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Abstract

Background: Emerging evidence suggests that Makorin Ring Finger Proteins (MKRNs) are
dysregulated in various human malignancies. However, the clinical and biological significance of
MKRN?2 in clear cell renal cell carcinoma (ccRCC) has been minimally explored. In this study, we
investigated the exceptional role of MKRN2 in ccRCC.

Methods: MKRN2 expression in ccRCC was analyzed with clinical samples and The Cancer
Genome Atlas (TCGA) database. The proliferation and migration of cancer cells were assessed by
transwell, colony formation, and wound healing assays. Gene expression, DNA methylation, and
protein expression and ubiquitination were assessed by real-time PCR, bisulfite sequencing PCR,
and western blotting assay, respectively. Protein interactions were verified by
co-immunoprecipitation and immunofluorescence assays. In vivo experiments identified MKRN2 was
a potential tumor inhibitor in ccRCC.

Results: Down-regulation of MKRN2 was observed in human ccRCC tissues in both public
databases and our clinical samples, mechanistically linked with its promoter DNA hypermethylation.
Conversely, overexpression of MKRN2 was associated with ccRCC inhibition and favorable clinical
outcomes. MKRN?2 interacted with Protein Phosphatase 2 Catalytic Subunit Alpha (PPP2CA) and
promoted k48-linked ubiquitination at its K41 residue, leading to the proteasomal degradation of
PPP2CA proteins. Consequently, MKRN2-mediated PPP2CA repression increased B-catenin
phosphorylation and decreased its protein levels, causing the inactivation of Wnt signaling pathway
and amplification of apoptosis in ccRCC cells.

Conclusions: This study demonstrated that the E3 ligase activity of MKRN2 had a pivotal role in
regulating the PPP2CA-B-catenin-Wnt pathway and granted MKRN2 as a candidate tumor
suppressor in ccRCC.
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Introduction

The highly aggressive clear cell renal carcinoma  for ccRCC. However, recurrence or metastasis occurs
(ccRCC) is the predominant subtype of renal cell in over 30% of ccRCC patients following surgical
carcinomas [1, 2]. Currently, surgery is the preferred intervention [3, 4]. Therefore, a deeper understanding
treatment and the most effective clinical intervention  of the pathogenic mechanisms underlying ccRCC is
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urgently needed.

Previous studies have shown that the MKRN
family encodes ribonucleoproteins characterized by a
unique array of zinc finger domains [5]. MKRN2
partially overlaps the RAF1 proto-oncogene in an
antisense transcriptional orientation. A defining
feature of MKRN2 is a protein-protein interaction
motif that is abundant in cysteine and histidine
residues, though its specific function remains
unknown [6]. This motif is common in most E3
ubiquitin ligases, a class of enzymes that transfer
ubiquitin from E2 ubiquitin-conjugating enzyme to
specific protein substrates. Because ubiquitin ligases
either monoubiquitinate or polyubiquitinate of lysine
residues through the action of the RING domain [7, 8],
certain MKRN2 proteins function as E3 ubiquitin
ligases [9]. A prior study indicated that MKRN2 acts
as a novel E3 ligase that targets the p65 subunit of
nuclear factor kappa-B (NF-xB), exerting a negative
regulatory effect on inflammatory responses [10].
MKRN2 also exhibits anti-tumor action, inhibiting
lung cancer development via blocking the PI3k/Akt
pathway [11]. Additionally, it functions as a tumor
suppressor in neurofibromas [12], melanomas [13],
and gastrointestinal tumors [14].

The Wnt signaling pathway plays a pivotal role
in cellular development, proliferation, differentiation
[15-17]. Aberrant activation of the Wnt pathway is
widely recognized as a significant pathogenic
mechanism in several types of tumors [18, 19],
including renal carcinoma [20]. Under normal
conditions, Wnt pathway inhibition is maintained
through the phosphorylation and degradation of
B-catenin [21]. However, p-catenin evades this
degradation mechanism in some renal carcinomas,
accumulating in cells and then translocating to the
nucleus. There, p-catenin prompts aberrant Wnt
signaling through genetic mutations or other
molecular mechanisms [22].

This study aimed to determine whether MKRIN2
was positively correlated with ccRCC prognosis and
thus a suitable marker for cancer progression. We
demonstrated that elevated MKRN2 expression
significantly attenuated ccRCC cell proliferation and
metastasis, while inducing <cRCC apoptosis.
Mechanistically, MKRN2 triggered K48-linked
ubiquitination of PPP2CA at the K41 residue. The
resultant degradation and downregulation of
PPP2CA augmented N-terminal (S33/537/T41)
phosphorylation and degradation of B-catenin.

Materials and Methods

Cell lines and tumor tissues
Human embryonic kidney cells (HEK293T and

HEK?293), and renal cancer cell lines (A498, 786-O, and
Caki-1) were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Cells
were cultured in DMEM (Gibco, MA, USA)
supplemented with 10% fetal bovine serum (Gibco,
MA, USA). Another human renal cell carcinoma cell
line OSRC-2 was obtained from National Collection of
Authenticated Cell Cultures and cultured in 1640
(Gibco, MA, USA). Human ccRCC tissue samples
were collected from Wuhan Union Hospital. All tissue
samples were pathologically confirmed to be clear cell
renal carcinomas. Research authorization was granted
by the Huazhong University of Science and
Technology Committee, with explicit written consent
obtained from all individuals prior to tissue collection,
in accordance with the Declaration of Helsinki.

Cell infection and transfection

The MKRN?2 overexpression plasmid, lentivirus,
and their respective controls were procured from
GeneChem (Shanghai, China). Small interfering RNA
(siRNA) specific to MKRN2 was obtained from
GenePharma (Suzhou, China) for MKRN2 silencing.
The overexpression plasmids for PPP2CA,
PPP2CA-targeted short hairpin RNAs (shRNAs), and
the overexpression lentivirus were acquired from
GeneChem (Shanghai, China). Lentivirus transfection
was performed using the A/P reagent (GeneChem,
Shanghai, China), while plasmid, siRNA, and shRNA
transfections were carried out with Lipofectamine
3000 (Invitrogen, USA). Transfection procedures
adhered strictly to the manufacturer’s guidelines.

Western blotting

Proteins were isolated from ccRCC samples and
cells using radioimmunoprecipitation assay (RIPA)
buffer supplemented with 1% PMSF and 1% protease
inhibitor cocktail. The proteins were separated by
SDS-PAGE electrophoresis and transferred onto
PVDF membranes (Roche, Basel, Switzerland). To
detect target proteins, membranes were incubated
overnight with primary antibodies, followed by
incubation with secondary antibodies for 1.5 hours.
Membranes were washed thorough with PBST to
remove unbound antibodies. The full list of the
antibodies used was shown in Supplementary Table 1.

RNA isolation and real-time PCR analysis

Total RNA from ccRCC tissues and cells were
extracted with TRIzol reagent (Thermo Fisher
Scientific). RNA purity and concentration were
assessed using a NanoDrop 2000 spectrophotometer
(NanoDrop  Technologies, ~Wilmington, USA).
Quantitative real-time polymerase chain reaction
(qPCR) wusing a StepOnePlus™ Real-Time PCR
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System (Thermo Fisher Scientific, MA, USA) with
SYBR Green master mix (Abclonal, Wuhan, China).
GAPDH was used as the reference gene for sample
normalization, and the gene-specific primers for
qPCR are listed in Supplementary Table 2.

