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Abstract. Low expression levels of the E3 ubiquitin‑protein 
ligase Parkin (PARK2) are exhibited in several cancer entities, 
including clear cell renal cell carcinoma (ccRCC), and are asso‑
ciated with poor prognosis; however, PARK2 can also function 
as a tumor suppressor gene. The aim of the present study was 
to thoroughly investigate the effects of PARK2 overexpression 
in ccRCC cell lines and to determine its effects on malignancy 
by conducting functional assays such as cell cycle analysis, 
apoptosis analysis, migration and invasion assays. Furthermore, 
liquid chromatography‑mass spectrometry was used to decipher 
potential targets of PARK2 that may influence the behavior of 
ccRCC tumor cells. In addition, ccRCC tumor tissues from a 
patient cohort were examined in tissue microarrays to find 
correlations between different clinical parameters. In the present 
study, it was demonstrated that the induction of PARK2 resulted 
in a less aggressive phenotype, as indicated by lower migration 
and invasion in ccRCC cell lines. Mass spectrometry revealed 
decreased levels of 29 proteins in cells with PARK2 overexpres‑
sion, including CDC28 protein kinase regulatory subunit 2 

(CKS2), which is highly expressed in numerous types of cancer. 
The link between the function of PARK2 as an E3 ubiquitin 
ligase and the low expression levels of CKS2 was investigated 
by mutating the catalytic domain of the PARK2 gene, and it 
was found that the effect of decreased migration was abolished 
in 786‑O and RCC‑MH ccRCC cell lines. CKS2 silencing 
decreased migratory ability of the cells. Furthermore, it was 
revealed that high CKS2 levels are associated with high tumor 
grading in patient samples and lower patient survival. In conclu‑
sion, the results from the present study indicated that PARK2 
may signal via CKS2 to affect tumor behavior. In consequence, 
CKS2 may be a biomarker in ccRCC and may also serve as 
potential target for ccRCC therapy.

Introduction

Kidney cancer was the 16th most common cancer 
in 2020 (1). In that year, ~430,000 patients were diagnosed 
and ~180,000 people succumbed to this malignancy world‑
wide (1). Even though incidence numbers have been almost 
stable since 2008 and death rates are slightly decreasing, it 
accounted for 4.6% of all diagnosed cancer cases in 2020 (2). 
Men are twice as likely as women to be diagnosed, which 
might be explained by a lifestyle with higher risk factors, 
including smoking and obesity (3). The most common form of 
kidney cancer is renal cell carcinoma (RCC), which is again 
subdivided into several subtypes, such as clear cell (cc)RCC, 
papillary RCC and chromophobe RCC; of these subtypes, 
ccRCC is the most common, accounting for 75% of all cases (4). 
Survival rates for kidney cancer have increased steadily each 
year from 2000 to 2018 (2). The 5‑year overall survival rate is 
75%, but numbers decrease drastically with higher staging; the 
5‑year survival rate for stages I and II is 93%, it decreases to 
70% at stage III and drops down to 13% at stage IV (3). The 
increase in the survival rate is likely due to increased routine 
use of sonography which leads to earlier detection of potential 
tumors and, thus, better treatment options. However, therapies 
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for metastasized RCC remain scarce. RCC is largely resistant 
to conventional chemotherapy and radiation; therefore, the 
therapy of choice as of now is (partial) nephrectomy, targeted 
therapy and immunotherapy, or a combination of these treat‑
ments (3). The lack of symptoms, the aggressiveness of the 
disease (specifically at later stages) and the limitation of avail‑
able therapies highlight the urgent need for valuable, targetable 
genes for potential new therapy approaches.

Expression of the Parkin (PARK2) gene was found to be 
downregulated in several cancer entities (5,6). First described 
in autosomal recessive juvenile Parkinson's disease (7), 
evidence is growing that PARK2 also functions as a tumor 
suppressor gene. Several different mechanisms for its 
tumor suppressive function have been shown. For example, 
Ikeuchi et al (8) demonstrated that PARK2 is involved in cell 
cycle progression in colorectal cancer. Another study showed 
that PARK2 binds to microtubules and sensitizes breast cancer 
cells to drug‑induced apoptosis (9). Liu et al (10) reported that 
PARK2 ubiquitinates hypoxia‑inducible factor 1α inducing its 
degradation and, consequently, inhibiting migration and inva‑
sion of breast cancer cells. Furthermore, PARK2 may inhibit 
pyruvate kinase M2 activity, which suppresses glycolysis (11). 
PARK2 is also involved in mitophagy, which eliminates the 
accumulation of damaged mitochondria, mitochondrial DNA 
mutations and reactive oxygen species (12,13). Despite inves‑
tigations in other types of cancer, the contribution of PARK2 
to the etiology of ccRCC tumorigenesis and the underlying 
mechanism remain unknown. In addition to its role as a tumor 
suppressor, the RING‑finger‑containing protein PARK2 can 
function as an E3 ubiquitin‑protein ligase, which are proteins 
involved in the ubiquitination process that results in degra‑
dation of substrate proteins (14). Some substrate proteins of 
PARK2, such as hypoxia‑inducible factor 1α and pyruvate 
kinase M2, have been described previously (10,11); however, 
the mechanisms of PARK2 within the cell have not been 
completely deciphered.

The present study aimed to investigate the role of PARK2 
in ccRCC tumorigenesis. However, as there are no commer‑
cially available ccRCC cell lines or primary ccRCC cell lines 
that expresses PARK2 to a sufficient level, ccRCC cell lines 
overexpressing PARK2 were generated and established to 
examine the role of PARK2 in ccRCC.

Materials and methods

Cell culture. 786‑O and RCC‑MH cells were maintained in 
RPMI‑1640 (Thermo Fisher Scientific, Inc.) and 293T cells 
were maintained in DMEM + GlutaMAX™ (Thermo Fisher 
Scientific, Inc.). All media were supplemented with 10% fetal 
bovine serum (FBS; Thermo Fisher Scientific, Inc.,) and 
1% penicillin/streptomycin (Thermo Fisher Scientific, Inc.). 
Cells were incubated at 37˚C, 95% humidity and 5% CO2. 
786‑O and 293T cell lines were ordered from American Type 
Culture Collection, and RCC‑MH cells were purchased from 
Cell Lines Service GmbH. 786‑O cells were authenticated by 
multiplex human cell line authentication test (Multiplexion 
GmbH). Cells were regularly passaged and checked for myco‑
plasma contamination. Primary ccRCC cells were cultivated 
as previously described (15). Briefly, small pieces of fresh 
tumor tissue (1 cm3) were obtained from 7 patients undergoing 

