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ABSTRACT

Discovery of Biomarkers for
Predicting Aggressive Small Renal Cell Cancer

Background:

Small renal cell cancer (RCC), confined to the kidney and measuring less than 4 cm, is
increasingly diagnosed due to the widespread use of imaging tests such as computed
tomography and ultrasound. Small RCC is typically slow-growing and has a favorable
prognosis; therefore, various guidelines suggest active surveillance as a treatment option.
However, some cases exhibit aggressive characteristics such as synchronous metastasis or
recurrence. Therefore, markers that can predict aggressive small RCC and help identify
patients requiring active treatment are needed.

Methods:

We obtained formalin-fixed paraffin-embedded samples from five patients with
aggressive clear cell RCC (ccRCC) and five with characteristics similar to those of non-
aggressive ccRCC who underwent partial or radical nephrectomy between December 2018
and September 2021. Aggressive ccRCC was defined as the one with synchronous
metastasis or recurrence. We conducted RNA sequencing and analyzed differentially
expressed genes (DEGS) in the samples from 10 patients. Additionally, we selected 50
patients who had undergone surgery for small ccRCCs between January and December
2014. Immunohistochemistry (IHC) was performed to evaluate the association between the
expression of prostate stem cell antigen (PSCA,; identified as a DEG) and aggressiveness
of small ccRCC. IHC results were categorized as follows: the negative group included
expression intensities of 0 (negative) and 1 (weak), whereas the positive group included
intensities of 2 (moderate) and 3 (strong). Based on the IHC results, we analyzed
recurrence-free survival (RFS) according to PSCA expression using the Kaplan—Meier
curve and log-rank test. We knocked down PSCA in 786-O cells using small interfering
RNA and conducted proliferation, migration, invasion, and colony formation assays. After
PSCA knockdown, we evaluated the expression levels of key proteins in the mTOR
pathway that are thought to be associated with PSCA. Additionally, we compared the
expression of phosphorylated PI3K (p-PI3K), AKT, p-AKT, mTOR, and p-mTOR (key
proteins in the mTOR pathway), which is considered a mechanism of PSCA.



Results:

In total, 418 genes were differentially expressed with absolute fold changes of =2 and
p-values < 0.05. After adjustment, PSCA expression was shown to be significantly
upregulated. The proportion of aggressive small ccRCCs was significantly higher in the
PSCA-positive group than in the PSCA-negative group. RFS was poorer in the PSCA-
positive group than in the PSCA-negative group. PSCA knockdown in 786-O cells
inhibited proliferation, migration, invasion, and colony formation. Additionally, when
PSCA was knocked down, the levels of p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/mTOR
decreased, suggesting that PSCA activated the mTOR pathway, thereby acquiring
aggressiveness. Compared with 786-O cells with PSCA knockdown control 786-O cells
with upregulated PSCA, showed increased sensitivity to the mTOR inhibitor, everolimus.

Conclusions:

Our study showed that PSCA might be a potential biomarker for predicting aggressive
small ccRCCs. Using RNA sequencing and immunohistochemistry, we found that PSCA
upregulation was associated with aggressive small ccRCCs and poor RFS. Functional
experiments showed that PSCA knockdown inhibited cancer-related processes such as
proliferation, migration, and invasion. Mechanistically, PSCA appears to promote cancer
aggressiveness by activating the mTOR pathway, as shown by the reduced levels of p-PI3K,
p-AKT, and p-mTOR upon PSCA knockdown. These findings provide insights into ccRCC
molecular dynamics and suggest potential therapeutic targets for the PSCA pathway.

Key words : renal cell cancer, biomarker, metastasis, recurrence
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1. Introduction

Renal cell cancer (RCC) accounts for the majority of kidney cancer cases (80-90%) (1).
The prevalence of RCC has increased over the last several decades owing to the widespread
use of cross-sectional imaging. Among the newly diagnosed cases, approximately 70% fall
into the category of small RCC, which refers to tumors that are less than 4 cm in size and
are localized to the kidney (2). Several guidelines suggest partial nephrectomy, ablative
therapy, or active surveillance (AS) as treatment options for T1la RCC (3, 4).

AS involves monitoring the tumor size and characteristics through serial imaging.
Intervention is deferred unless an evidence of clinical progression is observed during the
follow-up period (5). Although no established criteria exists for the application of AS in
RCC, it may be considered for patients with small tumors measuring less than 2 to 3 cm,
advanced age, or multiple comorbidities (1, 3, 4). The rationale for AS is largely based on
clinical experience. Among renal masses smaller than 4 cm, known as small renal masses
(SRM), approximately 20-30% are reported as benign tumors. Even if confirmed as
malignant, most RCCs grow slowly. For instance, Pierorazio et al. (6) reported no instances
of metastasis during a 2.1-year follow-up in 223 patients with RCC managed with AS.
Another rationale for AS is the indolent growth rate of SRM. Various meta-analyses
examining growth rates have shown that these masses exhibit annual growth rates of 0.2 to
0.3 cm, with 23-33% demonstrating no growth while under AS (7).

Tla RCC is generally associated with good prognosis. However, some patients exhibit
aggressive characteristics. Jewett et al. (8) observed metastases in 1.3% of 151 tumors over
a 28-month follow-up period. Meanwhile, Brunocilla et al. (9) found that 2 of 60 patients
(3.4%) with a longer follow-up of 88.5 months died from RCC. They concluded that
patients with a faster tumor growth index have a higher risk of disease progression.
Furthermore, several studies have reported that delayed recurrence after 5 years is common,
suggesting the need for follow up even after 5 years for high-risk patients (10-13).
Consequently, the guidelines suggest selectively performing follow-up imaging tests even
after 5 years. However, it has been proposed that follow-up imaging tests should be
selectively performed based on the patient's preference and attending physician's judgment,
rather than solely relying on objective tumor characteristics or predictive markers for the
risk of recurrence. (1, 3).