Cycloheximide (CHX) chase assay

Cells were treated with 50 pM CHX (57418,
Selleck, Shanghai, China) for various durations: 0, 4, 8,
12, and 24 hours. After each treatment period, cells
were harvested to extract proteins for subsequent
western blotting analyses. Protein levels were
quantified using Image] software. To investigate the
protein degradation pathway, specific inhibitors were
used: MG132 (HY-13259, MCE, NJ, USA) to inhibit
proteasomal activity, and chloroquine (HY-17589A,
MCE, NJ, USA) to inhibit lysosomal function.

Co-immunoprecipitation (Co-IP)

Cell lysates from ccRCC cells were incubated
overnight at 4°C with gentle agitation, in the presence
of primary antibodies or IgG. The immune complexes
were then incubated with protein A/G magnetic
beads (#HY-K0202, MCE, NJ, USA) at room
temperature for 1.5 hours. After incubation, the beads
were washed three times with modified RIPA bulffer.
The immune complexes separated from the beads
were subsequently analyzed by western blot.

Mass spectrometry (MS) analysis

MS was performed with Genechem (Shanghai,
China). Protein gel strips were obtained from co-IP
assays involving electrophoresing magnetic immune
complexes, then subjected to decolorization,
alkylation, enzymatic hydrolysis, extraction, and
desalting.

Subcellular fractionation

Cytoplasmic and nuclear fractions were isolated
from ccRCC cells using the Cytoplasmic and Nuclear
Protein Extraction Kit (#P0028, Beyotime, Shanghai,
China). B-actin was the internal reference for total
protein concentrations. Lamin Bl and GAPDH were
internal references for nuclear and cytoplasmic
proteins, respectively.

Bisulfite sequencing PCR (BSP)

BSP primer sequences were as follows:
MKRN2-BSP-F, 5- GGATAAGATTGGTAGGATTAA
GATGTT -3"; MKRN2-BSP-R, 5- CACTAACCTACA
AATAATCTACTTAATACTCA -3’. Genomic DNA
was extracted from ccRCC tissues according to the
manufacturer's instructions. After bisulfite treatment,
PCR  amplification, electrophoresis, and gel
purification, the DNA was subjected to

transformation experiments using DHb5a.
Identification was performed by PCR amplification
and DNA sequencing.

Cell viability assay

1,000 cells per well were seeded in a 96-well
plate. Cell proliferation was assessed in serum-free
medium supplied with 10% of CCK8 reagent
(Biosharp, Hefei, China). Cell viability was measured
atOh,24 h,48 h, 72 h, and 96 h.

Colony formation assay

1,000 cells per well were seeded in 6-well cell
culture plate. Colonies were assessed after a 7-day
culture period. After the assay, cells were fixed with
methanol and viable colonies were identified by
staining with 0.05% crystal violet.

Transwell assay

After 24h of cultivation in a serum-free medium,
cells were seeded into the upper chamber of the
Transwell. To assess cell invasion, Matrigel was
added at a 1:8 ratio. After 24 h, cells were fixed with
methanol and stained with 0.05% crystal violet.
Images were captured via microscopy, and cell
enumeration was performed by randomly selecting
multiple areas. The Transwell assay was used to
assess both cell migration and invasion capabilities.

Wound healing assay

Once cells reached 90% confluence in a 6-well
plate under serum-free conditions, a wound was
created using a 100-pL pipette tip. The wound was
washed with PBS to remove debris and images were
captured at 0 and 24 h post-injury. Data were
analyzed using Image] software.

Flow cytometry apoptosis assay

After treatment, cells were collected and
apoptosis was evaluated using a flow cytometer (BD
Biosciences, NJ, USA). Prior to analysis, cells were
stained with Annexin V-phycoerythrin (PE) and
7-aminoactinomycin D (7-AAD) (#A213-01, Vazyme,
Nanjing, China). Results were analyzed using FlowJo
software (Becton Dickinson, NJ, USA) to quantify
apoptotic events.

Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining

Cells were first fixed in 4% paraformaldehyde
(PFA) for 30 min at room temperature and then
treated with 0.3% TritonX-100 for 10 min. After
washing with PBS, cells were subjected to staining
with a TUNEL detection kit (Beyotime, Shanghai,
China).
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Immunofluorescence (IF)

For IF staining, designated cells were cultured on
circular slides and fixed with 4% PFA for 20 min.
After post-permeabilization with 0.3% Triton X-100,
the samples were blocking with 2% bovine serum
albumin and incubated overnight with specific
antibodies at 4 °C. Next, cells were incubated with the
corresponding fluorescently labeled antibodies for 2 h
at room temperature, followed by 4,6-diamidino-2-
phenylindole (DAPI) staining. Colocalization was
assessed under a confocal fluorescence microscope
(Nikon Ax, Tokyo, Japan).

Animal experiments

All animal experiments were conducted with the
approval of the Institutional Animal Use and Care
Committee at Tongji Medical College, Huazhong
University of Science and Technology. BALB/c nude
mice were sourced from Beijing HFK Bioscience
(Beijing, China). To establish a xenograft tumor
model, 2 x 106 A498 cells were transfected with either
an overexpression plasmid or a negative control
lentivirus, then subcutaneously injected into the
axillae of mice. Tumor dimensions were monitored
every 5 days for 30 days, when subjects were
euthanized. To generate a metastasis model for
evaluating metastatic potential, 1 x 10° tumor cells
were injected into the tail vein of nude mice. After 60
days, subjects were euthanized to obtain lung and
liver metastasis samples for Hematoxylin and Eosin
(H&E) staining.

Immunohistochemical (IHC) assay

For IHC assays, tissue samples were fixed using
4% PFA, dehydration, paraffin embedding,
sectioning, deparaffinization, and rehydration, then
blocked with bovine serum albumin and incubated
with primary antibodies, secondary antibodies.

Public data and bioinformatics analysis

The Cancer Genome Atlas Kidney Renal Clear
Cell Carcinoma (TCGA-KIRC) (version: 2019-07-19)
data were downloaded from the UCSC Xena browser
for gene set enrichment analysis (GSEA).
Bioinformatics tools and networks such as The
National Cancer Institute’s Clinical Proteomic Tumor
Analysis Consortium (CPTAC) and Venny were used
for data analysis and visual representations. Statistical
and computational analyses were performed in R
(version 4.1.3).

Statistical analysis

Data (mean * standard deviation, SD) were
subjected to normality assessments, Student's t-test or
paired  Student's  t-test, receiver  operating

characteristic (ROC) curve analysis, Pearson y?-test,
and Kaplan-Meier survival analysis with log-rank
test. Significance was set at P < 0.05. All statistical
analyses were performed in GraphPad Prism 9.0
(GraphPad Software, San Diego, CA, USA) and SPSS
26.0 (IBM Corp., Armonk, NY, USA).