partial or complete nephrectomy between October and 
December 2017 in the Department of Urology of the University 
Hospital Bonn (Bonn, Germany) (mean age, 67 years; age 
range, 50‑87 years). The tumors were classified according to 
UICC 2017 and the tumor grading was assessed according to 
ISUP 2016; clinicopathological characteristics are listed in 
Table I. The tissue was digested in pre‑warmed RPMI‑1640 
medium (Thermo Fisher Scientific, Inc.) containing 200 U/ml 
collagenase type II (Thermo Fisher Scientific, Inc.), 100 U/ml 
hyaluronidase type V (Sigma‑Aldrich; Merck KGaA) and 
2% penicillin/streptomycin (Thermo Fisher Scientific, Inc.), 
and cultivated in a specific serum‑reduced medium. The 
serum‑reduced medium consisted of DMEM/F12 medium 
containing 5% FBS (Thermo Fisher Scientific, Inc.), 
1% penicillin/streptomycin (Thermo Fisher Scientific, Inc.), 
10 ng/ml hrEGF (R&D Systems, Inc.), 10 ng/ml FGF‑basic 
(PeproTech, Inc.), 1X B27 supplement (Gibco; Thermo Fisher 
Scientific, Inc.), 1X Lipid Mixture 1 (Sigma‑Aldrich; Merck 
KGaA), 1 mM N‑Acetyl‑Cysteine (Acros Organics; Thermo 
Fisher Scientific, Inc.), 4 mM L‑Glutamine (Thermo Fisher 
Scientific, Inc.), 1X MEM non‑essential amino acids (Thermo 
Fisher Scientific, Inc.) and 10 mm HEPES (Cytiva) (15). The 
cultivation of the primary tumor cell cultures was approved 
by the Ethics Committee of the University Hospital Bonn 
(EK 219/17) and all patients provided written informed 
consent for use in future research.

Plasmid cloning. PARK2 and PARK2‑C431S lentiviral plas‑
mids were generated by sub‑cloning the human wild‑type 
(from plasmid pRK5‑HA‑Parkin; cat. no. 17613; Addgene, 
Inc.) or the catalytically inactive C431S mutant PARK2 
(from pEGFP‑parkin C431S; cat. no. 45877; Addgene, Inc.) 
into the restriction enzyme sites FastDigest EcoRI (Thermo 
Fisher Scientific, Inc.) and FastDigest BamHI (Thermo Fisher 
Scientific, Inc.) of plasmid pLVX‑EF1α‑IRES‑mCherry 
(Takara Bio USA, Inc.).

Lentiviral production and cell transduction. Lentiviral 
particles were produced by co‑transfecting 293T cells with the 
lentiviral backbone plasmid of interest, aforementioned, the 
packaging plasmid psPAX2 and the envelope plasmid pMD2 
(both plasmids were gifts from Prof. Dr. Hubert Schorle, 
Department for Developmental Biology, University Hospital 
Bonn, Germany) using Polyethylenimine (Merck KGaA) for 
48 h at 37˚C. The viral supernatant was subsequently collected 
and passed through a 0.4 µm filter. Transduction of cells was 
performed by adding the collected viral particles with poly‑
brene (10 µg/ml) on top of the cells of interest (786‑O and 
RCC‑MH), which were plated and incubated 1 day before so 
that they reached 70% confluence at the day of transduction. 
At 24 h after transduction at 37˚C, the viral particle‑containing 
medium was aspirated and fresh regular growth medium was 
added. The following plasmids were used for lentiviral trans‑
fection: pLVX‑EF1α‑IRES‑mCherry for empty vector (EV), 
plasmid pLVX‑EF1α‑PARK2‑IRES‑mCherry for PARK2 
overexpression (PARK2), and plasmid pLVX‑EF1α‑PARK2 
(C431S)‑IRES‑mCherry for the catalytically inactive PARK2 
mutant (C431S). Following successful transduction and expan‑
sion of the cell lines for one week, the mCherry‑positive clones 
were sorted by flow cytometry to select only the stable clones.



INTERNATIONAL JOURNAL OF ONCOLOGY  60:  20,  2022 3

RNA extraction. RNA from cultured cells was extracted with 
the Universal RNA Kit (Roboklon GmbH) according to the 
manufacturer's instructions. Briefly, cells were lysed in the 
culture dish, transferred to a homogenization spin‑column and 
centrifuged at 11,000 x g. Cold ethanol (100%) was added, 
the solution was mixed and applied to the RNA binding spin 
column. The column was washed three times with the washing 
reagent supplied by the manufacturer, and an on‑column 
DNase digestion step was performed between the washing 
steps. RNA was eluted with RNase‑free water, and the concen‑
tration was quantified using a NanoDrop system (NanoDrop; 
Thermo Fisher Scientific, Inc.).

RNA from tumor and matched non‑neoplastic material 
from 63 patients undergoing partial or radical nephrectomy 
for ccRCC between January 2008 and August 2016 in the 
Department of Urology, University Hospital Bonn was extracted 
with the aforementioned Universal RNA Kit. The analysis was 
approved by the Ethics Committee of the University Hospital 
Bonn (EK 219/17), and the patients provided written informed 
consent.

Reverse transcription quantitative PCR (RT‑qPCR) analysis. 
Total RNA was extracted as aforementioned, and reverse 
transcribed with SuperScript™ II Reverse Transcriptase 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to 
the manufacturer's instructions. In brief, oligo(dT) primers 
(500 µg/ml), dNTP mix (10 mM each), RNA (1 µg) and ddH2O 
were mixed, heated to 65˚C for 5 min and quickly chilled 
on ice. Subsequently, 5X first‑strand buffer, 0.1 M DTT and 
RNaseOUT (40 U/µl) were added, mixed and incubated at 
42˚C for 2 min. SuperScript II reverse transcriptase (200 U) 
were added, incubated at 42˚C for 50 min and inactivated at 
70˚C for 15 min. For qPCR analysis, SYBR green (Bio‑Rad 
Laboratories Inc.), target‑specific primers (Table SI) and 5 ng 
cDNA template were used. The samples were analyzed on a 
ViiA 7 Real‑Time‑PCR system (Thermo Fisher Scientific, 
Inc.) using the following conditions: Hold stage at 50˚C for 
2 min; initial denaturation at 95˚C for 10 min; followed by 
40 cycles of 95˚C for 15 sec, 63˚C for 2 sec and 60˚C for 1 min; 

melt curve analysis at 95˚C for 15 sec, 60˚C for 1 min and 
95˚C for 15 sec. Data were normalized to the housekeeping 
genes TATA‑box binding protein and β‑actin, and displayed 
in relation to the wild‑type cells or non‑malignant tissue using 
the 2‑∆∆Cq method (16).

