INTERNATIONAL JOURNAL OF ONCOLOGY 62: 40, 2023

FBXO030 functions as a tumor suppressor and an
E3 ubiquitin ligase for hZIP1-mediated HIF-1a
degradation in renal cell carcinoma
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Abstract. Studies on clear cell renal cell carcinoma (ccRCC)
are gaining momentum due to its high malignancy and poten-
tial to metastasize. F-box protein 30 (FBXO30) is a member of
the F-box protein family; however, its role and mechanism in
cancer remains to be fully elucidated. Western blotting, reverse
transcription-quantitative PCR and immunohistochemsitry
were performed to detect the expression levels of FBXO30 in
ccRCC tissues and adjacent normal tissues. Tumor biological
function assays and animal experiments were conducted to
clarify the inhibitory effect of FBXO30 on the progression and
metastasis of ccRCC. Protein half-life assay, MG132 inhibition
assay, immunofluorescence assay and co-immunoprecipitation
assay were performed to explore the ubiquitination mecha-
nism of FBX030 and HIF-la. Zinc supplementation assay
was used to verify the regulatory relationship between human
ZRT, IRT-like protein 1 (hZIP1), FBXO30 and HIF-1a. The
present study revealed that the expression levels of FBX030
were lower in ccRCC tissues compared with those in normal
adjacent tissues. In addition, FBXO30 inhibited the tumori-
genesis and metastatic capacity of ccRCC cells in vivo and
in vitro. FBXO30 mediated the ubiquitination and degradation
of hypoxia-inducible factor-lo. (HIF-1a) in ccRCC cells under
normoxia, thereby inhibiting the oncogenic effect of HIF-1a.
Notably, hZIP1 served as an upstream regulator of FBXO030,
regulating the expression of FBXO30 and HIF-1a by recruiting
Zn**, In conclusion, the present data suggested that FBXO30
is a novel E3 ubiquitination ligase that can function as a tumor
suppressor in ¢ccRCC, and the hZIP1/Zn**/FBXO30/HIF-1a.
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axis may provide potential biomarkers or therapeutic targets
for ccRCC.

Introduction

Renal carcinoma is a commonly diagnosed tumor in the
urinary system. In 2022, estimated new cases of kidney cancer
ranked 8th among all solid tumors in the United States, with
46,345 and 15,259 expected deaths in China and the United
States, respectively (1,2). Clear cell renal cell carcinoma
(ccRCC) is the most common pathological subtype and is
highly likely to metastasize (3). Patients with distant metas-
tasis often demonstrate unfavorable prognoses even after
radical nephrectomy (4).

F-box protein (FBP) 30 (FBXO30) is a member of
the FBP family. FBPs participate in the assembly of
SKP1-CULLINI1-F-box E3 ubiquitin ligase and act as key
substrate-recognition subunits. Based on the different types
of substrate-binding domains, FBPs are classified into three
groups: FBXs, FBWs and FBLs (5,6). FBXW7 mediates the
ubiquitination degradation of c-myc, SOX9, mTOR and cell
cycle proteins, thereby enabling tumors to obtain resistance
to radiotherapy and chemotherapy (7,8). FBL12 promotes
the maturation of undifferentiated thymocytes by targeting
aldehyde dehydrogenase 3 for ubiquitination degrada-
tion (9). In the FBX protein family, FBXO3 interacts with
Smurfl and degrades it via the ubiquitination pathway, and
EP300-interacting inhibitor of differentiation 1 is defined as a
direct ubiquitination substrate of FBXO21 (10,11). Despite the
fact that the function of FBXO30 was previously unknown,
it has recently been indicated that FBXO30 is involved
in the intracellular ubiquitination regulation of multiple
substrates (12). FBXO30 targets Eg5 for ubiquitinylation, and
impairs mitosis and proliferation in the mouse mammary
gland (13). FBXO30 has been shown to use stem loop-binding
protein as a substrate to regulate chromosome segregation in
mouse oocytes (14). In addition, FBXO30 is dysregulated by
BMP-Smad signaling and participates in muscle loss (15). In
tumors, FBXO30 has been reported to be hypermethylated in
prostate cancer and has been identified as a potential clinical
biomarker (16,17). In addition, FBXO30 is located near the
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D6S1581 gene and can contribute to genetic susceptibility to
nasopharyngeal carcinoma (18). However, the role of FBXO30
in other types of cancer and the specific mechanisms are
largely unknown.