Considering the aggressive characteristics of small RCCs, it is imperative to assess
patients who require active treatment and those who should be closely monitored over an
extended period. Previous studies have examined various factors associated with the
diagnosis and prognosis of RCCs. Specific hematologic markers, such as serum calcium,
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C-reactive protein, and neutrophil-to-lymphocyte ratio are associated with RCC prognosis
(14-17). However, these markers are not indicative of small RCCs and have limited
diagnostic value. Other studies have focused on biomarkers based on genes associated with
RCC prognosis, particularly in T1 RCC. Ahn et al. (18) performed whole exome
sequencing on formalin-fixed paraffin-embedded (FFPE) samples obtained from 10
patients with clear cell RCC (ccRCC), all with tumors measuring <7 cm and with
synchronous metastasis, and subsequently expanded their investigation to include The
Cancer Genome Atlas (TCGA) ccRCC dataset. Their findings highlighted that FOXC2 and
CLIP4 are significant predictors of synchronous metastasis. Another study corroborated
these findings, reporting significantly reduced levels of FOXC2, PBRM1, and BAP1 in
aggressive ccRCCs measuring >7 cm (19). However, most previous studies included RCCs
measuring >7 cm, resulting in a median tumor size of 3 to 4 cm or larger. Consequently,
these studies also encompassed relatively large tumors, thereby limiting the ability to
establish a treatment strategy for patients with small RCC based on these findings. Hence,
it is imperative to identify the genetic characteristics that can accurately predict the
prognosis of small RCCs. The objective of this study was to identify biomarkers that can
predict aggressive features in patients with small ccRCCs.

2. Materials and Methods

2.1. Patients selection and tissues preparation

We reviewed clinical information obtained from an RCC cohort that was prospectively
collected from December 2018 to September 2021. The cohort included patients who
underwent surgical interventions for RCC. Clinical data and tumor tissue and blood
samples were meticulously collected. From this cohort, we selected five patients with
aggressive small ccRCCs. Aggressive tumors were defined as those demonstrating
synchronous metastasis or recurrence, where synchronous metastasis was identified
within 3 months of the primary RCC diagnosis. Additionally, we carefully matched this
aggressive subgroup with five patients exhibiting non-aggressive characteristics,
considering factors such as sex, age, tumor grade, and tumor size.

Formalin-fixed paraffin-embedded (FFPE) sections from 10 patients with ccRCC
were procured from the archives of the Department of Pathology at Yonsei University
College of Medicine. The identification of non-tumor elements within these sections was



based on hematoxylin and eosin-stained slides, and every sample was meticulously
reviewed by a urologic pathologist. Subsequently, the samples were cut into 20pum
sections and transferred to extraction tubes for further processing.

2.2. Patients selection and tissues preparation

RNA was extracted using the FFPE RNeasy kit (Qiagen, Gaithersburg, MD, USA)
from 10 FFPE sections. 100 ng of RNA was used to construct a sequencing library using
the TruSeq RNA Access library prep kit (Illumina, San Diego, CA, USA) according to
the manufacturer’s protocols.

Quantification of the sequencing libraries was achieved using the Kapa Biosystems
Library Quantification Kit tailored for Illumina's sequencing platforms, following the
gPCR Quantification Protocol Guide (KapaBiosystems, Wilmington, MA, USA, Catalog
#KK4854). The libraries' quality was assessed using the TapeStation D1000 ScreenTape
by Agilent Technologies, Palo Alto, CA, USA (Catalog # 5067-5582). These indexed
libraries were then processed on the Illumina NovaSeq 6000 system for paired-end
sequencing (2 X 101 bp). All these procedures were conducted by Macrogen
Incorporated.

2.3. Analysis of RNA Sequencing and Differentially Expressed Gene
(DEG) Selection

Paired-end sequencing (101 bp) was used to generate reads from the cDNA libraries,
which were then trimmed and aligned to the UCSC hg19 reference human genome.
Subsequent transcriptome assembly involved the categorization of known, novel, and
alternatively spliced transcripts. Transcript and gene expression levels were quantified
using read counts (number of reads aligned to a gene) and fragments per kilobase of exon
per million mapped fragments (FPKM) values for each sample. To differentiate between
DEGs of the aggressive and non-aggressive ccRCC groups, an initial filter was applied
to exclude genes with zero read counts in more than one sample.

For DEGs, a complete linkage method and Euclidean distance were used to perform
unsupervised hierarchical clustering analysis to discern patterns of gene expression.
Additionally, principal component analysis was employed to simplify the complexity of
the dataset by converting it into a set of new variables that encapsulated the essential
aspects of the data. Macrogen Inc. carried out all data analyses and visualization of DEGs



using R version 3.5.1.

2.4. Network analysis

To identify key biological networks and hub genes associated with aggressive versus
non-aggressive small ccRCCs, we performed a weighted gene co-expression network
analysis (WGCNA) using the WGCNA package in R. We constructed an unsigned
network with soft-thresholding power determined based on the scale-free topology
criterion. By detecting the modules of highly correlated genes, we assessed the module
significance based on their correlation with aggressiveness. Furthermore, we identified
hub genes within the significant modules based on their module membership and gene
significance values.