3' mRNA sequencing. RNA was extracted from 786‑O cells 
using the aforementioned Universal RNA Kit. Samples were 
then processed by the NGS Core Facility of the University 
Hospital Bonn. RNA quality was accessed by a TapeStation 
4200 (Agilent Technologies, Inc.) automated electropho‑
resis system. The library was prepared using the QuantSeq 
3'mRNA Seq Library Kit FWD (Lexogen GmbH) according 
to the manufacturer's instructions and subsequently analyzed 
on a HiSeq 2500 v4 sequencer (Illumina, Inc.) in high output 
mode (1x50 bp single reads). For analysis, raw single‑read 
sequencing results were mapped to the human genome 
(GRCh38) with hisat2‑2.1.0 (17). Next, the mapped reads 
were processed using samtools (18) and featureCounts (19) to 
quantify reads. Read counts were further processed in the R 
environment version 4.0 (20) and statistically analyzed with the 
Bioconductor software package DESeq2 (21). Differentially 
expressed genes were calculated for each of the groups by 
applying multiple testing corrections including Bonferroni 
correction method and false discovery rates (FDR). An FDR 
cutoff of 0.05 was accepted as significant). Log2 fold change 
shrinkage was calculated using the Bioconductor package 
apeglm (22). The principal component analysis plot was gener‑
ated using ggplot2 (23).

Immunoblotting. Cells were lysed with RIPA buffer 
(MilliporeSigma) supplemented with Halt™ Protease and 
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, 
Inc.). Lysates were kept on ice for 30 min and centrifuged 
at 14,000 x g for 20 min at 4˚C. Protein concentration was 
measured with the Pierce™ BCA Protein Assay Kit (Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
instructions. Immunoblotting was performed according to 
standard protocols. In brief, 20 µg of protein were separated 
by SDS‑PAGE on 12% gels, transferred to a PVDF membrane, 
blocked with 5% non‑fat dried milk powder (PanReac 
AppliChem GmbH) in Tris‑buffered saline with 0.1% Tween 
(TBST) for 1 h at RT, and then incubated with the primary 
antibody overnight at 4˚C. The next day, the membrane 
was washed three times with TBST, incubated with the 
adequate secondary antibody for 1 h at RT, developed with 
SuperSignal™ West Pico PLUS Chemiluminescent Substrate 
(Thermo Fisher Scientific, Inc.) and images were captured 
using a Chemi Doc MP Gel Imaging System (Bio‑Rad 
Laboratories, Inc.). Densities were quantified using the Fiji 
package for ImageJ (National Institutes of Health). The 
following antibodies were used for immunoblotting (all from 
Santa Cruz Biotechnology, Inc.): Anti‑PARK2 (1:500; cat no. 
sc‑32282, clone PRK8); anti‑β‑actin (1:500; cat. no. sc‑47778, 
clone C4); HRP‑conjugated anti‑mouse‑IgGκ binding protein 
secondary antibody (1:5,000; cat. no. sc‑516102).

Flow cytometry. For cell cycle analysis, 786‑O cells were 
harvested at a confluence of 80% by trypsinization, washed 
in phosphate‑buffered saline (PBS) and ice‑cold 70% ethanol 

Table I. Clinicopathological data of the patients from which the 
primary clear cell renal cell carcinoma cultures were obtained.

Clinicopathological characteristic Number (%)

Sex 
  Male 4 (57.1)
  Female 3 (42.9)
Age, years 
  Mean 67
pT stage 
  T1 4 (57.1)
  T2 3 (42.9)
Grade 
  G1 1 (14.2)
  G2 3 (42.9)
  G3 3 (42.9)
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was added dropwise, and the cells were fixed in ethanol at 4˚C 
overnight. The cells were then centrifuged at 100 x g, at 4˚C for 
5 min and stained with DAPI + 0.1% Triton X‑100 (10 µg/ml) 
and incubated for 20 min in the dark before being analyzed on 
a BD LSRFortessa cell analyzer (BD Biosciences).

For apoptosis analysis, cells were stained using the Annexin 
V‑FITC Apoptosis Staining/Detection Kit (cat. no. ab14085; 
Abcam). Briefly, cells were counted and 1x105 cells were 
resuspended per 500 µl 1X Annexin V Binding Buffer and 
incubated with Annexin V‑FITC for 15 min at room tempera‑
ture; to quantify dead cells, DAPI staining was included in this 
incubation. Cells were analyzed on a BD LSR Fortessa (BD 
Biosciences).

Transwell Boyden chamber migration and invasion 
assays. Cells were starved overnight in low‑serum medium 
(0.2% FBS). The next day, cells (3x104 cells/well) were plated 
in 24‑well plates in 200 µl low‑serum medium on top of a 
FluoroBlok™ Cell Culture Insert (Corning, Inc.). A total of 
600 µl complete growth medium (10% FBS) was placed into 
the lower chamber. Cells were incubated at 37˚C in 5% CO2 
for 16 h. After incubation, the medium was aspirated and the 
inserts were placed in 100% methanol with DAPI (2 µg/ml) 
for 15 min at room temperature. Next, the DAPI‑methanol 
suspension was removed, cells were washed twice with PBS 
and images were captured from five independent fields using a 
fluorescence microscope. For the invasion assay, the procedure 
was slightly changed by coating the inserts with 0.25 mg/ml 
Matrigel (Corning, Inc.). The coated plates were incubated at 
37˚C for 3 h and left to dry under the hood before plating the 
cells. The cells were then incubated for 48 h and analyzed as 
aforementioned. Invasion assays were performed according 
to standard protocols; to calculate the percentage of invasive 
cells, cells were plated side‑by‑side for migration and invasion, 
according to the manufacturers protocol.

CDC28 protein kinase regulatory subunit 2 (CKS2) small 
interfering RNA (siRNA) knockdown. Cells were transfected 
with 100 pmol CKS2 siRNA (FlexiTube; Qiagen GmbH) or 
AllStars Negative Control siRNA (scramble; cat. no. 1027280, 
proprietary sequence; Qiagen GmbH). The CKS2 siRNA 
contained four different CKS2‑specific target sequences: 
5'‑AAG TTT GTA TGT TGC ATT TAA‑3', 5'‑CTCA GTT AAA 
TGC AAC TGC AA‑3', 5'‑TAG GTT ACT GTA AGA TGT TTA‑3' 
and 5'‑CTG TAA GAT GTT TAA GAT AAA‑3'. For transfections, 
Lipofectamine 2000™ (Invitrogen; Thermo Fisher Scientific, 
Inc.) and Opti‑MEM (Thermo Fisher Scientific, Inc.) were 
mixed together and incubated for 5 min at room temperature, 
then added to the siRNA and incubated for 20 min at room 
temperature. Next, the mixture was added to the cells and incu‑
bated for 4 h, after which the medium was replaced by regular 
growth medium, and the cells were incubated for a further 
24 to 48 h until used for subsequent experiments.