Hypoxia-inducible factor-la (HIF-1a) is universally
enriched in solid tumors. Under normoxia, the classical
degradation pathway of HIF-la occurs through the ubiq-
uitin-proteasome pathway after its binding to the Von
Hippel-Lindau protein (pVHL) E3 ubiquitin ligase (19). An
increasing number of novel E3 ubiquitin ligases using HIF-1a
as a specific substrate have been reported in tumors. In breast
cancer, Parkin and TNF receptor-associated factor 6 have
been shown to target the ubiquitination of HIF-1a. In addition,
GSK-3p can mediate the degradation of HIF-1a in hepatoma
cells through FBXW7 (20-22). These studies suggested that
FBPs may have a role in HIF-1a regulation.

As a member of the ZIP family, the main biological func-
tion of human ZRT, IRT-like protein 1 (hZIP1), is to promote
the intracellular transport of Zn** to maintain zinc homeostasis
in and out of cells. In prostate cancer tissues, hZIP1 expression
is markedly reduced. The decline in intracellular Zn** levels
triggered by the downregulation of hZIP1 abundance may be
associated with the tumorigenesis of prostate cancer (23-25).
Zn** is an important microelement that is involved in multiple
metabolic processes, such as sugar and lipid metabolism (26).
Our previous studies indicated that hZIP1 was downregulated
in ccRCC tissues and that it inhibited tumor progression by
downregulating HIF-1a (27,28). However, the specific mecha-
nism through which hZIP1 decreases HIF-1a and the role of
Zn*" remain unknown.

The present study aimed to verify whether HIF-1a was a
novel substrate of FBXO30 in ccRCC cells. In addition, the
study aimed to determine whether FBXO30 interacted with
HIF-1a and mediated its ubiquitination degradation, and
whether hZIP1 downregulated HIF-1a by increasing FBX030
protein abundance. Finally, to the study explored whether Zn?*
served as a crucial intermediary in this process.

Materials and methods

Bioinformatics analyses. UALCAN (http://ualcan.path.uab.
edu/) was employed to obtain the expression of FBXO30 in
different sample types [533 ccRCC tissues and 72 normal
kidney tissues voluntarily donated by patients with ccRCC;
The Cancer Genome Atlas (TCGA) dataset: kidney renal cell
carcinoma (KIRC)], and to assess the relationship between
FBXO30 expression and different pathological grades and
clinical stages in patients with ccRCC based on data from
TCGA database [dataset (cancer name): KIRC]. The survival
curves of patients with ccRCC and with high or low FBX030
expression levels (TCGA dataset: KIRC) were produced using
Gene Expression Profiling Interactive Analysis (http://gepia.
cancer-pku.cn/). Patients were split into two groups based on
FBXO030 expression: 50% were in the high expression group
and 50% were in the low expression group.

Cell culture and transfection. OS-RC-2 and 786-0 cells were
obtained from The Cell Bank of Type Culture Collection
of The Chinese Academy of Sciences and were cultured in
RPMI-1640 medium (HyClone; Cytiva) supplemented with

10% fetal bovine serum (FBS; Biological Industries; Sartorius
AG). Cells were incubated under normoxia (5% CO, and 95%
humidity) at 37°C.

The pLVX-Puro-FBXO30 and pLVX-Puro-hZIP1
overexpressing lentiviruses were purchased from Shanghai
GeneChem Co., Ltd., and control cells were transfected with
empty vectors. Lentivirus packaging was performed using
a second generation self-inactivated lentivirus packaging
system [GV492 (containing gcGFP, puromycin and the target
gene) vector plasmid, 20 ug; pHelper 1.0 vector plasmid,
15 ug; pHelper 2.0 vector plasmid, 10 ug]. Briefly, 293T cells
(The Cell Bank of Type Culture Collection of The Chinese
Academy of Sciences) were cultured to 50% confluence in a
six-well plate with 2 ml culture medium and were transfected
with the lentiviruses at a concentration of 10x10° transducing
units using HiTransG (Shanghai GeneChem Co., Ltd.)
according to the manufacturer's instruction at 37°C for 48 h.
After centrifugation at 1,500 x g for 15 min at 4°C, the virus
suspension was collected and was then used for transduction.
OS-RC-2 and 786-0 cells were transduced with virus suspen-
sion at 37°C for 48 h (virus volume=cell counts x MOI/virus
titer). The multiplicity of infection for OS-RC-2 and 786-O
cells was 5. The pGPU6/mCherry/Puro-Negative Control and
pGPU6/mCherry/Puro-FBXO30 short hairpin (sh)RNA plas-
mids were constructed by Shanghai GenePharma Co., Ltd. and
cells were transfected using Lipofectamine® 3000 Reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol at room temperature for 8 h. After
selection with puromycin (2 pg/ml) over 72 h to construct
stable cell lines, stable cells transduced with overexpressing
lentiviruses and transfected with shRNA plasmids were
harvested for subsequent assays; puromycin (1 ug/ml) was
used for maintenance of stable cells transduced with overex-
pressing lentiviruses and transfected with shRNA plasmids.
Negative control, FBXO30 and hZIP1 small interfering RNAs
(siRNAs) to were purchased from JTSBIO Co. The shRNA
and siRNA sequences and the vector transcript numbers are
listed in Tables SI and SII.

