF1
could induce epithelial-mesenchymal transition, shorten the survival
rate of patients with UC [32], and promote the metastatic capability of
cancer cells [33-35]. Moreover, higher LRRC59 mRNA expression levels
are correlate with worse clinical phenotypes in several cancer types,
including lung adenocarcinoma [14], breast cancer [19], head and neck
squamous cell carcinoma [20], and prostate cancer [34,36]. However,
the role and biological function of LRRC59 in UC remain unclear.

LRRC59 knockdown by shRNA significantly suppressed cell
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proliferation and metastasis in lung adenocarcinoma [14]. Consistently,
our results showed that in vitro experiments by knocking down of
LRRC59 led to inhibiting cell proliferation and migration. LRRC59
knockdown resulted in cell cycle arrest at the G1 phase. Kim et al.
showed that LRRC59 and KPNB1 mediated cytoplasmic
ketohexokinase-A to enter the nucleus, phosphorylate YWHAH, down-
regulate CDH1, and facilitate the migration of breast cancer cells [37].
Previous studies demonstrated that LRRC59 could participate in regu-
lating tumor cell motility and trigger cancer cell dissemination in
triple-negative breast cancer [38]. Taken together, these studies suggest
that LRRC59 may be a potential therapeutic target for cancer therapy in
UC.

Mechanistically, the cytosolic part of LRRC59 facilitates its interac-
tion with KPNs and transports FGF1 through nuclear pores into the
nucleus in a Ran-dependent manner. Ectopic overexpression of FGF1 has
been shown to be highly associated with cancer progression and prog-
nosis in bladder cancer [39]. Recent studies have demonstrated that FGF
inhibitors can be used to treat locally advanced/metastatic UC by tar-
geting tumor-specific oncogenic signaling involving the tumor immune
microenvironment [40]. Additionally, LRRC59 is necessary for the nu-
clear import of oncoprotein protein phosphatase 2A (PP2A, CIP2A) [41].
However, whether LRRC59 is involved in FGF1 or CIP2A function in the
nucleus needs to be validated by further functional experiments.

The leucine-rich repeat (LRR) domain in LRRC59 may provide hits
for its crucial functions in PTM processes [42]. Previous studies have
shown that the LRR gene family plays an important role in cancers. For
example, LRRC15 has been reported to contribute to cancer immuno-
therapy [25]. We found that LRRC59 was significantly associated with
PSMDs (Supplementary Fig. S5B), a protein family comprising protea-
some components. Such interactions imply that LRRC59 might also be
involved in the ubiquitin proteasome system pathway, which is one of
the most common PTMs of proteins. Mounting evidence suggests that
aberrant ubiquitination may result in cancer development and pro-
gression [43]. Moreover, LRRC59 has been reported to interact directly
with stress granule (SG) factors, including UBAP2L, PRRC2A, and
PRRC2C [44,45]. Increasing evidence has shown that SGs play a crucial
role in regulating cancer initiation, progression, metastasis, and thera-
peutic resistance [46,47]. The specific mechanisms of LRRC59
involvement in ubiquitination and SG formation need to be elucidated in
future studies.

In summary, increased expression of LRRC59 was significantly
correlated with worse clinical features of UC. Our study proved that
LRRC59 could serve as an efficient predictive prognostic biomarker in
UC. In vitro experiments revealed that LRRC59 regulates cell prolifera-
tion and metastasis. Our data highlight the crucial role of LRRC59-
mediated PTM processes in UC development.
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