Peptide preparation. Total protein was harvested from cells by 
adding the following buffer: 8 M Urea, 4% CHAPS, 1% DTT 
and 1% Protease Inhibitor Cocktail. Cells were scraped, 
incubated on ice for 30 min and subsequently sonicated for 
5 min at 30 sec intervals in an ultrasonic ice bath. Afterward, 
samples were placed on ice for 5 min and centrifuged at 4˚C for 

20 min at 13,000 x g. Cell lysates were subjected to in‑solution 
preparation of peptides on centrifugal filter units modified from 
previous studies (24‑27). A total of 30 µg protein was loaded 
onto centrifugal filter units with a 10 kDa cutoff modified 
polyethersulfone membrane (Pall Filtersystems GmbH) and 
reduced with 20 mM DTT at 55˚C for 30 min. Alkylation of 
thiol groups was done with 40 mM acrylamide for 30 min 
at room temperature. Following a buffer exchange, 250 ng 
trypsin was added in 20 mM triethylammonium bicarbonate 
(TEAB), 0.5% sodium deoxycholate (SDC) in a total volume 
of 50 µl. Digestion proceeded for 10 h at 37˚C. Peptides were 
collected by centrifugation at 10,000 x g at room temperature 
for 5 min and SDC was precipitated with trifluoroacetic 
acid (2% final). The remaining SDC was removed by phase 
transfer with equal volume of ethyl acetate. Peptides were 
dried in a vacuum concentrator, redissolved in 20 mM TEAB 
and labeled with isobaric TMT11plex reagents (Thermo 
Fisher Scientific, Inc.). Redissolved and pooled peptides were 
desalted on Oasis HLB cartridges (Waters GmbH). Eluates 
containing 70% acetonitrile, 0.1% formic acid (FA) were 
dried and fractionated to 12 fractions by isoelectric point with 
an Offgel fractionator (Agilent Technologies Deutschland 
GmbH). Peptide fractions were dried and stored at ‑20˚C.

Liquid chromatography mass spectrometry (LC‑MS) 
measurements. Peptide separation was performed on a 
Dionex Ultimate 3000 RSLCnano HPLC system (Dionex; 
Thermo Fisher Scientific, Inc.). The autosampler was oper‑
ated in µl‑pickup mode. Peptides were dissolved in 0.1% FA 
(solvent A). A total of 1 µg peptides (nominal) were injected 
onto a C18 analytical column (300 mm length, 75 µm 
inner diameter; ReproSil‑Pur 120 C18‑AQ, 1.9 µm (Dr. 
Maisch HPLC GmbH). Peptides were separated during a 
linear gradient from 2 to 35% solvent B (90% acetonitrile, 
0.1% FA) within 120 min at 300 nl/min. The nano HPLC 
was coupled online to an Orbitrap Fusion Lumos MS 
(Thermo Fisher Scientific, Inc.) in positive ionization mode. 
Peptide ions between 330 and 1,500 m/z were scanned in 
the Orbitrap detector every 3 sec with a resolution of 1.2x105 
(maximum fill time 50 msec; automatic gain control target 
4x105). Polysiloxane (445.12002 m/z) was used for internal 
calibration (typical mass error ≤1.5 ppm). In a top‑speed 
method peptides were subjected to collision‑induced 
dissociation (CID) for identification (CID, 0.7 Da isolation; 
threshold intensity 5,000; normalized energy 35%) and frag‑
ments analyzed in the linear ion trap with target 1x104 and 
maximum fill time 35 msec (turbo mode). Fragmented peptide 
ions were excluded from repeat analysis for 25 sec. The top 
eight fragment ions were chosen for synchronous precursor 
selection and fragmented with higher energy CID (1.4 Da 
isolation; 65% collision energy) for detection of reporter ions 
in the Orbitrap analyzer (resolution 50,000; maximum fill time 
86 msec; target 1x105).

Proteomics data analysis. Statistical analyses of the 
peptide‑spectrum match (PSM) level data were carried out 
in R environment (R version 4.0) (20) using an in‑house 
developed workflow. To start, one sample from each of the 
786‑OPARK2 and 786‑O wild‑type groups were removed 
owing to an extreme amount of missing values. These were 
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corresponding to tandem mass tag (TMT) channels 127N and 
128C (Fig. S1). Non‑unique peptides and single‑shot proteins 
[(proteins identified)/(quantified by only one peptide)] were 
filtered out prior to the statistical analysis. From all avail‑
able fractions, only those with the least number of missing 
values per PSM and across all TMT channels were selected. 
In cases in which there were still more than one fraction 
available per PSM, the one with the highest average intensity 
across all channels was used. After the filtering procedure, 
the PSM‑level data were variance‑stabilized and transformed 
using the Bioconductor vsn package (28) and then aggregated 
to protein‑level abundances by applying the Tukey's median 
polish method. The statistical analysis was performed using 
the R package limma (29). For each statistical contrast the 
resulting P‑values were adjusted for multiple testing and the 
FDR were calculated by the Benjamini‑Hochberg method. 
Proteins of interest for further analysis were selected using 
|log2FC|>1.

Patient data. For the confirmation studies, tissue microarrays 
containing formalin‑fixed (4% buffered formalin fixation 
for 24 h at room temperature), paraffin‑embedded material 
from 262 patients who underwent partial or radical nephrec‑
tomy between October 1992 and December 2004 for renal 
tumors in the Department of Urology, Charité University 
Medicine Berlin (Berlin, Germany) were included in the study 
(EA1/134/12; retrospective use of the patient data from Charite 
University Medicine Berlin). The studies were approved by 
the Ethics Committee of the University Hospital Bonn (EK 
233/20). The mean of the age of the patients included in the 
TMAs was 60.8±9.573 (range, 30‑86 years); the median of 
the follow‑up was 102.5 months (range 0‑177). The clinico‑
pathological characteristics of the patients are summarized 
in Table II. The material used for primary cell cultures and 
RT‑qPCR was obtained from patients with ccRCC who under‑
went partial or radical nephrectomy between January 2008 
and December 2017 in the Department of Urology, University 
Hospital Bonn; the patients provided written informed consent 
for use in future research at the time of tissue collection, 
and the study was approved by the Ethics Committee of the 
University Hospital Bonn (EK 219/17).