Results

MKRN2 is significantly downregulated by DNA
methylation in ccRCC and correlated with
favorable clinicopathology as well as prognosis

We analyzed ubiquitination-related molecules,
protein  catabolism-associated factors, and
post-translational modification genes from the
MSigDB database, as well as makorin-related
molecules from the GENECARDS database. MKRIN2,
ZNF598, UBE2D1, and TRIM25 were potential factors
influencing renal cancer progression (Fig. 1A).
MKRN2 expression was low in ccRCC (Fig. 1B).
Kaplan-Meier analysis of TCGA-KIRC data revealed
that MKRN2 downregulation was associated with
poor overall survival, disease-specific survival, and
progression-free interval (Fig. S1G-S1I). In contrast,
ZNF598 and TRIM25 were upregulated in tumors,
while UBE2D1 expression did not differ (Fig. S1A-
51C) between tumor and adjacent non-tumor tissues;
none of these three proteins influenced survival (Fig.
S1D-S1F). Additionally, GSE40435 data indicated that
MKRN?2 was downregulated in renal cancer (Fig. S1J).
Furthermore, MKRN2 mRNA (Fig. 1C-1D and Fig.
S1K) and protein (Fig. 1E-1F) expression in the four
ccRCC cell lines and samples was significantly
downregulated from levels in human normal kidney
epithelial cells (HEK293) and paired adjacent
non-tumor tissues. This result was corroborated with
IHC staining, which revealed notably lower MKRN2
protein expression in ccRCC tissues than in adjacent
tissues, along with localization predominantly in the
cytoplasm (Fig. 1G-1H).

The ROC analysis demonstrated that MKRN2
was a robust discriminator between individuals with
ccRCC and healthy controls (Fig. S1L). Bioinformatics
analysis of the MKRN2 promoter uncovered a typical
CpG island, suggesting that CpG elements may
regulate MKRN2 suppression (Fig. 1I) [23]. According
to BSP, the MKRN2 promoter region experienced
significantly elevated methylation in five pairs of
renal cell carcinoma tissues and adjacent tissues (Fig.
S2A). When we applied methylation inhibitors
5-AZA, MKRN2 mRNA and protein expression both
increased in ccRCC cell lines (Fig. 1J-1K). Taken
together, these results indicates that DNA
methylation profile of MKRN2 promoter may
pre-deposit its gene expression and ccRCC prognosis.
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Figure 1: Epigenetic repression of the MKRN2 gene in ccRCC clinical samples and typical cell lines. (A) Venn diagram of the Makorin related genes set and three
protein modification-related gene sets from the MsSigDB database (https://www.gsea-msigdb.org/gsea/msigdb). (B) The mRNA levels of MKRN2 in ccRCC tissues and paired
adjacent normal tissues were based on data from the TCGA (KIRC) database. (C) mRNA levels of MKRN2 in ccRCC cell lines and a normal cell line (n = 4). (D) The mRNA levels
of MKRN2 in ccRCC tissues and paired adjacent normal tissues from 24 patients. (E) The protein levels of MKRN2 in ccRCC cell lines and normal kidney cells (n = 3). (F) The
protein levels of MKRN2 in ccRCC tissues and paired adjacent normal tissues (n = 12). (G) The relative IHC scores of MKRN2 in ccRCC tissues and paired adjacent normal
tissues (n = 5). (H) Representative IHC staining for MKRN2 in ccRCC tissues and adjacent normal tissues from 5 patients. (I) Prediction analysis of CpG islands from the
transcriptional start site in the MKRN2 promoter region (http://www.urogene.org/). (J) The mRNA levels of MKRN2 in ccRCC cell lines after 5-AZA treatment (n = 4). (K)

MKRN2 protein expression in ccRCC cell lines after 5-AZA treatment. Significance levels denoted as follows: ¥*p < .0001, ***p < .001, **p < .01, and *p < .05.
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MKRN2 promoted cell apoptosis, suppressed
proliferation and metastatic potential of
ccRCC

GSEA test revealed the associations of MKRN2
with tumorigenesis (Fig. 2A), apoptosis (Fig. 2B), and
the Wnt signaling (Fig. 2C) in ccRCC. Next, we found
that in renal cancer cells, overexpression of MKRN2
(Fig. S3A and S3B) led to elevated p-Catenin
phosphorylation and reduced p-Catenin protein
expression, resulting in the attenuation of Wnt
pathway that is marked by the down-regulation of
signature genes (c-Myc, Cyclin D, Axin2, Bcl-2,
MMP2, and MMP9) (Fig. 2D and Fig. S5A, S5B). In
comparison, MKRN2 knockdown (KD) enhanced the
expression of these aforementioned molecules,

together ~with the decrease in p-Catenin
phosphorylation (Fig. S5C-S5E).
TUNEL fluorescence staining and flow

cytometry suggested that MKRN2 overexpression
(OE) increased apoptosis in renal cancer cells (Fig. 2E-
2F and Fig. S4C-54D), while significantly suppressing
proliferative capacity (Fig. S3E-S3G), cell invasion
and migration (Fig. S3I), and wound-healing capacity
(Fig. S4A) in A498 and Caki-1 lines. MKRN2-KD had
the opposite effect, promoting proliferative capacity
(Fig. S3F and S3H), cell invasion and migration (Fig.
S3J), and wound-healing capacity (Fig. S4B).

Nucleocytoplasmic separation assays revealed
that MKRN2-OE occurred concurrently —with
[-catenin downregulation in both the cytoplasm and
nuclei of renal cancer cell lines (Fig. 2G). The -catenin
inhibitor ICG-001 did not affect MKRN2 protein
expression, further validating the pivotal role of Wnt
signaling in MKRN2-mediated apoptosis and tumor
suppression (Fig. 2H). Western blotting revealed
significant c¢-Myc, cyclin D, axin2, and Bcl-2
downregulation in MKRN2-KD cells upon p-catenin
inhibition (Fig. 2H). Additionally, 3-catenin inhibition
significantly increased apoptosis (Fig. 21 and Fig.
54G), and decreased proliferation (Fig. 2J), invasion,
and migration (Fig. S4E-S4F) of MKRN2-KD cells.
These findings are in line with the notion that MKRN2
deactivates the Wnt pathway to promote an
apoptosis-prone  phenotype, impeding ccRCC
progression.

PPP2CA promoted the progression of renal
cancer via the Wnt signaling pathway

We conducted differential protein analysis using
Co-IP and protein profiling to further explore the
effect of MKRN2 on the Wnt pathway in ccRCC. The

results indicated that both PPP2CA and PPP2R1A
proteins were associated with the Wnt signaling
pathway (Fig. 3A-3B), but their RNA expression was
not (Fig. 3C). When MKRN2 was overexpressed,
PPP2CA protein levels decreased, but PPP2R1A
protein levels did not (Fig. 3D). Data from CPTAC
showed that PPP2CA protein expression was higher
in renal cancer tissues than in adjacent non-cancerous
renal tissues (Fig. 3E), corroborating our experimental
data showing significantly higher PPP2CA protein
concentrations in c¢cRCC tissues (Fig. 3F-3G) and
other renal cancer cell lines (Fig. 3H-3I) than in
normal tissues. Likewise, IHC analysis revealed
significantly elevated PPP2CA protein expression in
ccRCC tissues compared with adjacent regions (Fig.
3)).

We did not observe significant differences in
PPP2CA and PPP2R1IA mRNA expression from
TCGA-KIRC (Fig. 3K). Survival analysis performed
on CPTCA data found a significant effect for PPP2CA
but not for PPP2R1A (Fig. 3L). Therefore, we
established PPP2CA-OE and PPP2CA-KD renal
tumor cell lines (Fig. S6B). Notably, CCK8 and colony
formation  assays  revealed that PPP2CA
downregulation led to a significant reduction in the
proliferative capability of ccRCC cells (Fig. S6C-S6D
and S6F). In contrast, PPP2CA-OE enhanced renal
cancer cell migration, invasion, wound healing, and
colony formation (Fig. S6E, S6G-S6I).