2.5. Immunohistochemistry and Analysis of Recurrence-Free Survival
According to Prostate Stem Cell Antigen Expression

We conducted immunohistochemistry for prostate stem cell antigen (PSCA) using
mouse anti-PSCA monoclonal antibody (1:100; sc-80654, Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA). We reviewed the medical records of patients who underwent
partial or radical nephrectomy for small ccRCC between January 2014 and December
2014. We identified 11 patients with aggressive characteristics and 39 with non-
aggressive characteristics who were followed up for more than 5 years. FFPE specimens
from these 50 patients were cut into 4-um-thick sections and placed on Superfrost Plus
microscope slides (Thermo Fisher Scientific). The sections were deparaffinized using EZ
Prep (Ventana) for 8 min at 75 °C. Antigen retrieval was performed in cell conditioning
solution (high pH CC1 standard) for 60 min at 100 °C. The endogenous peroxidase
activity was blocked using a 3% H202 DAB inhibitor for 4 min at 37 °C. Subsequently,
the slides were incubated with primary antibodies for 32 min at 37 °C, followed by
incubation with a secondary antibody (Universal HRP Multimer) for 8 min at the same
temperature. The slides were then treated with DAB + H202 substrate for 8 min and
counterstained with hematoxylin II and bluing reagent at 37 °C. Tris buffer (pH 7.6) was
used as the wash solution throughout the process. Finally, the slides were evaluated using
light microscopy at x100 to x400 magnification to document the staining intensity, which
was categorized as O (negative), 1 (weak), 2 (moderate), or 3 (strong).
Immunohistochemical staining intensities of 0 and 1 were classified as PSCA-negative,



whereas intensities of 2 and 3 were classified as PSCA-positive. We used the Kaplan—
Meier method with log-rank tests to estimate and compare progression-free survival
between the PSCA-positive and-negative groups.

2.6. Cell culture and PSCA expression in various RCC cell lines

We obtained the human RCC cell lines including 786-O, A498, ACHN, Caki-1, 769-
P, A704, SW156, and Caki-2, as well as the murine RCC cell line, Renca from the
American Type Culture Collection (Rockville, MD, USA). UOK120 and UOK 146 cell
lines were provided by Dr. W. Marston Linehan (National Cancer Institute, Bethesda,
MD, USA). The S-TFE cell lines were obtained from the Riken Cell Bank (Tsukuba,
Japan). These cell lines were cultured in Roswell Park Memorial Institute 1640,
Dulbecco's Modified Eagle Medium, or Eagle's Minimum Essential Medium
supplemented with 10% fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific,
Waltham, MA, USA) and 1% penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO,
USA) at 37 °C in a humidified atmosphere containing 5% CO2. We performed Western
blot analysis to verify the expression of PSCA in these cell lines. Western blotting
analysis is described in detail in Section I1.13.

2.7. Generation of PSCA knockdown in the 786-0O cell line

We used small interfering RNA (siRNA) to knockdown PSCA in the 786-O cell line,
a representative ccRCC cell line with a high expression level of PSCA, confirmed using
Western blotting. The 786-O cells were transfected with ON-TARGET plus Human
PSCA siRNA (Dharmacon, Lafayette, CO, USA) or a control ON-TARGET plus a non-
targeting siRNA pool (Dharmacon) using Lipofectamine RNAIMAX (Invitrogen) as the
siRNA delivery vehicle. The siRNA sequences are listed in Table 1. For PSCA
knockdown, 786-O cells were seeded in six-well plates at a density of 6 x 10° cells per
well. After 24 h of incubation at 37 °C, the cells were transfected with 50 nM specific
PSCA siRNAs or scrambled siRNA using Lipofectamine RNAIMAX and serum-free
Opti-MEM. A complete medium containing 10% FBS was added to the final volume of
2.5 mL/well.



Table 1. Designed target sequences for the siRNA for the PSCA

Primer Sequence (5 — 3°)

siPSCA(J-003697-09) GGACAGGAGUCGACGUGAG
siPSCA(J-003697-10) CGGUAAAGGCUGAGAUGAA
siPSCA(J-003697-11) UGGAUGACUCACAGGACUA
siPSCA(J-003697-12) ACGCAAGUCUGACCAUGUA

2.8. Reverse transcription-quantitative PCR (RT-qPCR) analysis

To verify the extent of PSCA knockdown at the RNA level after transfecting 786-O
cells with PSCA-targeted siRNA, we conducted RT-qPCR. Total RNA was extracted
from cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse-
transcribed into first-strand cDNA using a Maxime RT-PCR PreMix Kit (iNtRON
Biotechnology, Seongnam, Gyeonggi-Do, Korea) according to the manufacturer's
protocol. The gRT-PCR was performed using Power SYBR® Green Master Mix
(Applied Biosystems, Foster City, CA, USA) in a 10-uL reaction solution comprising 5
puL of SYBR® Green Master PCR mix, 1 pL of each forward and reverse primer (10
pmol), 1 pL of diluted cDNA template, and sterile distilled water. The PCR primer
sequences are listed in Table 2. Conditions for amplification were as follows: initial
denaturation at 95 °C for 10 min; 40 cycles of denaturation at 95 °C for 15 s, annealing
at 58 °C for 30 s, and elongation at 72 °C for 30 s; final elongation at 72 °C for 5 min.
qRT-PCR was performed using the ABI StepOnePlus Real-Time PCR System (Applied
Biosystems). Data were normalized to GAPDH gene expression, and the relative gene
expression was analyzed using the 2—AACT method. The qRT-PCR experiments were
repeated at least thrice.



Table 2. PCR primer sequences

Primer Sequence (5° — 3°)

PSCA-1 Forward CACTGCCCTGCTGTGCTACT
PSCA-1-Reverse CGCGGTCCAGCACTGCTCCC
PSCA-2-Forward CCTAACGCAAGTCTGACCATGTATG
PSCA-2-Reverse TGCAGGCGGATCTGTGTCACTA
GAPDH-Forward ACCCACTCCTCCACCTTTGA
GAPDH-Reverse CTGTTGCTGTAGCCAAATTCGT

2.9. Cell proliferation assay

Cell proliferation was assessed based on PSCA expression. The cells were seeded in
96-well culture plates at a density of 5 x 10° cells/well. Cell proliferation was determined
at 24-72 h using the Cell Counting Kit-8 (DOJINDO, Tokyo, Japan) according to the
manufacturer's instructions. Absorbance was measured at 450 nm using a VersaMax
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). All experiments were
performed in triplicates. Values were calculated as the mean and standard deviation (SD)
of the percentage change induced by each siRNA compared to control.