Patient samples. All ccRCC tissues and corresponding adja-
cent normal tissues (ANTs; =2 cm from the edge of the tumor)
were obtained from 64 patients in the Urology Department,
The First Hospital of China Medical University (Shenyang,
China) between January 2018 and December 2021. The average
age of the patients was 54 years (age range, 45-63 years),
the sex ratio was 1:1, and all of the patients were diagnosed
as ccRCC. A total of 20 pairs of tumor tissues and ANTs
were used for western blotting, 24 pairs underwent reverse
transcription-quantitative PCR (RT-qPCR) and 20 pairs were
used for immunohistochemistry. The groups were classified
based on the Fuhrman grade (29); T1 and T2 were defined
as low grade, and T3 and T4 were defined as high grade. The
present study was approved by the Research Ethics Committee
of China Medical University, and the approval number was
[2019]2019-65-3; written informed consent was obtained from
all patients.

Western blotting. Antibody information is available in
Table SIII. All antibodies were used according to the manu-
facturers' protocols. First, total proteins of OS-RC-2 and
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786-0 cells were extracted using RIPA solution (RIPA: PMSF,
100:1; cat. no. PO013B; Beyotime Institute of Biotechnology).
Protein concentration was determined using Enhanced BCA
Protein Assay Kit (cat. no. P0O010; Beyotime Institute of
Biotechnology). Proteins (40 pg/lane) were then separated
by SDS-PAGE on 10% gels. Subsequently, the proteins were
transferred onto PVDF membranes, which were blocked with
skim milk for 1 h at 37°C. The membranes were then incu-
bated with primary antibodies (1:1,000) overnight at 4°C and
with secondary antibodies (1:4,000) for 1 h at 37°C. Finally,
the ECL reagents (Beijing Transgen Biotech Co., Ltd.) on a
MicroChemi Chemiluminescent Imaging System (DNR
Bio-Imaging Systems Ltd.). was used to visualize the blots.
Image J 1.6.0 software (National Institutes of Health) was used
to determine the ratios of target protein/B-actin.

RNA isolation and RT-gPCR.RNAiso Plus and PrimeScript™
RT Master Mix (both from Takara Biotechnology, Co., Ltd.)
were used to isolate total RNA of OS-RC-2 and 786-0 cells
and synthesize cDNA, respectively, according to the manu-
facturer's protocols. qPCR was then performed using SYBR®
Premix Ex Tag™ (Tli RNaseH Plus) on a LightCycler™ 48011
system (Roche Diagnostics). The thermocycling conditions
were as follows: initial denaturation at 94°C for 3 min, followed
by 45 cycles of denaturation at 95°C for 20 sec, annealing at
55°C for 20 sec and extension at 72°C for 20 sec, and a final
extension step at 72°C for 10 min. The 2224 method (30)
was performed to calculate the relative expression levels. All
of the aforementioned reagents were obtained from Takara
Biotechnology, Co., Ltd., unless otherwise specified. Primer
sequences are provided in Table SI.

Cell viability assay. OS-RC-2 or 786-0 cells (3x10%) were
seeded in each well of 96-well plates. After inoculated cells
grew to ~1x10°, Cell Counting Kit-8 (CCK-8) working solution
(Bimake; CCK-8 total volume, 10:100) was then added to each
well. After incubation at 37°C for 1 h, the absorbance of the
culture solution was measured at 450 nm using a microplate
reader (Model 680; Bio-Rad Laboratories, Inc.) at 24, 48 and
72 h.