MKRN?2 inhibited ccRCC progression and
promoted apoptosis through PPP2CA
mediated-suppression of Wnt signaling
pathway in vitro

MKRN2 and PPP2CA protein concentrations
were negatively correlated in ¢ccRCC (Fig. S6A). To
better understand this MKNR2-PPP2CA axis, we
established PPP2CA and/or MKRN2-OE cell lines.
Our analysis demonstrated that PPP2CA-OE
abolished MKRN2 inhibition in the Wnt signaling
pathway (Fig. 4A). Furthermore, CCK8 and colony
assays revealed that PPP2CA upregulation partially
alleviated the inhibitory impact of MKRN2 on cell
proliferation (Fig. 4B and Fig. S7C-S7E), migration,
and invasion (Fig. S7A-S7B and Fig. S7F-S7H),
substantially reversing MKRNZ2's biological effects
(Fig. 4C-4F). MKRN2-OE alone led to a significant
increase in apoptosis, whereas PPP2CA-OE alone
partially diminished apoptosis. In summary, MKRN2
suppresses ccRCC progression, primarily influencing
tumor cell apoptosis via PPP2CA-mediated Wnt

signaling.
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Figure 2: MKRN2 inactivates the canonical Wnt pathway and motivates ccRCC cell apoptosis. (A, B, C) Gene Set Enrichment Analysis (GSEA) revealed significant
associations between pathways in cancer, apoptosis, and Whnt signaling pathways in ccRCC and the mRNA levels of MKRN2. A False Discovery Rate (FDR) of less than 25% was
considered statistically significant. (D) Western blot assay was conducted to evaluate the protein levels of Wnt and apoptosis-related proteins in MKRN2 overexpressing cells and
the control. (E) TUNEL staining was employed to illustrate the rate of apoptosis in the indicated cells. (F) Flow cytometry analysis was employed to determine the proportion
of apoptotic cells in samples with MKRN2-OE compared to control cells. (G) Western blotting shows subcellular localization of B-Catenin after MKRN2-KD. (H) Western
blotting shows protein levels of MKRN2 and Whnt related-genes in the indicated cell lines. Cells with MKRN2-KD were treated with 10 pM ICG-001 (an inhibitor of
B-catenin/TCF) or DMSO. (1) Flow cytometry analysis was employed to determine the proportion of apoptotic cells in indicated cell lines. (J) CCK8 assays for indicated cell lines
(n = 4). Significance levels denoted as follows: ***p < .0001, ***p < .001, **p < .01, and *p < .05.
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Figure 3: Identification of PPP2CA in the MKRNZ2 protein complex that is over-expressed in ccRCC. (A) A Venn diagram illustrates proteins that interacted with
Wht-related molecules (KEGG_WNT_SIGNALING_PATHWAY), proteins pulled down via Flag-MKRN2, and proteins pulled down via Vector in A498 cell lines. (B) PPP2CA

peptides that were pulled down by Flag-MKRN2. (C) the mRNA expression level of PPP2CA and PPP2R1A in MKRN2-

OE renal tumor cell lines (n = 4). (D) Western blot analysis

was employed to confirm the two potential targets of MKRN2. GAPDH served as a loading control. (E)PPP2CA protein expression was elevated in renal cancer tissues compared
to adjacent non-cancerous renal tissues. (F) and (G) The protein levels of PPP2CA were evaluated in 24 ccRCC tissues and adjacent nonmalignant tissues. (H) and (I) The mRNA

and protein levels of PPP2CA were assessed in RCC cell lines (786-0, A498, Caki-1, and OSRC-2) and a normal ce

Il line (293). (J) Immunohistochemistry (IHC) staining was

performed for PPP2CA in ccRCC tissues and adjacent nonmalignant tissues. (K) No significant differences in the mRNA expression levels of PPP2CA and PPP2RI1A in the

TCGA-KIRC database. (L) Survival analysis showed a significant difference for PPP2CA with no significant difference i
denoted as follows: ***p < .0001, **p < .001, **p < .01, and *p < .05.

n PPP2RIA from the CPTCA database. (Significance levels
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Figure 4: MKRN2 represses ccRCC proliferation and promoted tumor cell apoptosis by antagozing PPP2CA-activated Wnt pathway. In light of the
overexpression of MKRN2, cellular models featuring concurrent overexpression of PPP2CA were generated via the transfection of PPP2CA lentivirus. (A) A Western blot assay
was employed to evaluate the protein levels of MKRN2 and PPP2CA in the specified cells. (B) Cell growth curves were established through CCK8 assays for the designated cells
(n = 3). (C, D) TUNEL staining was employed to illustrate the apoptosis rate in the designated cells (n = 3). (E, F) Flow cytometry analysis was employed to ascertain the
proportion of apoptotic cells in the specified samples (n = 3). Significance levels denoted as follows: ***¥p < 0001, ***p < .001, **p < .01, and *p < .05.

MKRN2 targeted PPP2CA for its proteasomal

degradation

Both endogenous and exogenous
immunoprecipitation experiments confirmed the

interaction between MKRN2 and PPP2CA (Fig.
5A-5D). Immunofluorescence analysis further
corroborated this finding (Fig. 5E). Functional
analysis of MKRN?2 revealed a significant association
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between protein ubiquitination and degradation (Fig.
5F). To validate this, we conducted protein half-life
experiments using CHX. The results showed that
MKRN2-OE significantly accelerated the degradation
of PPP2CA (Fig. 5G-5]). Following chloroquine
treatment, PPP2CA expression in MKRN2-OE cells
was notably lower than in control cells, whereas
MG132 treatment resulted in similar PPP2CA
expression levels in both MKRN2-OE and control cells
(Fig. 5K). MKRN2 enhanced the ubiquitination of
PPP2CA (Fig. 5L). These findings suggest that
MKRN?2 regulates PPP2CA expression primarily via
the ubiquitin-proteasome pathway. Both endogenous
and exogenous immunoprecipitation experiments
confirmed the interaction between MKRN2 and
PPP2CA  (Fig. 5A-5D). IF analysis further
corroborated this connection (Fig. 5E). Functional
analysis of MKRN2 revealed a significant association
between protein ubiquitination and degradation (Fig.
5F). As validation, we conducted protein half-life
experiments using CHX and found that MKRN2-OE
significantly accelerated PPP2CA degradation (Fig.
5G-5]). Following chloroquine treatment, PPP2CA
expression in MKRN2-OE cells was notably lower
than in control cells, whereas MG132 treatment led to
similar PPP2CA expression levels across both
MKRN2-OE and control cells (Fig. 5K). Moreover,
MKRN2 enhanced PPP2CA ubiquitination (Fig. 5L).
These findings suggest that MKRN2 regulates
PPP2CA expression primarily via the
ubiquitin-proteasome pathway.