2.10. Wound-healing assay

To evaluate the role of PSCA in cell migration, 786-O cells were transfected with
siPSCA for 24 h. Thereafter, the cells were resuspended and seeded in six-well plates at
a density of 1 x 10° cells/well, and 2 mL of culture medium supplemented with 10% FBS
was added. Cells were grown to 90% confluence, and then, a uniform and consistent
wound was scraped at the bottom of the six-well plate with a 200 pL plastic pipette tip
(time set as 0 h). The scratch time was designated as 0 h, and the cells were allowed to
migrate into the gap. The cells were then incubated for 24 h in culture medium and
photographed under an inverted microscope at 0 and 24 h. The Image J software
(National Institutes of Health, Bethesda, Maryland, USA) was used to calculate the



healing area, and the healing rate was calculated as follows: (initial scratch width—
existing scratch width)/initial scratch width x 100%.

2.11. Invasion assay

The invasion ability of 786-O cells, according to PSCA, was measured using the
CytoSelect™ 24-Well Cell Invasion Assay kit (Cell Biolabs, San Diego, CA, USA). The
786-0 cells were transfected with siRNA to PSCA for 24 h, and non-targeting siRNA
(control) was used as the control. Control and transfected cells (1 x 10%) were
resuspended in serum-free medium and seeded in the upper chamber for invasion assay.
Subsequently, a medium containing 10% FBS was added to the lower chambers.
Following a 24-h incubation, the cells from the upper compartments were scraped off
with cotton swabs, and the cells that invaded the lower surface of the membrane were
fixed with pre-cooled methanol at room temperature for 20 min and stained with 0.1%
crystal violet at room temperature for 20 min. The stained cells were quantified at 560
nm optical density after extraction using a VersaMax Microplate Reader (Molecular
Devices).

2.12. Colony formation assay

We also evaluated the colony-forming ability of 786-O cells. Cells were transfected
with siRNA against PSCA for 24 h, and non-targeting siRNA (control) was used as the
control. Subsequently, 1000 cells/well were seeded in six-well plates and cultured for 9
days. The colonies were fixed with methanol and stained with 0.5% crystal violet. A cell
colony was defined as a group of at least 50 cells, and the percentage of plating efficiency
was measured using the Image J software.

2.13. RNA sequencing and DEG analysis in Control 786-O and
siPSCA 786-O

To investigate the differences in downstream pathways resulting from PSCA
expression, RNA was extracted from control 786-O cells and siPSCA-786-O (786-O
cells with PSCA knockdown using PSCA siRNA). And then, RNA sequencing and DEG

8



analysis were performed. This process was carried out in the same method as described
in sections 1.2 and 11.3.

2.14. Western blot analysis

Western blotting was performed to compare the expression of phosphorylated PI3K
(p-PI3K), AKT, p-AKT, mTOR, and p-mTOR, which are key proteins in the mTOR
pathway. The process of Western blotting for PSCA (described in I1.6) and the three
proteins was as follows: proteins were extracted using lysis buffer, a mixture of RIPA
buffer, and protease inhibitor cocktails (Sigma-Aldrich, St. Louis, MO, USA). The
protein content was determined using a BCA protein assay kit (Pierce, Rockford, IL,
USA). Equal amounts of denatured proteins were separated by electrophoresis on sodium
dodecyl sulfate—polyacrylamide gel electrophoresis gels, transferred to a polyvinylidene
fluoride membrane, and blocked with 5% bovine serum albumin in tris buffered saline
containing 0.1% Tween-20. The membranes were probed with the following primary
antibodies: anti-PSCA (#137936, Abcam, Cambridge, MA, USA) diluted 1:1000, anti-
p-PI3K (#4228, Cell Signaling Technology) diluted 1:1000, anti-PI3K (#4292, Cell
Signaling Technology) diluted 1:1000, anti-p-AKT (#9271, Cell Signaling Technology)
diluted 1:1000, anti-AKT (#9272, Cell Signaling Technology) diluted 1:1000, anti-p-
mTOR (#2971, Cell Signaling Technology) diluted 1:1000, anti-mTOR (#2972, Cell
Signaling Technology) diluted 1:1000, and anti-b-actin (#47778, Santa Cruz
Biotechnology) diluted 1:5000, and subsequently incubated with horse radish peroxidase
-conjugated secondary antibody (cell signaling technology). To detect reactive bands, the
membranes were examined using the ECL Prime Western Blotting Detection System (GE
Healthcare, Amersham, UK) and LAS-3000 (Fujifilm, Tokyo, Japan).

2.15. Statistics

Statistical analyses were performed using GraphPad Prism version 5.0 software
(GraphPad Software, San Diego, CA, USA). The data are presented as mean + SD for
all figure panels in which error bars are shown. We compared the rate of aggressive
ccRCC between the PSCA-positive and PSCA-negative groups using the chi-squared
test. Additionally, we used the Kaplan—Meier method with log-rank tests to estimate and
compare recurrence-free survival (RFS). Statistical significance was set at values of p <



0.05. All the statistical analyses were performed using STATA® version 15.1 (StataCorp

LLC, College Station, TX, USA).

3. Results

3.1. Characteristics of patients included in RNA-Seq

Clinicopathologic information for the 10 patients included in the RNA sequencing
study is presented in table 3. The mean tumor size was 3.0 = 1.0 cm. Of the 5 patients

with aggressive ccRCC, 3 had synchronous metastasis: 2 had lung metastasis and 1 had

pancreatic metastasis. The remaining 2 patients experienced recurrence, with 1
recurrence in the lung and the other in the psoas muscle. There were no cancer-specific

deaths.