Tissue microarray (TMA). Briefly, the aforementioned 
formalin‑fixed, paraffin‑embedded tissues from repre‑
sentative areas of renal carcinoma and non‑neoplastic 
tissues were used to construct the TMA. For each patient, 
two tumor and two normal tissue spots (diameter 1 mm) 
were punched and transferred in the TMA paraffin block; 
2‑µm sections from each TMA were cut and mounted on 
SuperFrost slides (Menzel Gläser; Thermo Fisher Scientific, 
Inc.). After deparaffinization with xylene and gradual rehy‑
dration in descending series of ethanol, antigen retrieval was 
performed [20 minutes in Cell Conditioning 1 (pH 8); Roche 
Diagnostics]. PARK2 staining was performed on a Ventana 
BenchMark Ultra Autostainer (Roche Diagnostics) using an 
anti‑PARK2 antibody (1:50; cat. no. sc‑32282, clone PRK8; 
Santa Cruz Biotechnology, Inc.). The staining for CKS2 
was performed manually using a CKS2 antibody (1:75; 
cat. no. ab155078, clone EPR7946(2); Abcam) incubated over‑
night at 4˚C. The detection was performed using an anti‑rabbit 

secondary antibody [Dako EnVision HRP‑labeled polymer, 
ready‑to‑use (cat. no. K4003); Dako; Agilent Technologies, 
Inc.], and 3,3'‑diaminobenzidine (DAB) chromogen (DAKO 
liquid DAB+ substrate chromogen system; cat. no. K3468; 
Dako; Agilent Technologies, Inc.) was used for immunohis‑
tochemical staining. The slides were counterstained with 
hematoxylin for 30 sec at room temperature and mounted. 
The immunohistochemical staining was evaluated under an 
Olympus BX50 light microscope (Olympus Corporation) 
blind to clinical outcome, clinical and pathological stage. 
Staining intensities were graded separately for cytoplasm 
and nucleus of tumor cells or non‑neoplastic tubular cells 
(Fig. 1). A four‑tier grading system was used, as follow: 0, 
negative; 1, weakly positive; 2, moderately positive; and 3, 
strongly positive. PARK2 showed cytoplasmic staining, and 
after assessing the staining intensity, patients were separated 
into two groups: low PARK 2 expression (cases with grade 
0 and 1 staining) and high PARK2 expression (cases with 
grade 2 and 3 PARK2 expression). CKS2 showed a cyto‑
plasmic and a nuclear staining, with similar intensity, and 
separated into two groups: low CKS2 expression (grade 1 
and 2 expression, similar to the non‑neoplastic tissue) and 
high CKS2 expression (grade 3). No negative tumor cases 
were noticed.

Statistical analysis. Data were analyzed using GraphPad 
Prism version 8.2.0 (GraphPad Software, Inc.) or within the 
R environment version 4.0 (20) Wilcoxon signed‑rank test 
was performed for paired samples. For multiple comparisons, 
Kruskal‑Wallis test was performed to determine signifi‑
cance followed by Dunn's post hoc test. The Kaplan‑Meier 
plots (followed by log‑rank test), Cox proportional hazards 
regression model, and Pearson's and Spearman's correlation 
analyses were generated with the R packages survminer (30), 
survival (30) and ggplot2 (23). Data are presented as the 
mean ± SEM. P‑value <0.05 was considered to indicate a 
statistically significant difference.

Table II. Clinicopathological data of the patients included in 
the TMAs.

Clinicopathological characteristic Number

Sex 
  Male 168
  Female 94
pT stage 
  T1 153
  T2 18
  T3 88
  T4 3
Grading 
  G1 48
  G2 144
  G3 49
  G4 21
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Results

PARK2 mRNA expression levels are downregulated in 
tumor tissue and upon cultivation. PARK2 mRNA expres‑
sion levels were analyzed in ccRCC tissue samples from 63 
patient samples. The data revealed that PARK2 expression was 
significantly lower in ccRCC tissue compared with in adjacent 
non‑malignant control tissue (Fig. 2A). As most commercially 
available cell lines do not express PARK2, samples from 
seven patients with ccRCC were cultivated to establish tumor 
primary cell lines (15). The clinicopathological data of the 
established primary cell lines are depicted in Table I. Following 
successful establishment, PARK2 mRNA expression levels 
were compared between the established primary cell cultures 

derived from ccRCC tumors, the fresh‑frozen ccRCC tissue 
and the fresh‑frozen corresponding non‑malignant tissue 
(Fig. 2B). In most patients, PARK2 was downregulated in 
the tumor tissue as expected; however, PARK2 levels were 
decreased after primary cell establishment compared with 
in the original ccRCC tissue (Fig. 2B), which suggested a 
selective pressure in favor of cells lacking PARK2. The low 
levels of PARK2 in cultivated primary cells restrict them for 
thorough characterization of PARK2.

Overexpression of PARK2 elicits anti‑migratory and 
anti‑invasive effects on cells. Since neither any commercial 
ccRCC cell lines nor the established primary cells express 
PARK2, stable cells overexpressing PARK2 were established 

Figure 1. Representative images of the grading system used in the tissue microarray analysis. (A‑E) Different staining intensities of PARK2 in (A) non‑malig‑
nant and (B‑E) ccRCC tissue are shown; (B) negative, (C) weakly positive, (D) moderately positive, (E) strongly positive. (F‑I) Different staining intensities of 
CKS2 in (F) non‑malignant (G‑I) and ccRCC tissue (G) weakly positive, (H) moderately positive, (I) strongly positive.

Figure 2. PARK2 mRNA is downregulated in ccRCC tissues and primary cells compared with non‑malignant tissue. (A) PARK2 mRNA expression was exam‑
ined by RT‑qPCR, which showed lower PARK2 expression in tumor tissue of patients with ccRCC compared with non‑malignant tissue. Data were analyzed 
using Wilcoxon signed‑rank test; n=63; ****P<0.0001. (B) PARK2 mRNA expression levels in ccRCC tissue and primary cells compared with non‑malignant 
tissue was measured by RT‑qPCR. ccRCC tissue showed decreased PARK2 mRNA expression levels compared with non‑malignant tissue, which were reduced 
even more when cells were cultivated. Data are presented as the mean ± SEM; n=7. ccRCC, clear cell renal cell carcinoma; PARK2, parkin; RT‑qPCR, reverse 
transcription‑quantitative PCR.



INTERNATIONAL JOURNAL OF ONCOLOGY  60:  20,  2022 7

by lentiviral transduction in 786‑O cells (786‑OPARK2), which 
were subsequently selected by flow cytometry. As a control, the 
empty vector (EV) was transduced into 786‑O cells (786‑OEV; 
Fig. 3A) RT‑qPCR of the generated cell lines validated the 
strong overexpression of PARK2 mRNA and western blotting 
showed a clear signal in the transduced cells (Fig. 3B and C, 
respectively).