5-Ethynyl-2'-deoxyuridine (EdU) assay. An EdU Cell
Proliferation Kit (cat. no. CO071S; Beyotime Institute of
Biotechnology) was used to assess proliferation. After the cells
grew to ~1x10°, EdU reagent (1:1,000) was added to each well
and incubated at 37°C for 2 h. Subsequently, cells were succes-
sively treated with 4% paraformaldehyde (5 min/time for three
times) and 3% Triton X-100 (5 min/time for three times) at
room temperature. The cells were then treated with click reac-
tion buffer at 37°C for 30 min, after which Hoechst solution
was added for 15 min at room temperature. All reaction steps
were performed in the dark. Finally, an immunofluorescence
microscope (Olympus Corporation) was used to observe and
capture images of the cells.

Wound-healing assay. After cells grew to 100% confluence
in 24-well plates, 1-ml pipette tips were used to make a
scratch in the center of the wells. The cells were then cultured
with serum-free medium at 37°C for 24 h. Cell images were
acquired with an inverted microscope (EVOS XL system; cat.

no. AMEX12000; Thermo Fisher Scientific, Inc.). ImageJ 1.6.0
software was used to calculate the wound area, as follows:
Average scratch width=scratch area/length; cell migration
rate=(0 h scratch width-24 h scratch width)/0 h scratch width
x100.

Cell migration and invasion assays. Cells were suspended
in medium supplemented with 2% FBS (1x10° cells/well for
migration assay and 2x10%/well for invasion assay), and 200 ul
cell suspension was added to the upper chambers of Transwell
plates (pore size, 8.0 ym; Corning, Inc.). In the invasion assay,
chambers were covered with Matrigel (Matrigel:serum-free
medium, 1:5; 20 ul/chamber; BD Biosciences) for 30 min at
37°C. Subsequently, the chambers were placed into 24-well
plates with 600 ul medium (10% FBS) in the lower chamber.
After incubation at 37°C for 48 h, the chambers were gently
rinsed with PBS and the cells were removed with cotton
swabs. Crystal violet solution (cat. no. C0121; Beyotime
Institute of Biotechnology) was used for staining (10 min at
room temperature). Images were obtained under an inverted
light microscope at x100 magnification.

MG132 inhibition and protein half-life assays. For the MG132
(cat. no. HY-13259; MedChemExpress) inhibition assay, cells
were treated with MG132 (10 uM/well) after growing to 70-80%
confluence in six-well plates for 8 h at 37°C. Subsequently,
total protein was extracted and subjected to western blotting
as aforementioned to detect the protein expression levels of
HIF-1a. For the protein half-life assay, cells were cultured
to 80-90% confluence in 100-mm culture dishes and were
treated with 10 uM cycloheximide (CHX, cat. no. HY-12320;
MedChemExpress) at 37°C. Cells were collected at 0, 20, 40
and 60 min. Subsequently, total protein was extracted and
subjected to western blotting as aforementioned to detect the
protein expression levels of HIF-1a. The half-life of HIF-1a
protein was calculated by scanning the density value of the
blots using ImageJ 1.6.0 software.

Immunofluorescence staining assay. Cells were cultured to
80% density in 24-well plates before fixation with 4% parafor-
maldehyde for 30 min at 37°C. Cells were then incubated with
0.2% Triton X-100 for 30 min at 37°C, followed by blocking
with 5% FBS for 30 min at 37°C. Subsequently, the cells were
incubated with FBXO30 and HIF-1a antibodies (1:100) at 4°C
overnight. Alexa Fluor® 488 and 594 secondary antibodies (cat.
nos. ab150077 and ab150080; 1:200; Abcam) were then added
and incubated for 60 min in the dark at 37°C. Finally, the cells
were treated with DAPI solution [1:3; cat. no. abs9235, Absin
(Shanghai) Biotechnology Co., Ltd.] with agitation for 20 min
in the dark, and images were captured under a fluorescence
microscope.