Table 3. Clinicopathological characteristics of patients included in RNA sequencing

Aggressive Patient T_u mor WHO/ISUP Synchropous Recurrence
Sex Age Size metastatic .
ness ID Grade . site
(cm) site
Y A-1 M 54 28 3 bone
Y A-2 M 59 25 3 lung
Y A3 M 62 40 2 psoas
muscle
Y A-4 F 59 15 2 pancreas
Y A-5 M 65 38 4 bone
N NA-1 M 50 30 2
N NA-2 M 65 32 2
N NA-3 M 68 38 2
N NA-4 F 62 14 2
N NA-5 M 75 338 3

WHO= World Health Organization; ISUP= International Society of Urological Pathology
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3.2. The result from the RNA-Seq and analysis

RNA-seq analysis generated 56,909 x 10 bp from ccRCC samples with aggressive
characteristics and 55,920 x 10° bp from ccRCC samples without aggressive
characteristics. In total, 490 x 10° reads were mapped in ccRCC samples with aggressive
characteristics, whereas 499 x 10° reads mapped to ccRCC samples without aggressive
characteristics. No significant difference in the number of reads was observed between
the two groups.

3.3. Differentially expressed genes

Of 22,840 genes included in the statistical analysis, 418 DEGs were identified. These
DEGs met the criteria of an absolute fold change >2 and a raw p-value of <0.05. Among
these 418 DEGs, 332 were upregulated and 86 were downregulated, as shown in the
volcano plot in Figure 1 A. Unsupervised hierarchical clustering analysis (Figure 1B) and
principal component analysis (Figure 1C) revealed clustering into two groups, although
these groups were not perfectly distinct. The DEGs with the 10 lowest raw p-values are
presented in Table 4. After adjustment using the Benjamini—-Hochberg procedure, PSCA
remained significantly upregulated. A network analysis was conducted to identify hub
genes, and the results are shown in Figure 1D. RBMX, PTPRN, and APLP1 were
identified as the hub genes.
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Figure 1. The results of RNA sequencing analysis. (A) Volcano plot comparing aggressive
c¢cRCC and non-aggressive ccRCC. (B) Unsupervised hierarchical clustering analysis. (C)

Principal component score plot. (D) Network analysis revealed RBMX, PTPRN, and
APLP]I as hub genes.
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Table 4. Significantly upregulated/downregulated genes in small ccRCC with or without aggressive characteristics

Log: .

g;r?i)ol Gene Title dOW;JrF:a_gﬁzated FOIgd p-Value pﬁgfﬁe
Change

PSCA prostate stem cell antigen upregulated 2250 1.28 X 10° 0.03
S100P S100 calcium binding protein P upregulated 5.98 1.10 X 10° 0.12
MSMP microseminoprotein, prostate associated upregulated 2450 3.92x10° 0.21
PTPRN protein tyrosine phosphatase receptor type N upregulated 1592 4.58x10° 0.21
SMOC1 SPARC related modular calcium binding 1 upregulated 10.24 5.32x10° 0.21
PYCR1 pyrroline-5-carboxylate reductase 1 upregulated 3.81 5.83x 10° 0.21
MUC5AC  mucin 5AC, oligomeric mucus/gel-forming upregulated 8.94 6.56 x 10 0.21
SYT8 synaptotagmin 8 upregulated 2.58 3.06 x 10* 0.69
TMEM233 transmembrane protein 233 downregulated -2.73  4.73x10* 0.85
APLP1 amyloid beta precursor like protein 1 upregulated 8.01 4.88 x 10 0.85
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3.4. PSCA expression in ccRCC tissues and survival analysis
according to PSCA expression

Western blotting was conducted to evaluate the expression of PSCA in non-aggressive
ccRCC, aggressive ccRCC, and adjacent normal kidney tissues to determine its
correlation with ccRCC aggressiveness. The results revealed that PSCA expression was
higher in tumor tissues than in normal tissues. Furthermore, PSCA expression was higher
in aggressive ccRCC than in non-aggressive ccRCC (Figure 2A).

Non-aggressive Aggressive
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Figure 2. PSCA expression in ccRCC tissues and recurrence-free survival according to
PSCA expression. (A) PSCA expression in non-aggressive ccCRCC vsaggressive cCRCC
and adjacent normal tissue. The bands in column N represents normal tissue, and column
T represents tumor tissue. (B) IHC scoring according to PSCA expression level. (C)
Representative IHC images (magnification x400) of aggressive and non-aggressive cCRCC
(D) Kaplan-Meier curve of recurrence-free survival according to PSCA expression
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Immunohistochemical analysis was performed on FFPE samples obtained from the 50

patients. PSCA expression was categorized into four groups (Figure 2B).The

representative images of aggressive and non-aggressive ccRCCs are shown in Figure 2C.
The clinicopathological characteristics of the 50 patients are presented in Table 5. The
proportion of aggressive RCC was significantly higher in the PSCA-positive group than
in the PSCA-negative group (40.9% vs. 7.1%, p=0.006). Additionally, high-grade tumors
were more common in the PSCA-positive group (63.6% vs. 28.6%, p=0.021). No
statistically significant differences in sex, age, BMI, or tumor size were observed. Figure
2D illustrates the Kaplan—-Meier curve for RFS based on PSCA expression. The 8-year
REFS rate was 95.2% in the PSCA-negative group and 70.1% in the PSCA-positive group,
indicating poor prognoses for patients who tested positive for PSCA (p=0.033).

Table 5. Clinicopathologic characteristics of 50 patients included in immunohistochemistry

PSCA (-) PSCA (+)
p-value
28 22
Sex, n (%) 0.070
Male 15 (53.6%) 18 (81.8%)
Female 13 (46.4%) 4 (18.2%)
Age (years) 60.6+6.16 60.7+8.45 0.972
BMI (Kg/m?) 23.7£2.32 26.4+4.68 0.108
Tumor size (cm) 2.35+0.83 2.48+0.72 0.583
Fuhrman nuclear grade, n (%) 0.021
lor2 20 (71.4%) 8 (36.4%)
3or4 8 (28.6%) 14 (63.6%)
Aggressiveness, n (%) 0.006
None-aggressive 26 (92.9%) 13 (59.1%)
Aggressive 2 (7.1%) 9 (40.9%)
Synchronous metastasis, n (%) 0 (0.0%) 1 (4.5%) 0.440
Recurrence, n (%) 2 (7.1%) 8 (36.4%) 0.014

PSCA=prostate stem cell antigen; BMI=body mass index
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3.5. PSCA knockdown using siRNA in the 786-O cell line
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Figure 3. PSCA expression in RCC cell lines and analysis of knockdown of PSCA with
transfecting siRNA in 786-0. (A) PSCA expression in various RCC cell line. (B) mRNA
level of PSCA in 786-O cells when transfected with PSCA-targeted siRNA. (C) Protein
level of PSCA in 786-0 cells when transfected with PSCA-targeted siRNA.