We designed MKRN2 truncations to identify
specific domains responsible for binding with
PPP2CA (Fig. 6A). We co-expressed PPP2CA with a
Myc-tagged protein and MKRN2 with a FLAG-tagged
protein in 293T cells (Fig. 6B). Exogenous
immunoprecipitation experiments showed that the
two proteins did not interact when the N-terminal
(ACH) was absent (Fig. 6B). Bioinformatic analysis,
focusing on conserved lysine residues and
ubiquitination sites across species, identified K41R as
a key site for maintaining PPP2CA stability, while
mutations at other sites had no significant effect on
PPP2CA  (Fig. 6C). Additionally, = PPP2CA
ubiquitination levels decreased at the K41R mutation
site, while ubiquitination at other mutation sites
remained unchanged (Fig. 6D). MKRN2-OE in A498
cells occurred concurrently with a gradual
downregulation of endogenous PPP2CA (Fig. 6E).
Consistently, PPP2CA ubiquitination was markedly
lower when MKRN2AR or ACH mutants were
overexpressed, in contrast to the effects of wild-type
MKRN2 -OE (Fig. 6F). Moreover, both MKRN2AR
and ACH were poor facilitators of PPP2CA
degradation in renal cancer cells (Fig. 6G).

The RING domain of E3 ubiquitin ligases is
crucial for their enzymatic function; our findings
showed that H264E and AR mutants in the RING
domain completely abolished PPP2CA ubiquitination
(Fig. 61), stabilizing PPP2CA (Fig. 6H). These results
highlight the importance of the RING and ACH
domains in MKRN2 binding with PPP2CA and
functioning as a ubiquitin ligase. We also found that
ectopic MKRN2 expression significantly stimulated
PPP2CA polyubiquitination, specifically via Lys
48(K48)-linked, but not Lys 63(K63)-linked,
polyubiquitin  chains, supporting proteasome-
mediated degradation (Fig. 6]) [24, 25].

MKRN2 destabilizes B-Catenin proteins that
are in complex with PPP2CA

B-Catenin is a key factor in Wnt-mediated
transcriptional cascade and next, we addressed
whether [-Catenin can be a mediator of PPP2CA
biological functions. We first performed Co-IP tests in
A498 and Caki-1 cells to validate the mutual binding
between [3-Catenin and PPP2CA proteins (Fig. 7A-7B);
and then conducted co-focal fluorescence assay to
confirm their co-localization (Fig. 7C). Nevertheless,
PPP2CA-KD would reduce the transcripts of Wnt
signature genes but not P-Catenin (Fig. S6J-S6K),
indicating PPP2CA regulates p-Catenin protein but
not mRNA. Importantly, protein stability assays
demonstrated that MKRN2 reduced f-Catenin
stability (Fig. 7D-7G). In accordance, the degradation
of pB-Catenin proteins was associated with typical
ubiquitination signals that would be enhanced by
MKRN?2 (Fig. 7H-7I). We monitored (-Catenin total
and subcellular protein expression in A498 and Caki-1
cells and found nuclear localization of B-Catenin
proteins and indeed, P-Catenin phosphorylation
inversely correlated with its total protein levels (Fig.

7).

MKRN2 repressed the progression of ccRCC in
vivo via the PPP2CA-B-Catenin-Wnt pathway

We next investigated the effects of MKRNZ2 on
the PPP2CA-B-Catenin-Wnt axis in vivo using
subcutaneous tumor models. As shown, MKRN2-OE
markedly inhibited tumor burdens compared to the
control vector group, while PPP2CA-OE reversed the
growth inhibition upon MKRN2-OE (Fig. 8A-8C).
Moreover, PPP2CA-OE antagonized the magnitude of
cell apoptosis elicited by MKRN2-OE in subcutaneous
tumors and IHC assays showed that the
down-regulation of Ki67, MMP2, MMP9, and Bcl2 in
the MKRN2-OE group was partially restored by
PPP2CA-OE (Fig. 8D-8F). Furthermore, live
small-animal fluorescent imaging showed that
PPP2CA-OE counteracted the metastatic inhibition
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conferred by MKRN2-OE, increasing the number of
metastatic nodes in the livers and lungs of mice (Fig.
8G-8]). Based on these findings, we propose that
MKRN2 and PPP2CA have opposite regulatory