To observe the effects of PARK2 expression on phenotypic 
features, several functional assays were conducted. PARK2 
has been shown to serve a role in tumor progression and metas‑
tasis (10,33); therefore, the effects of PARK2 overexpression on 
cell cycle progression, apoptosis, and migratory and invasive 
capacities were examined in vitro. While PARK2 overexpres‑
sion had no effect on the cell cycle or apoptosis (Fig. S2A 
and B), differences in the migratory and invasive behavior 
were revealed between wild‑type and PARK2‑overexpressing 
cells. In contrast to 786‑O and 786‑OEV cells, 786‑OPARK2 cells 
exhibited a significantly lower migratory capacity, which was 
reduced by >50% (Fig. 3D). The overexpression of PARK2 also 
significantly reduced the invasive behavior of cells (Fig. 3E). 
No significant differences in migratory or invasive ability were 
identified between WT 786‑O and 786‑OEV cells. To determine 
the reason for the phenotypic differences, 3'mRNA sequencing 
was conducted. However, the only significant differentially 
expressed gene was PARK2 (Fig. S3; Table SII) indicating that 
PARK2 overexpression did not affect gene expression, leaving 
the explanation for the phenotypic observations unknown.

LC‑MS shows lower CKS2 levels in the presence of PARK2. 
PARK2 functions as an E3 ubiquitin‑protein ligase that specif‑
ically sequesters and marks proteins for degradation (14). 
Therefore, it was hypothesized that there may be a potential 
shift in the proteome upon overexpression of PARK2, and this 
was examined by LC‑MS analysis. When comparing 786‑O 
and the control 786‑OEV, four proteins were identified with 
different expression levels (|log2FC|>1; Fig. 4A; Table SIIIC). 
A total of 43 proteins exhibited a difference in abundance 
between 786‑OPARK2 and wild‑type cells (Table SIIIA) and 
38 differentially expressed proteins were identified between 
786‑OPARK2 and 786‑OEV (Fig. 4A; Table SIIIB). Only two 
proteins, namely ubiquitin‑conjugating enzyme E2 Z and 
oxysterol‑binding protein‑like 10 (OSBPL10), had an FDR 
score <0.05. Owing to the role of PARK2 as an E3 ubiquitin 
ligase, only those proteins that were upregulated in absence 
of PARK2 overexpression were selected; which was the case 
for 29 proteins in both conditions (786‑OWT and 786‑OEV). 
Proteins were further selected by investigating if they are 
considered unfavorable prognostic markers in ccRCC and 
if they have been linked to a migrative phenotype in the 
literature (34‑36). One protein that stood out and had a similar 
adjusted P‑value as PARK2 was CKS2, which is one of the 
top 20 most upregulated proteins in 786‑OEV cells compared to 
786‑OPARK2 (Table SIIIB). The profile plots illustrate the rela‑
tive abundance of the identified PARK2 and CKS2 peptides 
for each replicate. A higher abundance of PARK2 is observed 

Figure 3. Generation and functional analyses of cell lines. (A) Transduction of ccRCC cell lines with a lentiviral vector with or without PARK2. (B) PARK2 
mRNA expression was examined by reverse transcription‑quantitative PCR, which showed higher mRNA expression levels in PARK2‑transduced cells. 
TATA‑box binding protein and β‑actin were used as housekeeping genes. Kruskal‑Wallis test was performed followed by Dunn's post hoc test; *P<0.05. 
(C) PARK2 protein expression levels were assessed by immunoblotting of the different transduced cell lines. β‑actin was used as a loading control. Adjusted 
densities were measured in GraphPad Prism version 8.2.0. (D) Transwell Boyden chamber migration assays were performed, which demonstrated a difference 
in migrative capacity after 6‑8 h incubation. Magnification, x10. Data were compared by Kruskal‑Wallis followed by Dun's; n=3; ****P<0.0001. (E) PARK2 
overexpression reduced the invasiveness compared with control cells after 48 h incubation. Magnification, x10. Kruskal‑Wallis test was performed followed 
by Dunn's post hoc test; n=3; ***P<0.001, ****P<0.0001. Data are presented as the mean ± SEM of triplicate experiments. EF1a, elongation factor 1α; EV, empty 
vector; IRES, internal ribosomal entry site; PARK2, parkin; RT‑qPCR, reverse transcription‑quantitative PCR; WT, wild‑type.
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in 786‑OPARK2, whereas a lower abundance of CKS2 peptides 
is detected in the same cell derivates (Fig. 4B and C).

Ubiquitin ligase function of PARK2 is needed for its effect on 
migration, which can be reduced by silencing CKS2 directly. 
PARK2 serves a role in several different cellular mecha‑
nisms (9,12,35,36). To investigate if CKS2 levels are altered due 
to the activity of PARK2 as an E3 ubiquitin ligase, a mutation 
was introduced in the catalytic site of PARK2, which has been 
described to abolish this function (37). Cells were transduced 
with lentiviral vectors containing the PARK2 C431S mutation 
(786‑OC431S and RCC‑MHC431S; Fig. 5A). PARK2 and CKS2 
mRNA expression levels were evaluated by RT‑qPCR and, as 
expected, PARK2 levels were higher in PARK2 overexpressed 
cells and cells harboring the C431S mutation (Fig. 5B). In 
addition, CKS2 mRNA expression levels were not altered by 
introduction of PARK2 overexpression, including PARK2C431S, 
which indicated, along with RNA sequencing results, that 
altered levels of PARK2 have no effect on the gene expression 
of CKS2 (Fig. 5C).

In addition, the effect of the C431S mutation on the 
migration of ccRCC cell lines was examined. Expression 
of the ligase‑deficient PARK2C431S did not elicit an effect on 
cell migration compared with PARK2‑overexpressing cells; 

the migratory capacity was increased compared to that in 
PARK2‑overexpressing cells and similar to that in the controls 
(Fig. 5D). This result suggested that the E3 ligase activity of 
PARK2 may be responsible for the decrease in cell migration. 
Since the MS analysis showed lower CKS2 protein levels 
upon upregulation of PARK2, and the effect seemed to be 
attributable to the E3 ligase activity, it was hypothesized that 
interference with CKS2 levels could elicit similar effects. Using 
siRNA, CKS2 expression was knocked down in wild‑type 
and EV‑transfected control cells (Fig. 5E), which resulted in 
a similar migration rate compared with cells overexpressing 
PARK2 (Fig. 5F and G). When CKS2 was silenced in cells 
overexpressing PARK2, cells exhibited a slight decrease in 
migration compared with cells overexpressing PARK2 that 
were transfected with scramble siRNA; however, no significant 
difference was identified. These data suggested that CKS2 is 
not completely regulated by PARK2, but instead receives other 
signaling cues that affect the migratory behavior of the cells.