Figure 3A illustrates the expression of PSCA in different RCC cell lines using Western
blot analysis. Strong expression of PSCA was detected in 786-O, A498, ACHN, SW156,
Renka, S-TFE, and UOK146 cells. Among these, the 786-O cell line, a representative
ccRCC cell line known for its genetic characteristics, was chosen to establish a PSCA
knockdown cell line for subsequent in vitro studies.

Following transfection of 786-O cells with PSCA siRNA (siPSCA-transfected 786-O
cells), a notable reduction was observed in PSCA mRNA levels compared to 786-0 cells
transfected with a pool of siRNAs consisting of four non-targeting siRNAs (siControl-
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transfected 786-O cells) and 786-O cells treated with Lipofectamine alone, as confirmed
by gRT-PCR (Figure 3B). Western blot analysis yielded similar results, demonstrating a
decrease in PSCA expression in siPSCA-transfected 786-O cells compared with that in
siControl-transfected 786-O cells.

3.6 Inhibition of cell proliferation, migration, invasion, and colony
formation by PSCA downregulation in 786-O cells

We transfected RCC cells (5000 cells/96-well plate) with 50 nM PSCA or a pool of
control siRNAs. The rates of cell proliferation were measured 24 h post-transfection and
every 24 h thereafter. Subsequently, cells were incubated every 24 h. As depicted in
Figure 4A, 786-O cells transfected with siPSCA showed significantly inhibited
proliferation up to 72 h post-transfection compared with cells transfected with siControl.
The migration ability of 786-O cells was significantly impaired upon suppression of
PSCA expression, as evidenced by a wound healing assay (Figure 4B). Additionally, the
Transwell invasion assay revealed a decrease in invasiveness when PSCA was knocked
down (Figure 4C). Furthermore, the knockdown of PSCA expression inhibited colony
formation in 786-O cells (Figure 4D).
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Figure 4. Effects of PSCA knockdown on aggressiveness of 786-O cells. PSCA knockdown
inhibits proliferation (A), migration (B), invasion (C) and colony formation (D) of 786-O
cells
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3.7 Results of RNA-Seq with siPSCA and siControl 786-O

RNA-seq analysis generated 13,290 x 10° bp fragments from siControl 786-O cells
and 13,340 x 10° bp fragments from siPSCA-transfected 786-O cells. In total, 127 x 10°
reads were mapped in siControl-transfected PSCA, whereas 128 x 10° reads were
mapped in siPSCA-transfected 786-O cells. No significant difference in the number of
reads was observed between the two groups.

Of the 20,965 genes included in the statistical analyses, 316 genes were identified.
After adjustment, five statistically significant DEGs were identified, as shown in table 6.
Excluding ribosomal RNA and pseudogenes, ATP5MF-PTCD1 and TMEFF1 appeared
to be significant DEGs. The GO enrichment analysis showed that the top three most
enriched terms in the cellular component category were cell periphery, plasma membrane,
and membrane (Figure 5).
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Figure 5. GO enrichment analysis. Top 7 terms in cellular component category
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Table 6. Significantly upregulated/downregulated genes in siPSCA 786-0 to siControl 786-O

S;;i)ol Gene Title dOW;JI‘Z;]?J:a'[ed Lga;rllzgelzd pﬁgfﬁe
RNA28SN1 RNA, 28S ribosome N1 downregulated  -115.84 3.41 X 10
RNA28SN1 RNA, 28S ribosome N2 downregulated -35.21 2.25 X 10
ATPSMF- ATP5MF-PTCD1 readthrough upregulated 33.70 4.86 X 103
PTCD1

ZRSR2P1 ZRSR2 pseudogene 1 downregulated -65.56 4,04 X 102

Transmembrane protein with EGF like and

TMEFF1 two follistatin like domains 1

downregulated ~ -21.19 4,04 X 102
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3.8 PSCA activates mTOR pathway and induces sensitivity to mTOR
inhibitor
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Figure 6. PSCA activates mTOR pathway and induces sensitivity to mTOR inhibitors.
(A) Comparison of PI3K, AKT and mTOR levels between control and siPSCA 786-O.
(B) Proliferation curves of 786-O cells transfected with the control siRNAs or PSCA
siRNA following Everolimus treatment. (C) Proliferation curves of 786-O cells
transfected with the control siRNAs or PSCA siRNA following Sunitinib treatment. (D)
Proliferation curves of 786-O cells transfected with the control siRNAs or PSCA siRNA
following Everolimus and Sunitinib treatment
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Western blotting was performed to analyze the levels of proteins in the mTOR
pathway, including p-PI3K, PI3K, p-AKT, AKT, p-mTOR, and mTOR, in relation to
PSCA expression. The results indicated that the levels of p-PI3K/PI3K, p-AKT/AKT,
and p-mTOR/MTOR decreased after transfection with siPSCA (Figure 5A). These
findings suggest that PSCA may activate the mTOR pathway to promote aggressiveness.

To evaluate the therapeutic effect of the mTOR inhibitor everolimus on PSCA
expression, we treated siPSCA-transfected 786-O cells and siControl-transfected 786-O
cells with everolimus at various concentrations and measured cell viability over time.
Figure 5B shows that siPSCA-transfected 786-0 cells displayed resistance to everolimus
compared to control 786-O cells. In contrast, no significant difference was observed in
IC50 based on the PSCA knockdown status when treated with the tyrosine kinase
inhibitor, sunitinib, which served as a control (Figure 5C and 5D). These results suggest
that sensitivity to mTOR inhibitors is greater when the mTOR pathway is activated. Thus,
the level of PSCA expression could potentially predict the therapeutic effect of mTOR
inhibitors.