effects on P-Catenin protein expression, leading to
functional equilibration of the Wnt signaling that
mediates ccRCC tumor progression (Fig. 9).
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Figure 5: MKRN2 interacts with and destabilizes PPP2CA protein by catalyzing its poly-ubiquitination that is coupled to proteasome-specific degradation
pathway. (A, B) Co-immunoprecipitation (Co-IP) assays were conducted to evaluate the endogenous interaction between MKRN2 and PPP2CA in A498 and Caki-1 cells. (C,
D) Co-IP assays were also employed to determine the exogenous interaction between MKRN2 and PPP2CA in HEK293T cells overexpressing Flag-MKRN2 and/or Myc-PPP2CA.
(E) Representative confocal microscopic images illustrate the colocalization of MKRN2 and PPP2CA in A498 cells. (F) GSEA revealed significant associations between
ubiquitin-mediated proteolysis and the mRNA levels of MKRN2. (G, H) ccRCC cells with stable MKRN2-KD and OE were subjected to cycloheximide (CHX) treatment at
specified time intervals. Subsequently, cells were collected, and PPP2CA protein expression was assessed via western blotting (n = 3). (I, J) Quantitative analysis was performed
to determine the relative protein level of PPP2CA in (G, H). (K) ccRCC cells with stable MKRN2 -OE were treated with vehicle (DMSO), MG132 (20 x 10—6 M), or chloroquine
(50 x 10—6 M) for 12 hours. Western blot analysis was employed to evaluate the protein level of PPP2CA. (L) After incubating with MG132 for a duration of 6 hours, cells
overexpressing MKRN2 in a stable manner were lysed. Subsequently, immunoprecipitation was performed using an antibody targeting PPP2CA, followed by western blot analysis
with an anti-ubiquitin antibody. Significance levels denoted as follows: ***¥p < .0001, ***p < .001, **p < .01, and *p < .05.
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Figure 6: MKRN2 mediates K48-linked poly-ubiquitination of PPP2CA at its lysine-41 (K41) residue. (A) lllustrated are schematic depictions of human
MKRN2(WT) and its truncation mutants. (B) A498 cells were transfected with plasmids encoding Flag-tagged MKRN2 for 48h. Cell lysates were analyzed by western blot with
indicated antibodies. (C) HEK293T cells were co-expressed with wild-type and lysine residual mutated Myc-tagged PPP2CA plasmids for 48h prior to western blot analyses. (D)
HEK293T cells were co-expressed with wild-type and lysine residual mutated Myc-tagged PPP2CA plasmids for 48h prior to ubiquitination analyses. (E) A498 cells were
transfected with indicated plasmids or a control vector for 48h prior to WB analyses. (F) Wild-type and lysine residual mutated Myc-tagged PPP2CA plasmids were individually
transfected into A498 cells, with or without Flag-tagged MKRN2. After 48h prior to ubiquitination analyses. (G)A498 after co-transfection with the indicated constructs. After
48h, cell lysates were analyzed by western blot with indicated antibodies. (H) HEK293T cells were transfected with plasmids encoding Myc-tagged PPP2CA, along with a plasmid
encoding Flag-tagged wild-type MKRN2 or MKRN2 mutants (H264E, AR). After 48h, cell lysates were analyzed by western blot with indicated antibodies. () MKRN2 instead of
MRKN2 (H264E) promoted the polyubiquitination of Myc-tagged PPP2CA in vitro. (J)) HEK293T cells were co-expressed Flag-tagged MKRN2 or a control vector with
Myc-PPP2CA and wild type (WT) or mutant HA-tagged ubiquitin (HA-Ub, HA-Ub K48R, HA-Ub K63R) for 48h.
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Figure 7: MKRN2 mediates the poly-ubiquitination and destabilization of PPP2CA-binding partner B-Catenin. (A, B) Co-IP assays were conducted to ascertain
the endogenous interaction between PPP2CA and B-Catenin in A498 and Caki-1 cells. (C) Presented are representative confocal microscopic images displaying the colocalization
of MKRN2, PPP2CA, and B-Catenin in A498 cells. (D, E) ccRCC cells with stable MKRN2-OE were subjected to cycloheximide (CHX) treatment at specified time intervals.
Subsequently, cells were collected, and PPP2CA protein expression was assessed via western blotting (n = 3). (F, G) Quantitative analysis was performed to determine the
relative protein level of PPP2CA. (H) Cells exhibiting stable MKRN2-OE were lysed and subjected to immunoprecipitation utilizing an antibody against B-Catenin, subsequently
analyzed by western blotting with an anti-ubiquitin antibody. After incubating with MG132 for a duration of 6 hours, cells overexpressing MKRN2 in a stable manner were lysed.
Subsequently, immunoprecipitation was performed using an antibody targeting B-Catenin, followed by western blot analysis with an anti-ubiquitin antibody. (I) ccRCC cells with
stable MKRN2 -OE were treated with vehicle (DMSO), MG132 (20 x 10—6 M), or chloroquine (50 X 10—6 M) for 12 hours. Western blot analysis was employed to evaluate the
protein level of PPP2CA. (J) Western blot analysis was performed on p-B-Catenin and -Catenin protein levels derived from whole-cell, nuclear, and cytoplasmic extracts in A498
and Caki-1 cells stably transfected with the designated lentiviruses. GAPDH, a-Tubulin, and Lamin Bl were employed as loading controls.
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Figure 8: MKRN2 and PPP2CA have opposite effects on Wnt activation and ccRCC progression in mouse xenografts. The MKRN2-PPP2CA-B-Catenin axis
exhibited inhibitory actions on tumor advancement and concurrently facilitated apoptotic events in tumor cells within the in vivo setting. (A) Depicted are representative images
of subcutaneous tumors isolated from nude mice. (B) The tumors were excised and weighed after euthanizing the mice (n = 5), with statistical analysis conducted via t-test. (C)
Tumor dimensions were assessed every five days, culminating in a final measurement on day 30 (n = 5), with statistical analysis conducted via t-test. (D-E) IHC staining was
performed for MKRN2, PPP2CA, B-Catenin, MMP2, MMP9, Bcl2, Ki67, and Tunel stain in the subcutaneous tumors (n = 3), with statistical analysis conducted via t-test. (F) The
relative fluorescence intensity of Tunel stain in the subcutaneous tumors from the four groups (n = 3), with statistical analysis conducted via t-test. (G) Live fluorescence imaging
was undertaken in the metastasis mode for the four groups. (H) Live small animal fluorescent images were captured for the Vector + Vector, MKRN2 + Vector, Vector +
PPP2CA, and MKRN2 + PPP2CA groups in the metastasis model (n = 3). (I) Presented is an image of the liver in the four groups. (J) The H&E staining was performed on lung and
liver metastases from the four groups, with scale bars indicating 200 pm and 50 um. Significance levels denoted as follows: ****p < .0001, **p < .001, **p < .01, and *p < .05.
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Figure 9: The illustration depicts a schematic model delineating the operational mechanisms of MKRN2 in clear cell renal cell carcinoma (ccRCC). To
summarize, our investigation discerned that MKRN2, acting as a tumor suppressor, undergoes downregulation in ccRCC, a process facilitated by promoter hypermethylation.
MKRN?2 precisely targets PPP2CA at the K41 residue, instigating a sequence of events involving polyubiquitination and eventual degradation. Consequently, this molecular
process impedes the dephosphorylation of the N-terminal segment of B-Catenin, thereby inhibiting the activation of the Whnt signaling pathway.

Discussion

Understanding the nature of this disease is
crucial for treatment, in which epigenetics have
fundamental significance [26]. Epigenetics, a critical
area of biomedical research, helps elucidate
mechanisms underlying biological processes [27].
Among the various epigenetic modifications, DNA
methylation is particularly important [28-31].
Hypermethylation of the MKRN2 promoter region
contributes significantly to reduced gene expression.
Extensive research on ccRCC has shown how gene
methylation affects its initiation and progression.
Tumor related signaling pathways promote the
development of tumors [32-34]. An accumulating
body of evidence underscores the role of aberrantly
activated Wnt signaling in driving critical cancer
processes, including cell proliferation, migration, and
metastasis [35-37]. This study delineates a negative
association of MKRN2 with Wnt activation and
ccRCC progression. In tumor cells, MKRN2 promoter
is marked by hypermethylation that lowers its gene
transcription. Mechanistically, in protein interacting
complex, MKRN2 promotes PPP2CA ubiquitination
and protein destabilization, resulting p-Catenin
protein phosphorylation and degradation, then

inactivating of the Wnt pathway, leading to cell
apoptosis and anti-tumorigenesis (Fig. 9).

Ubiquitination is a post-translational
modification, essential for maintaining cellular
protein homeostasis [37-39]. The discernment of
specificity within the ubiquitin system is governed by
E3 ligases, which selectively designate proteins for
ubiquitination [40, 41]. E3 ligases can designate target
proteins by recognizing a distinct peptide motif
known as a degron within the substrate [42]. Notably,
MKRN2 was observed to obstruct the progression of
lung cancer through ubiquitin-mediated degradation
of PI3Kp85a [11]. Previous study has shown that
MKRN1/MKRN?2 can inhibit renal cancer progression
by regulating P53 [43]. Our current study represents
an inaugural report delineating the role of MKRN2 in
restraining c¢ccRCC progression and promoting its
apoptosis through PPP2CA-dependent deactivation
of Wnt signaling. Our work presents the first
evidences that the E3 ligase activity of MKRN2
engages with [-Catenin ubiquitination and
degradation, leading to Wnt inactivation in ¢ccRCC
settings. In this regulatory process, PPP2CA functions
as a mediator that partners with both MKRN2 and
p-Catenin proteins, to convey critical signaling
cascades.
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Through endogenous, exogenous, and in vitro
ubiquitination assays, we demonstrated that MKRN2
catalyzes the ubiquitination of PPP2CA at the K41
residue via its E3 ligase activity. K48-associated
ubiquitinated linkages mainly enter the proteasome
pathway for degradation [44]. Our findings indicate
that PPP2CA ubiquitination leads to increased
phosphorylation, in turn deactivating downstream
B-Catenin signaling. Protein phosphatase 2A (PP2A)
is one of the four principal Ser/Thr phosphatases and
comprises a catalytic subunit and a diverse array of
additional regulatory subunits, playing a crucial role
in Wnt regulation [45, 46]. Furthermore, PPP2CA
encodes the alpha isoform of the catalytic subunit [47].
Ubiquitination of PPP2CA, the catalytic subunit of
PP2A, has been implicated in breast cancer growth
[48], in contrast, PPP2CA gene is highly expressed in
hepatocellular ~ carcinoma  tissues and  its
over-expression correlates with poor prognosis [49].
similarly, in neuroblastoma cells, reduction of
PPP2CA decreases cell growth [50]. Here we
demonstrated that MKRN2 catalyzes the K48-linked
ubiquitination of PPP2CA proteins, targeting to the
proteasome-dependent degradation pathway. In turn,
PPP2CA depletion leads to the phosphorylation and
down-regulation of p-Catenin proteins, deactivating
the canonical Wnt signaling. It was reported that
PPP2CA is primarily responsible for the N-terminal
dephosphorylation of 3-Catenin, leading to f-Catenin
protein ubiquitination and degradation by the
SCFF-TCP complex [51]. Our experiments similarly
showed an interaction between PPP2CA and the
N-terminal phosphorylation site of p-Catenin,

without significant effect on the C-terminal
phosphorylation  site,  indicating  additional
phosphotases may engage with the p-Catenin