Co-immunoprecipitation (Co-IP) assay. Cells were lysed in
lysis buffer (RIPA:PMSF:proteasome inhibitor, 100:1:1), then
the lysate was centrifuged at 13,201 x g for 20 min at 4°C.
Appropriate amounts of supernatant were separated for use
as input. Subsequently, 2 ug FBX030, HIF-1a or ubiquitin
antibodies and IgG were added to each 500 ul of lysate, with
vertical mixing at 4°C overnight. Afterwards, A/G beads (cat.
no. B23202; Bimake) were washed with TBS-0.1% Tween (cat.
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no. T1081; Beijing Solarbio Science & Technology Co., Ltd.)
for 1 h with vertical mixing at 4°C. Subsequently, 20 ul A/G
beads was added to each 500 pl of lysate and vertically mixed
at 4°C for 1 h. Each 20 ul of magnetic beads was isolated using
a magnetic separator (cat. no. B23803; Bimake). After being
suspended in 10 gl 2X SDS loading buffer (cat. no. P1040;
Beijing Solarbio Science & Technology Co.,Ltd.), the magnetic
beads were incubated at 100°C for 20 min. Finally, the super-
natant was aspirated and subjected to western blotting.

Zinc supplementation assay. Cells were cultured to 70-80%
confluence in six-well plates. Subsequently, different concen-
tration of ZnCl, solution (cat no. 366374; MilliporeSigma) was
added to the culture medium for 2 h at 37°C. Total protein
was extracted and subjected to western blotting to detect the
protein expression levels of HIF-1a as aforementioned.

Animal experiments. The animal experiments performed in
the present study were approved by the Ethics Committee of
China Medical University (approval no. KT2022527). A total
of 16 SPF/VAF female BALB/c-nude mice (age, ~4 weeks)
were obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. for use in the in vivo tumorigenesis
experiments and were housed in the Department of Laboratory
Animal Science, China Medical University. The nude mice
were housed in individual ventilated cages under suitable
conditions (temperature, 25°C; humidity, 55%; ventilation
velocity, 0.20 m/sec; light/dark cycle, 12/12 h) and were given
free access to sterilized fodder and purified water via feeders
on the cages. The nude mice were euthanized through cervical
dislocation when they lost 20% of their original body weight. In
the tumor transplantation experiment, five mice were included
in each group. OS-RC-2 cells (2x10°) transfected with empty
or FBXO30 vectors were resuspended in 150 ul serum-free
medium with 40% Matrigel and were then injected subcuta-
neously into the flank of each nude mouse. The tumor mass
was recorded after 30 days and tumor volume was recorded
every 4 days. In the lung metastasis experiment, each group
contained three mice. OS-RC-2 cells (1x10°) transfected with
empty or FBXO30 vectors were digested and resuspended in
150 pl sterile PBS, and were then slowly injected into the tail
vein of each nude mouse. After ~45 days, the lung tissues were
separated and the number of metastatic tumors was counted.

Immunohistochemistry (IHC) assay and hematoxylin and
eosin (H&E) staining assay. Moderate-sized (1x1x0.2 cm)
fresh ccRCC tissues from human patients were immersed in
4% formalin for 48 h at room temperature, and then dehy-
drated and embedded in paraffin. The paraffin-embedded
tissues were then cut into 4-ym sections. At room tempera-
ture, the sections were deparaffinized in xylene I and II for
10 min/time, and were then rehydrated in ethanol gradient
solution (from high to low: 100, 95, 80 and 70%, 2 min/time)
and washed three times with PBS (3 min/wash). The sections
were soaked in sodium citrate antigen retrieval solution (cat.
no. C1032; Beijing Solarbio Science & Technology Co.,
Ltd.) and were put into a microwave for 10 min at 100°C.
An immunohistochemistry kit (cat. no. KIT-9720; Fuzhou
Maxim Biotechnology Development Co., Ltd.) was used for
immunohistochemistry. The sections were first incubated

with endogenous peroxidase blocker and non-specific dye
blocking agent for 10 min at room temperature. The sections
were then incubated with FBXO30 antibodies (1:100) at 4°C
overnight, followed by incubation with biotinylated anti-IgG
antibody and Streptomyces antibiotic protein-peroxidase (cat.
no. KIT-9720; Fuzhou Maxim Biotechnology Development
Co., Ltd.)) (10 min at room temperature). Sections were
stained with a DAB kit for 1 min at room temperature (cat.
no. DAB-0031; Fuzhou Maxim Biotechnology Development
Co., Ltd.). Finally, sections were observed and images were
captured under an inverted light microscope.