High CKS2 levels are associated with lower survival and 
higher tumor grade in patients. As it was demonstrated 
that CKS2 levels affect the migratory and invasive behavior 
of ccRCC cell lines, the effects of CKS2 levels on patient 
survival were examined. TMAs of 262 patients with known 

Figure 4. CKS2 protein levels are reduced in cells overexpressing PARK2. (A) Volcano plots depicting differential protein expression in the different trans‑
duced cells. Only slight differences in protein levels were observed for 786‑OWT and 786‑OEV cells (|log2FC|>1; count, 4), bigger differences were observed 
when comparing 786‑O [|log2FC|>1; count, 43 (2 with FDR <0.05)] or 786‑OEV cells [|log2FC|>1; count, 38 (2 with FDR <0.05)] with 786‑OPARK2 cells. 
(B) Profile plots illustrated that the abundance of PARK2 peptides were increased in 786‑OPARK2 cells. (C) Abundance of CKS2 peptides was decreased in 
786‑OPARK2 cells. CKS2, CDC28 protein kinase regulatory subunit 2; EV, empty vector; FC, fold change; PARK2, parkin; WT, wild‑type.
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Figure 5. An inactive catalytic domain mutant 786‑OC431S exhibits a similar phenotype as the control cells. (A) Cells with a PARK2 C431S mutation were gener‑
ated by transducing cells with the pLVX‑EF1a‑PARKC431S‑IRES‑mCherry plasmid. (B) PARK2 mRNA expression levels were examined by RT‑qPCR. TBP 
and β‑actin were used as housekeeping genes. Data are presented as the mean + SEM of triplicate experiments. Kruskal‑Wallis test was performed followed 
by Dunn's post hoc test; *P<0.05. (C) RT‑qPCR analysis revealed no difference in CKS2 mRNA expression levels between the different transduced ccRCC 
cell lines. Data are presented as the mean ± SEM. (D) Transwell Boyden chamber migration assays were conducted with mutant cell lines 786‑OC431S and 
RCC‑MHC431S. Magnification, x10. Data were compared by Kruskal‑Wallis followed by Dunn's post hoc test; n=3; *P<0.05, ***P<0.001, ****P<0.0001. (E) CKS2 
mRNA expression levels were assessed after siRNA knockdown. The experiment was conducted in triplicate. TBP and β‑actin served as housekeeping genes. 
Data are presented at the mean ± SEM. (F) Migratory capacity was assessed after siRNA‑mediated knockdown of CKS2 and (G) significance was assessed 
by Kruskal‑Wallis followed by Dunn's post hoc test; n=2; **P<0.01, ***P<0.001. Magnification, x10. ccRCC, clear cell renal cell carcinoma; CKS2, CDC28 
protein kinase regulatory subunit 2; EF1a, elongation factor 1α; EV, empty vector; IBR, in‑between RING fingers domain; IRES, internal ribosome entry site; 
ns, not significant; PARK2, parkin; RT‑qPCR, reverse transcription‑quantitative PCR; siRNA, small interfering RNA; TBP, TATA‑box binding protein; Ubl, 
ubiquitin‑like domain; WT, wild‑type.
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clinicopathological data (Table II) were prepared to analyze 
the survival probability and correlation between different 
parameters. Kaplan‑Meier survival curves indicated a signifi‑
cantly lower survival for patients with high CKS2 expression. 
The median survival for patients with high CKS2 expression 
was 40 months, whereas patients with low CKS2 expression 
did not reach median survival even after 150 months (Fig. 6A). 

Furthermore, patients with high levels of PARK2 showed a 
trend towards better survival; however, the data were not 
significantly different (Fig. 6B). Cox proportional hazards 
regression analysis revealed a significantly improved survival 
for patients with low CKS2 protein levels, low grading (G1 or 
G2), and low tumor staging (pT; T1 or T2). Patients with high 
PARK2 protein levels had a tendency towards better survival, 

Figure 6. Elevated CKS2 levels are associated with poor survival in patients with ccRCC. (A) Kaplan‑Meier curves of the survival probability showing an 
improved overall survival for patients with low CKS2 expression levels compared with high CKS2 levels. Significance was assessed with log‑rank test. 
Number at risk indicates the number of patients which are still alive at given time point; n=247. (B) Kaplan‑Meier curves followed by log‑rank test showing 
no significant difference in overall survival for patients with high PARK2 expression levels compared with low PARK2 levels; n=250. (C) Cox proportional 
hazard ratio showing an association between survival and different parameters, such as CKS2 expression, PARK2 expression, tumor grade and pT. *P<0.05, 
***P<0.001 (D) Pearson's correlation analysis depicts a relationship between PARK2 and pT. In addition, CKS2 and pT were also analyzed. Bold values indicate 
significant p‑values. (E) Spearman's correlation of CKS2 and grading as well as PARK2 and grading are depicted. (F) Pearson's correlation between CKS2 
and PARK2 including Pearson's r, P‑value, 95% CI, t‑stat and df. ccRCC, clear cell renal cell carcinoma; CI, confidence interval; CKS2, CDC28 protein kinase 
regulatory subunit 2; df, degrees of freedom; PARK2, parkin; pT, pathologic tumor stage; t‑stat, t‑statistic.
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although not significantly different (Fig. 6C). Grading and 
CKS2 and PARK2 levels were analyzed using Spearman's 
correlation analysis. CKS2 and grading showed a weak posi‑
tive correlation with ρ=0.159 and P=0.012 (Fig. 6E). PARK2 
and grading were not significantly correlated (r=‑0.064 
and P=0.315; Fig. 6E). The statistical relationship between 
different parameters (CKS2, PARK2 and pT) were examined 
by Pearson's correlation analysis. CKS2 and pT showed a 
tendency towards a positive correlation (r=0.077); however, no 
significance was identified (P=0.224). Analysis of PARK2 and 
pT showed a weak negative correlation (r=‑0.126 and P=0.046; 
Fig. 6D). Grading and CKS2 and PARK2 levels were analyzed 
using Spearman's correlation analysis. CKS2 and grading 
showed a weak positive correlation (ρ=0.159 and P=0.012; 
Fig. 6E). PARK2 and grading were not significantly correlated 
(r=‑0.064 and P=0.315; Fig. 6E). Analysis between PARK2 
and CKS2 showed no correlation (r=0.063 and P=0.309; 
Fig. 6F).

Discussion

The present study demonstrated that PARK2 overexpression 
elicited anti‑migratory and anti‑invasive behavior in ccRCC 
cells. Furthermore, PARK2 appeared to influence CKS2 
protein expression levels through its protein degrading func‑
tion, since higher protein levels were found in cells without 
PARK2. The increased migratory behavior due to PARK2 
deficiency was rescued by silencing CKS2. Moreover, high 
levels of CKS2 were positively associated with lower patient 
survival and weakly correlated with higher tumor grading. All 
together, these results indicated CKS2 as a potential, inter‑
esting biomarker candidate and a possible suitable therapeutic 
target.