C-terminal dephosphorylation. Since the N-terminal
phosphorylation of p-Catenin is associated with its
ubiquitination and degradation by SCFF-TCP [52],
future work should assess whether MKRN2 unleashes
the cascade of p-Catenin depletion through the
SCFB-TrCP module. Taken together, our report grants
candidacy to the E3 ubiquitin ligase activity of
MKRN2 and the phosphatase activity of its substrate
PPP2CA as novel ccRCC therapeutic targets.

Conclusions

In the current report, we addressed the clinical
relevance, functional significance and critical partners
of E3 ligase MKRN2 in ccRCC progression.
Specifically, MKRN2 functions as a tumor suppressor,
by modulating the PPP2CA-B-Catenin axis to
inactivate the Wnt pathway.

Supplementary Material

Supplementary figures and tables.
https:/ /www ijbs.com/v21p5361sl.pdf

Acknowledgements

This study was supported by the National
Natural Science Foundation of China (82372845,
823728743), Science foundation of union hospital
(2022xhyn030, 2024XHYNO045, 2024XHYNO048).

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Zieren RC, Zondervan PJ, Pienta KJ, Bex A, de Reijke TM, Bins AD. Diagnostic
liquid biopsy biomarkers in renal cell cancer. Nature reviews Urology. 2023.

2. ZiH, Liu MY, Luo LS, Huang Q, Luo PC, Luan HH, et al. Global burden of
benign prostatic hyperplasia, urinary tract infections, urolithiasis, bladder
cancer, kidney cancer, and prostate cancer from 1990 to 2021. Mil Med Res.
2024;11: 64.

3. Li QK, Pavlovich CP, Zhang H, Kinsinger CR, Chan DW. Challenges and
opportunities in the proteomic characterization of clear cell renal cell
carcinoma (ccRCC): A critical step towards the personalized care of renal
cancers. Seminars in cancer biology. 2019; 55: 8-15.

4. DulL, Wang B, Wu M, Chen W, Wang W, Diao W, et al. LINC00926 promotes
progression of renal cell carcinoma via regulating miR-30a-5p/SOX4 axis and
activating IFNgamma-JAK2-STAT1 pathway. Cancer letters. 2023; 578: 216463.

5. Jong MT, Gray TA, Ji Y, Glenn CC, Saitoh S, Driscoll DJ, et al. A novel
imprinted gene, encoding a RING zinc-finger protein, and overlapping
antisense transcript in the Prader-Willi syndrome critical region. Hum Mol
Genet. 1999; 8: 783-93.

6. Gray TA, Azama K, Whitmore K, Min A, Abe S, Nicholls RD. Phylogenetic
conservation of the makorin-2 gene, encoding a multiple zinc-finger protein,
antisense to the RAF1 proto-oncogene. Genomics. 2001; 77: 119-26.

7. Lorick KL, Jensen JP, Fang S, Ong AM, Hatakeyama S, Weissman AM. RING
fingers mediate ubiquitin-conjugating enzyme (E2)-dependent ubiquitination.
Proceedings of the National Academy of Sciences of the United States of
America. 1999; 96: 11364-9.

8. Borden KL. RING domains: master builders of molecular scaffolds? Journal of
molecular biology. 2000; 295: 1103-12.

9. Kim JH, Park SM, Kang MR, Oh SY, Lee TH, Muller MT, et al. Ubiquitin ligase
MKRN1 modulates telomere length homeostasis through a proteolysis of
hTERT. Genes & development. 2005; 19: 776-81.

10. Shin C, Ito Y, Ichikawa S, Tokunaga M, Sakata-Sogawa K, Tanaka T. MKRN2
is a novel ubiquitin E3 ligase for the p65 subunit of NF-kB and negatively
regulates inflammatory responses. Scientific reports. 2017; 7: 46097.

11. Jiang J, Xu Y, Ren H, Wudu M, Wang Q, Song X, et al. MKRN2 inhibits
migration and invasion of non-small-cell lung cancer by negatively regulating
the PI3K/ Akt pathway. Journal of experimental & clinical cancer research: CR.
2018; 37: 189.

12. Jia C, Tang H, Yang Y, Yuan S, Han T, Fang M, et al. Ubiquitination of
IGF2BP3 by E3 ligase MKRN2 regulates the proliferation and migration of
human neuroblastoma SHSY5Y cells. Biochemical and biophysical research
communications. 2020; 529: 43-50.

13. Zhang Y, Cui N, Zheng G. Ubiquitination of P53 by E3 ligase MKRN2
promotes melanoma cell proliferation. Oncology letters. 2020; 19: 1975-84.

14. Qi P, Yexie Z, Xue C, Huang G, Zhao Z, Zhang X
LINC00294/miR-620/MKRN2 axis provides biomarkers and negatively
regulates malignant progression in colorectal carcinoma. Human &
experimental toxicology. 2023; 42: 9603271231167577.

15. Shen ], Su X, Pan M, Wang Z, Ke Y, Wang Q, et al. Current insights into the
oncogenic roles of IncRNA LINC00355. Cancer Innov. 2023; 2: 448-62.

16. Dong Z, Ojha A, Barlow L, Luo L, Liu JY, Zhang JT. The elF3a translational
control axis in the Wnt/beta-catenin signaling pathway and colon
tumorigenesis. Cancer letters. 2024; 605: 217303.

17. Lu Q, Yang D, Li H, Niu T, Tong A. Multiple myeloma: signaling pathways
and targeted therapy. Mol Biomed. 2024; 5: 25.

18. Mamadalieva NZ, Koval A, Dusmuratov MM, Hussain H, Katanaev VL.
Chemical and Biological Characterization of Metabolites from Silene
viridiflora Using Mass Spectrometric and Cell-Based Assays. Biomolecules.
2024; 14.

19. Wang J, Gan L, Liu F, Yang Q, Deng Q, Jiang D, et al. USP10 promotes
pancreatic ductal adenocarcinoma progression by attenuating FOXC1 protein

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

5377

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

degradation to activate the WNT signaling pathway. International journal of
biological sciences. 2024; 20: 5343-62.

Rao H, Li X, Liu M, Liu J, Feng W, Tang H, et al. Multilevel Regulation of
B-Catenin Activity by SETD2 Suppresses the Transition from Polycystic
Kidney Disease to Clear Cell Renal Cell Carcinoma. Cancer research. 2021; 81:
3554-67.