For H&E staining, the whole lung tissues from mice were
sectioned after paraffin embedding. Subsequently, the sections
were dewaxed, rehydrated and stained with 1.0% hematoxylin
(cat. no. G4070; Beijing Solarbio Science & Technology
Co., Ltd.) for 10 min at room temperature. The samples
were then stained with 0.5% eosin (cat. no. G1100; Beijing
Solarbio Science & Technology Co., Ltd.) for 2 min at room
temperature. Finally, sections were observed, and images were
captured under an inverted light microscope.

Statistical analysis. To ensure adequate power, all experi-
ments were performed independently at least three times.
All data were statistically analyzed using GraphPad Prism
(version 9.0; GraphPad; Dotmatics). The mean values of the
groups were compared, and the results were presented as
the mean + standard deviation (SD). Differences between
two paired groups were analyzed using the nonparametric
paired Student's t-test. Unpaired Student's t-test (two-tailed)
was used for differential analysis between groups. One-way
ANOVA followed by Dunnett's test was used to analyze the
differences between multiple experimental groups and a
single control group. Survival analysis was performed using
the Kaplan-Meier method and the log-rank test. P<0.05 was
considered to indicate a statistically significant difference.

Results

FBXO030 is expressed at low levels in ccRCC patients and
is associated with poor outcomes. To obtain a preliminary
understanding of the relationship between FBXO30 and
ccRCC, TCGA database was used to determine the differential
expression of FBXO30 in ccRCC tissues and its relevance to
the prognosis of patients with ccRCC. The mRNA expression
levels of FBXO30 in 533 ccRCC tissues were significantly
lower than those in 72 ANTSs from the 533 patients with ccRCC
(Fig. 1A). The mRNA expression levels of FBXO30 were
negatively associated with tumor grade and with the individual
cancer stages of ccRCC; the expression levels of FBXO30
decreased with tumor progression and staging (Fig. 1B and C).
Furthermore, a prognostic analysis on FBX0O30 and RCC
was performed using Gene Expression Profiling Interactive
Analysis to plot Kaplan-Meier survival curves based on data
from TCGA database. The results showed that patients with
ccRCC and higher FBXO30 expression were inclined to
have better overall survival (Fig. 1D). These data were then
validated in clinical specimens acquired from patients with
ccRCC. Correspondingly, the results of western blotting
demonstrated a significant decrease in the protein expres-
sion levels of FBXO30 in ccRCC tissues (Fig. 1E and F). The
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Figure 1. FBXO30 is expressed at low levels in patients with ccRCC and with poor outcomes. (A) FBXO30 expression levels in renal cancer tissues (n=253) and
normal tissues (n=72) based on TCGA database. FBXO30 expression levels according to (B) different tumor grades and (C) individual tumor stages in TCGA
database. Data were statistically analyzed using one-way ANOVA and Tukey's post hoc test. (D) Kaplan-Meier survival curves depicting overall survival in
patients with ccRCC stratified by FBXO30 protein expression based on TCGA database. Cut-off value, 50%. (E and F) Western blotting was employed to detect
the protein expression levels of FBXO30 in 20 pairs of clinically derived ccRCC tissues and corresponding ANTs. (G) mRNA expression levels of FBXO30
in 24 pairs of ccRCC tissues and corresponding ANTs, as determined by reverse transcription-quantitative PCR assay. (H) Immunohistochemistry staining of
FBXO030 in high-grade and low-grade ccRCC tissues. The high and low groups were classified based on the Fuhrman grade in patients with ccRCC. T1 and
T2 were defined as low grade, and T3 and T4 are defined as high grade. Images were acquired with an inverted microscope at x200 and x400 magnification.
“P<0.05, “"P<0.001, as determined by paired Student's t-test. ANTS, adjacent normal tissues; ccRCC, clear cell renal cell carcinoma; FBX030, F-box protein
30; KIRC, kidney renal clear cell carcinoma; N, normal; T, tumor; TCGA, The Cancer Genome Atlas.

mRNA expression levels of FBXO30 were also downregulated
in ccRCC tissues, as determined by RT-qPCR (Fig. 1G). In
addition, IHC results further revealed that FBXO30 exhibited
deeper staining in low-grade ccRCC tissues, indicating that
FBXO030 protein expression was negatively associated with
the progression of ccRCC (Fig. 1H).