4. Discussion

PSCA is a glycosylphosphatidylinositol-anchored protein that belongs to the Thy-1/Ly-
6 family. It is expressed in a various types of normal epithelia, including the skin,
esophagus, stomach, gall bladder, kidney, and bladder (20, 21). However, the expression
of PSCA in cancer cells depends on the epithelium of origin (22). Initially, PSCA was
identified as a marker that is overexpressed in prostate cancer. Further research has revealed
its upregulation in other types of tumors, such as bladder cancer, pancreatic cancer,
hydatidiform mole, and ovarian mucinous tumors (22, 23). In RCC, a study by Essam et al.
(24) reported a significant correlation between the gene expression level of PSCA and
histological grade, clinicopathological stage, and prognosis in RCC.

In our study, PSCA emerged as a potential marker for predicting the aggressive
characteristics of small ccRCCs. PSCA was identified as the sole DEG using RNA
sequencing of FFPE samples from aggressive and non-aggressive small ccRCCs. Western
blot analysis confirmed higher PSCA expression in cancer tissues than in normal kidney
tissues, with aggressive ccRCC showing higher PSCA expression than that of non-
aggressive ccRCC. Immunohistochemical staining revealed a higher rate of aggressive
ccRCC and poorer recurrence-free survival in the PSCA-positive group. These findings
suggest an association between PSCA expression and aggressiveness of small ccRCCs.
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However, owing to the limited number of DEGs—specifically, only one DEG (PSCA)—
exploring the mechanisms underlying PSCA's role was challenging. Typically, GO or
KEGG pathways analyses were performed using multiple DEGs identified from RNA
sequencing. Since there is limited research on the mechanisms of PSCA, elucidating how
it contributes to the aggressiveness of small ccRCC remains difficult. To address these
challenges, RNA was extracted from siPSCA-transfected 786-O and siControl 786-O cells,
and RNA sequencing was performed. Five DEGs were identified, including ATP5MF-
PTCD1 and TMEFF1, which displayed potential functionality. PTCD1 regulates
mitochondrial RNA stability and translation, and previous studies have linked it to
Alzheimer's disease (25). Downregulation of PTCD1 in bladder cancer has also been
associated with poor prognosis (26). TMEFF1 has been extensively studied in the context
of ovarian cancer and has been associated with a worse prognosis (27). Nie et al. (27)
reported that TMEFF1 promotes malignant behavior in ovarian cancer by modulating the
MAPK and PI3K/AKT signaling pathways. The results of the GO analysis indicated
differences only in the cell membrane and extracellular components. These findings
provide limited insights into the mechanisms underlying PSCA.

Therefore, we aimed to develop a hypothesis regarding the pathway through which
PSCA contributes to the aggressiveness of small ccRCCs, drawing upon previously
published research and the mechanisms of genes that appear to be associated with PSCA.
A previous study suggested an association between PSCA and the PI3K/AKT pathway in
prostate cancer (28). Moreover, PTPRN and APLPL1, identified as hub genes through
network analysis, are suspected to be associated with the mTOR pathway (29, 30).
TMEFF1, a DEG influenced by PSCA expression, activates the PI3K/AKT pathway.
Although evidence for this association is weak, we conducted experiments to explore their
relationship under the assumption that PSCA may be linked to the mTOR pathway. Our
study revealed that downregulation of PSCA led to decreased levels of p-PI3K/PI3K, p-
AKT/AKT, and p-mTOR/mTOR. These findings support the idea that PSCA enhances the
aggressiveness of RCC by activating the PISBK/AKT/mTOR pathway.

However, there is limited knowledge regarding the mechanism by which the GPI-
anchored protein, PSCA, transmits signals into the cell to activate the mTOR pathway.
Saeki et al. (22) proposed that PSCA may form a complex with another protein to activate
downstream targets; however, no proteins that bind to PSCA have been reported to date.
Recently, Zhao et al. (31) suggested a potential interaction between PSCA and growth
factor progranulin (PGRN) in prostate cancer. Their study found that downregulating
PGRN and PSCA inhibits integrin-a4 expression and adhesion to bone marrow endothelial
cells in prostate cancer cells. They concluded that PSCA/PGRN promotes the adhesion of
prostate cancer cells to bone marrow endothelial cells through the NF-kB/integrin-a4
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pathways, thereby facilitating metastasis. Another study (32) reported that PGRN promotes
tumorigenesis in cervical cancer via the mTOR signaling pathway. This study showed that
PGRN enhances mTOR phosphorylation and activates its signaling in cervical mucosal
epithelial and cervical cancer cells. They also found that tumor necrosis factor receptor 2
(TNFR2) was necessary for PGRN-stimulated mTOR signaling. Based on these results, we
hypothesized that PSCA interacts with PGRN to activate the mTOR pathway via TNFR2

(Figure 7).
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Figure 7. Proposed model of PSCA/PGRN stimulating mTOR pathway

Besides its role as a predictor of aggressiveness in small ccRCCs, PSCA has potential
applications in the treatment of ccRCCs. We hypothesized that the effectiveness of mTOR
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inhibitor treatment varies depending on the level of PSCA expression, considering its role
in mMTOR pathway activation. To investigate this, we evaluated the disparity in cell viability
when 786-O cells were treated with the mTOR inhibitor, everolimus, compared with
control 786-0O cells, both with and without siPSCA treatment. These results indicated that
PSCA knockdown resulted in increased resistance to everolimus in 786-O cells. These
findings suggest that mTOR inhibitors may be more effective in treating PSCA-positive
ccRCC. In contrast, sunitinib, another drug used in ccRCC treatment, did not display a
similar dependence on PSCA expression levels. This result suggests that PSCA could serve
as a marker for predicting the outcomes of mTOR inhibitor treatment. Another potential
application of PSCA is its use as a therapeutic target. Hillerdal et al. (33) conducted
preclinical experiments in a prostate cancer xenograft model and observed that chimeric
antigen receptor (CAR) T cells targeting PSCA inhibits tumor growth and improves
survival rates. This finding suggests that PSCA can serve as a therapeutic target in addition
to being a biomarker. Currently, clinical trials are exploring the use of PSCA CAR-T cell
therapy to treat metastatic prostate cancer (NCT03873805) and are evaluating its efficacy
as a new treatment option. The positive outcomes of these trials indicate the potential
applicability of PSCA CAR-T cell therapy for ccRCC.