PARK2 is downregulated in numerous types of cancer (5,6). 
Downregulation or absence of PARK2 owing to mutation, loss 
of heterozygosity or promoter hypermethylation is associated 
with worse prognosis in several cancer types (38). Previous 
studies have investigated the diverse functions of PARK2 in 
different types of cancer; however, extensive knowledge about 
the biological function of PARK2 in ccRCC is still lacking. 
Therefore, the present study aimed to thoroughly investigate 
the effects of PARK2 expression differences on ccRCC cells. It 
was demonstrated that cells overexpressing PARK2 had a lower 
migratory and invasive capacity in vitro. This tumor suppres‑
sive phenotype linked to PARK2 expression has been observed 
previously in different cancer types, including non‑small 
cell lung cancer (39), breast cancer (10) and nasopharyngeal 
carcinoma (31). Notably, PARK2 deficiency in melanoma 
cells suppressed migration by inhibiting mitofusin 2 (MFN2) 
ubiquitination; however, contradictorily, malignant melanoma 
and metastatic malignant melanoma tissue analyses revealed 
higher levels of PARK2 and MFN2 (40). This discrepancy 
highlights the contradiction within the biology of PARK2 and 
the several roles within the cell and, therefore, its different 
effects on tumor pathogenesis. Hence, the precise function of 
PARK2 under certain conditions needs to be further investi‑
gated to find the exact target proteins that are ubiquitinated 
by PARK2. Moreover, owing to its role as a tumor suppressor 
in ccRCC, PARK2 is not a suitable candidate for therapeutic 
approaches. However, proteins that are increased in cells 

without PARK2 expression and promote tumorigenesis might 
serve as an interesting option in treating patients.

Owing to the observed migratory phenotype and the role 
of PARK2 as an E3 ubiquitin protein ligase, it was hypoth‑
esized that it is the accumulation of proteins that promote 
malignancy, such as migration and invasion. LC‑MS results 
showed higher proteins levels in absence of PARK2. To refine 
the list of putative interesting proteins, only those that have 
been considered as unfavorable prognostic markers in ccRCC 
were investigated. One such protein, OSBPL10, is consid‑
ered a favorable prognostic marker in ccRCC; however, this 
disagreed with the phenotypic findings of the present study, 
making it unattractive for further investigations (41). Notably, 
PARK2 did not show any significance in the LC‑MS analysis 
in 786‑OPARK2 cells, yet, the high levels of mRNA and protein 
expression in cells transduced with a vector overexpressing 
PARK2 were verified. Thus, the protein PARK2 serves as an 
internal control in 786‑OPARK2 cells. Therefore, we assumed 
that we can be confident about proteins showing a similar level 
of significance in the LC‑MS analysis as PARK2. Moreover, 
following a review of the literature on proteins that have been 
described with the phenotype observed in the present study, 
one protein which stood out and has been reported to be associ‑
ated with malignancy was CKS2 (33,34). CKS2 was increased 
in cells with low PARK2 levels suggesting that PARK2 might 
regulate CKS2 levels, which, in turn, may cause a less aggres‑
sive phenotype. CKS2 is highly expressed in numerous tumor 
types and is associated with metastasis (32‑34). It binds to the 
catalytic subunit of cyclin‑dependent kinases and is respon‑
sible for cell cycle progression (42). Besides its involvement 
in the cell cycle, CKS2 has been described to serve a role 
in mitochondrial function in cervical cancer. CKS2 forms 
a complex with single‑stranded DNA‑binding protein 1 and 
influences mitochondrial DNA replication, which controls the 
energy supply of the cell and, subsequently, the aggressiveness 
of the tumor cells (43). Moreover, PARK2 monitors mito‑
chondrial quality control by selectively degrading defective 
mitochondria (44). The opposing expression levels of PARK2 
and CKS2, as well as their roles in mitochondrial function and 
tumor aggressiveness suggested a possible link between those 
proteins.

Previous studies have shown that silencing CKS2 increased 
caspase‑3 activity and Bax expression in gastric cancer and 
cholangiocarcinoma cells, indicating that CKS2 depletion 
promotes apoptosis (45,46). Furthermore, it was reported that 
CKS2 interference may result in G2 cell cycle arrest, which 
shows that increased CKS2 levels promote cholangiocarci‑
noma progression (46). Although several previous studies 
have investigated the effect on CKS2 depletion on migration 
in different cancer cells (47‑49), no previous studies in ccRCC 
cells have been conducted. By inhibiting CKS2 in ccRCC 
wild‑type and control cells, the migratory phenotype was 
reversed, which resulted in less aggressive behavior. Results 
from the present study, in addition to those from previously 
conducted studies, suggested a potential role for CKS2 as a 
therapeutic target in different cancer types. Moreover, CKS2 
expression was significantly associated with lower survival 
and increased tumor grade. These findings indicated CKS2 
not only as a potential therapeutic target, but also as a possible 
biomarker in ccRCC.
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To investigate the interaction between PARK2 and CKS2, 
a mutation (C431) was introduced into the catalytic site of the 
RING2 domain in PARK2, which led to the abolishment of 
PARK2 E3 ligase activity (35,50). Cells harboring the C431S 
mutation displayed similar migratory capacities as wild‑type 
cells. This observation indicated that the E3 ubiquitin‑protein 
ligase activity of PARK2 regulates proteins that influence the 
potential of a cell to migrate and invade, at least in in vitro 
experiments. Furthermore, it suggested that loss of PARK2 
and the accompanied loss of the E3 function may have a 
strong effect on malignancy. In addition, the weak negative 
correlation between PARK2 expression and pT stage indi‑
cated a tumor suppressive capacity for PARK2. Moreover, 
the finding of CKS2 as a potential target of PARK2 renders 
novel possibilities and a better understanding of ccRCC 
tumorigenesis.

In conclusion, ccRCC cells overexpressing PARK2 were 
revealed to be less aggressive compared with their counter‑
parts, as shown by decreased migration and invasion in vitro. It 
was demonstrated that cells overexpressing PARK2 exhibited 
a downregulation of CKS2 protein expression levels. Using 
cells that do not overexpress PARK2, it was demonstrated 
that CKS2 silencing led to reduced migration and invasion. 
This indicated that the anti‑migratory and anti‑invasive effect 
of PARK2 is most likely mediated by CKS2 and that it is 
possible to reverse the phenotype in PARK2‑deficient cells. It 
was further shown that the PARK2C431S E3 ligase mutant was 
more migrative, which suggested that the E3 ligase activity 
of PARK2 may be required to exert the anti‑migrative and 
anti‑invasive effect potentially by targeting CKS2. Patient data 
revealed that increased CKS2 expression was weakly posi‑
tively correlated with tumor grading (thus, more aggressive 
tumor growth) and was associated with patient survival. Taken 
together, these results demonstrated that CKS2 may be a puta‑
tive target of PARK2 and may serve as a potential candidate 
for new cancer therapy approaches.
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