Llovet JM, Montal R, Sia D, Finn RS. Molecular therapies and precision
medicine for hepatocellular carcinoma. Nature reviews Clinical oncology.
2018; 15: 599-616.

Wang G, Zhang ZJ, Jian WG, Liu PH, Xue W, Wang TD, et al. Novel long
noncoding RNA OTUD6B-ASI indicates poor prognosis and inhibits clear cell
renal cell carcinoma proliferation via the Wnt/{-catenin signaling pathway.
Molecular cancer. 2019; 18: 15.

Li LC, Dahiya R. MethPrimer: designing primers for methylation PCRs.
Bioinformatics (Oxford, England). 2002; 18: 1427-31.

Grice GL, Nathan JA. The recognition of ubiquitinated proteins by the
proteasome. Cellular and molecular life sciences: CMLS. 2016; 73: 3497-506.
Sun D, Wu R, Zheng ], Li P, Yu L. Polyubiquitin chain-induced p62 phase
separation drives autophagic cargo segregation. Cell research. 2018; 28: 405-15.
Bahrami H, Tafrihi M. Global trends of cancer: The role of diet, lifestyle, and
environmental factors. Cancer Innov. 2023; 2: 290-301.

HeJ, Hao F, Song S, Zhang ], Zhou H, Zhang ], et al. METTL Family in Healthy
and Disease. Mol Biomed. 2024; 5: 33.

Bayley R, Sweatman E, Higgs MR. New perspectives on epigenetic
modifications and PARP inhibitor resistance in HR-deficient cancers. Cancer
Drug Resist. 2023; 6: 35-44.

Sun YY, Gao HC, Guo P, Sun N, Peng C, Cheng ZH, et al. Identification of
NR3C2 as a functional diagnostic and prognostic biomarker and potential
therapeutic target in non-small cell lung cancer. Cancer Innov. 2024; 3: e122.
Wang Y, Ma X, Zhang T, et al. Research progress of DNA methylation in the
screening of cervical cancer and precancerous lesions. Interdiscip Med. 2025; 3:
€20240043.

Zhao Y, Xu H, Wang H, Wang P, Chen S. Multidrug resistance in
Pseudomonas aeruginosa: genetic control mechanisms and therapeutic
advances. Mol Biomed. 2024; 5: 62.

Li Z.,, Chen Q. Zhang Y., Ye Z., Song Y., Zhang Y., et al. Osteosarcoma
cells-derived exosomal YES1 promote tumor progression via MAPK pathway.
Interdiscip Med. 2025; 3: €20240072.

Liu B, Hu ZY, Xie N, Liu L, Li ], Yang X, et al. Beyond clinical trials: CDK4/6
inhibitor efficacy predictors and nomogram model from real-world evidence
in metastatic breast cancer. Cancer Innov. 2024; 3: e143.

Yang G, Wang Y, Lai Z-W, Zhang H, Zhang Y, Song F.
Renin-angiotensin-system and clear cell renal carcinoma: research advances
and future perspectives. ] Cancer Metastasis Treat. 2024; 10: 26.

Ter Steege EJ, Doornbos LW, Haughton PD, van Diest PJ, Hilkens J, Derksen
PWB, et al. R-spondin-3 promotes proliferation and invasion of breast cancer
cells independently of Wnt signaling. Cancer letters. 2023; 568: 216301.

Chen Z, Ruan W, Guo C, Chen K, Li L, Tian J, et al. Non-SMC condensin I
complex subunit H participates in anti-programmed cell death-1 resistance of
clear cell renal cell carcinomas. Cell proliferation. 2023; 56: €13400.

Li B, Adam Eichhorn PJ, Chng WJ. Targeting the ubiquitin pathway in
lymphoid malignancies. Cancer letters. 2024; 594: 216978.

Wang L, Xu R, Huang C, Qu S. The antiferroptotic role of TRIM7: Molecular
mechanism and synergistic effect with temozolomide. Cancer Innov. 2023; 2:
237-9.

Han Z, Xu L, Wang A, Wang B, Liu Q, Liu H, et al. UBE2S facilitates
glioblastoma progression through activation of the NF-kappaB pathway via
attenuating K11-linked ubiquitination of AKIP1. International journal of
biological macromolecules. 2024; 278: 134426.

Ardley HC, Robinson PA. E3 ubiquitin ligases. Essays in biochemistry. 2005;
41: 15-30.

Tian Z, Xu C, He W, Lin Z, Zhang W, Tao K, et al. The deubiquitinating
enzyme USP19 facilitates hepatocellular carcinoma progression through
stabilizing YAP. Cancer letters. 2023; 577: 216439.

Lucas X, Ciulli A. Recognition of substrate degrons by E3 ubiquitin ligases and
modulation by small-molecule mimicry strategies. Current opinion in
structural biology. 2017; 44: 101-10.

Yang Y, Luo Y, Huang S, Tao Y, Li C, Wang C. MKRN1/2 serve as tumor
suppressors in renal clear cell carcinoma by regulating the expression of p53.
Cancer biomarkers: section A of Disease markers. 2023; 36: 267-78.

Rahman S, Wolberger C. Breaking the K48-chain: linking ubiquitin beyond
protein degradation. Nature structural & molecular biology. 2024; 31: 216-8.
Patturajan M, Nomoto S, Sommer M, Fomenkov A, Hibi K, Zangen R, et al.
DeltaNp63 induces beta-catenin nuclear accumulation and signaling. Cancer
cell. 2002; 1: 369-79.

Huyghe A, Furlan G, Ozmadenci D, Galonska C, Charlton J, Gaume X, et al.
Netrin-1 promotes naive pluripotency through Neol and Unc5b co-regulation
of Wnt and MAPK signalling. Nature cell biology. 2020; 22: 389-400.
Wilodarchak N, Xing Y. PP2A as a master regulator of the cell cycle. Critical
reviews in biochemistry and molecular biology. 2016; 51: 162-84.

Han Y, Xiao M, Zhao S, Wang H, Li R, Xu B. gp78-regulated KAP1
phosphorylation induces radioresistance in breast cancer by facilitating
PPP1CC/PPP2CA ubiquitination. iScience. 2024; 27: 110847.

49.

50.

51.

52.

Liang J, Huang Y, Yang C, Huang S, Xie ], Nong X, et al. The effect of PPP2CA
expression on the prognosis of patients with hepatocellular carcinoma and its
molecular biological characteristics. ] Gastrointest Oncol. 2021; 12: 3008-21.
Galiger C, Dahlhaus M, Vitek MP, Debatin KM, Beltinger C. PPP2CA Is a
Novel Therapeutic Target in Neuroblastoma Cells That Can Be Activated by
the SET Inhibitor OP449. Frontiers in oncology. 2022; 12: 744984.

SuY, Fu C, Ishikawa S, Stella A, Kojima M, Shitoh K, et al. APC is essential for
targeting phosphorylated beta-catenin to the SCFbeta-TrCP ubiquitin ligase.
Molecular cell. 2008; 32: 652-61.

Liu C, Kato Y, Zhang Z, Do VM, Yankner BA, He X. beta-Trcp couples
beta-catenin phosphorylation-degradation and regulates Xenopus axis
formation. Proceedings of the National Academy of Sciences of the United
States of America. 1999; 96: 6273-8.

https://www.ijbs.com