This study has some limitation including the small number of patients from whom FFPE
samples was obtained for RNA sequencing, as well as the short follow-up duration. Owing
to the low rate of synchronous metastasis or recurrence in small ccRCCs, only five cases
were confirmed as aggressive ccRCCs. Our initial aim was to identify hematological
markers that could predict aggressive small ccRCCs and to verify them in these patients by
comparing them with markers in blood samples. Since December 2018, we have
prospectively collected tissue and blood samples from patients undergoing surgery for RCC.
Hence, our study was conducted including patients admitted after December 2018 to
compare PSCA levels in both tissue and blood samples. Recurrences in RCC have been
reported even 5 years post-surgery, indicating the possibility of recurrence in the non-
aggressive group in the future. Additionally, PSCA was found to be an inappropriate
hematological marker, as it was not detected in the blood samples of female patients and
showed a tendency to correlate with PSA levels in male patients. Therefore, PSCA is not a
suitable hematological marker. However, it can be a valuable indicator for determining the
appropriate course of action between active surveillance and active treatment in patients
diagnosed with small ccRCCs through percutaneous renal biopsy. Furthermore, it is a
useful marker for selecting patients who require aggressive long-term follow-up after
surgery.
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5. Conclusion

Our study highlights the significance of PSCA as a potential biomarker for predicting
aggressive small ccRCCs. Through rigorous analysis following RNA sequencing, PSCA
emerged as a promising candidate, which was further validated by immunohistochemistry
and demonstrated higher rates of aggressive ccRCC and poorer recurrence-free survival in
PSCA-positive individuals. Functional experiments revealed that PSCA knockdown
effectively inhibited cell proliferation, migration, invasion, and colony formation, which
are crucial cancer hallmarks. Mechanistically, our findings suggest that PSCA may drive
aggressiveness through the activation of the mTOR pathway, as evidenced by decreased
levels of p-PI3K, p-AKT, and p-mTOR upon PSCA knockdown. These results provide
valuable insights into the molecular mechanisms underlying ccRCC aggressiveness and
offer promising prospects for targeted therapeutic interventions targeting PSCA-mediated
pathways.
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Abstract in Korean

FAHY Tla ¥7] AAZYG 152 A% vholonts 4

22 MM 2SS AFE @S A (CDH 2599 22 I Ad ArrEo] e
AbgEe] met AH o Wol xdEi gtk 4em ostolHAl A std #e
AAERE dibdo® HAE] Aga A% £ ZoE d#A 3 =gy
ZholEgil el s AAE Am w4 F YR AQkstar ok a2y, dFeA =
A FAlel g -dol7F A% stal, FHHE Fol ALS APstes & 44
545 Bt wabx] AFZQl Azt FAIF] Fog xAE AEsty] 9
A4 EAS Zv A2 AAELS 5T F e viAYE Qs old Y=
FHAEE ANz 344 5E4E A5 F e viAE 48t skglh

2018 1298 20219 9€7H#4] Tla W7|9 AAEYOR F&7 qE P
s Fold FAAA BG4S 7 59e dxet 478 5SS HAA g
5Me] $xZYXE] FFPE MZS dQtl. o] A S04 RNA AlAAI xpdE 23
FAA BAS Sk 1 Tl 20149 1€9%EH 129714, Ele #HS
Azt "igt S W 508 e st PSCACl oist WY xZ] shs)
AAME AlYFTE PSCA e Ao wat FAAQ 22 AlAES #xke] vl&
zpol g} A, A AEES EAFC 28 AAZEYG AEFA PSCA LHS
Hrrstlom, AEFTE F PSCA 2do]l &2 UEFl FHAEXy AlAxXS
HMEFQ 786-0 HNEFZ AFE3lo] PSCAE FIopesiqivh. a8lal o]o] u&

786-0 Az T2, o, HAHEA 2 F2Y Y F4E APt PSCAS
1AL #23k7] 98 mTOR Azl ZA|sE PI3K, AKT 2 mTOR wh#izo]
S vluwstkloh

RNA A8 Ay F 418719 A o Fax7E =g on, Benjamini—
Hochberg procedure $-°li= PSCA7} &2 XM XL FAHZ
U FAAE 1T 507 9] gk x4 o A 3}
Fd aFAA PSCA 4 1wl vl&l 344 5SS 2= Hvl&o) Eﬁ %S’&QU%,
FAY AEES o 9w Ae® yeeth I8a 786-0 AlXEelA PSCAE
Sokstd ME FA 9, o, AFA, a8l FEY Y sHo] A
3, PSCA7} Hupe€ uw), p—PI3K/PI3K, p—AKT/AKT, ¥ p—mTOR/mTORS]
o] 7asto], PSCAZF mTOR A=RE &dstste] 448 858 & AUsS
T Ae®E Yewt vpAEHo® PSCAE Stk S "ol mTOR
Ql oW EF e tist 786-09] Aol FrtskeE A o®E yERY, PSCAZF
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mTOR A X829 ntAZMA ] 7FsAE &l
AgHo=, PSCAL BZAH % AMTAL =3 # Y= viAe Aoz
E_?_]‘:]' PSCAE= mTOR AZE %/\é Q—,},—].o% Z}% RCC ],\_1 %T—ZJ]@ %}\é% ;4_7“ _5_]_‘—‘:‘
AR whAel Q@ @ ¢ U Aow

g, mTOR =}whA] 9

Aoz Aol

71 the o

FHHE= T AAELS, vhol A, o], At
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