FBXO030 disruption fosters malignant behaviors in ccRCC
cells. To explore the biological function of FBXO30 in ccRCC,
FBXO030 was stably knocked down in OS-RC-2 and 786-O
cells and the knockdown efficiency was confirmed by western
blotting (Fig. 2A). CCK-8 and EdU assays were then performed
to measure the proliferation of cells. As determined using the
CCK-8 assay, knockdown of FBXO30 significantly enhanced
the proliferation of OS-RC-2 and 786-0 cells (Fig. 2B). As
determined using the EdU assay, enhanced EdU fluorescent
signals were observed in FBX0O30-knockdown ccRCC cells,
which suggested that the ccRCC cells had a stronger prolif-
erative capacity after FBXO30 knockdown (Fig. 2C). In the

wound-healing assay, FBXO30 knockdown increased the
wound-healing area in the center of the scratch, indicating
that FBXO30 knockdown promoted the migration of ccRCC
cells (Fig. 2D). Consistently, in the Transwell assay, ccRCC
cells with FBXO30 knockdown more easily passed through
the membrane in the Transwell chamber, as more stained cells
were observed (Fig. 2E). Furthermore, to detect the change
in the invasive ability of cells, Matrigel was used to coat the
Transwell chamber to simulate the extracellular matrix in vivo.
It was revealed that more cells passed through the Matrigel
and membrane in the FBXO30-knockdown group, and
silencing FBXO30 significantly augmented the invasiveness of
OS-RC-2 and 786-0O cells (Fig. 2E). Finally, western blotting
was performed to evaluate epithelial-mesenchymal transition
(EMT)-related proteins and it was revealed that knockdown
of FBXO30 upregulated N-cadherin and vimentin expression,
but downregulated E-cadherin expression, which indicated
that FBXO30 knockdown contributed to the EMT process in
ccRCC cells (Fig. 2F). These results suggested that inhibition
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Figure 2. FBXO30 knockdown enhances proliferation, migration and invasion in ccRCC cells. (A) Knockdown efficiency of FBXO30 in OS-RC-2 and 786-O
cells was detected by western blotting. (B) Cell viability was measured using the Cell Counting Kit 8 in FBX030-knockdown OS-RC-2 and 786-0 cells. (C) An
EdU assay was performed to evaluate the proliferative capacity of cells. Immunofluorescence microscopy (x100 magnification) was used to capture images.
Cell migration and invasion were measured using (D) wound-healing and (E) Transwell assays in FBXO30-knockdown OS-RC-2 and 786-0 cells. Images
were captured under an inverted microscope (x100 magnification). (F) Expression levels of epithelial-mesenchymal transition-related proteins in OS-RC-2

and 786-0 cells with FBXO30 knockdown. “P<0.01 and “"P<0.001, as determined by unpaired Student's t-test (two-tailed). EQU, 5-ethynyl-2'-deoxyuridine;

FBXO030, F-box protein 30; shRNA, short hairpin RNA.

of FBXO30 could promote the proliferation, migration, inva-
sion and EMT progression of ccRCC cells.

FBXO030 suppresses malignant behaviors in ccRCC cells.
The present study also constructed FBXO30-overexpressing
OS-RC-2 and 786-0 cells, and the overexpression efficiency
was confirmed by western blotting (Fig. 3A). Notably,
FBXO30 overexpression limited the viability and prolif-
erative capacity of two ccRCC cell lines, as determined by
the CCK-8 and EdU assays (Fig. 3B and C). Furthermore,
FBXO30 overexpression significantly reduced the migra-
tory capacity of ccRCC cells in both the wound-healing
and Transwell migration assays (Fig. 3D and E). FBXO30
overexpression also suppressed the invasiveness of OS-RC-2
and 786-0 cells in the Transwell invasion assay (Fig. 3E).
Furthermore, FBXO30 inhibited the EMT process, upregu-
lating E-cadherin expression, but downregulating N-cadherin
and vimentin expression in ccRCC cells (Fig. 3E and F).
These data further verified that FBXO30 might function as a
tumor suppressor gene in ccRCC.

FBXO030 mediates the ubiquitination and degradation of
HIF-1o in ccRCC cells. To study the relationship between

FBXO030 and HIF-1a, FBXO30 was first knocked down
in the OS-RC-2 and 786-0 cell lines using siRNA and the
transfection efficiency was tested by western blotting. It was
revealed that the protein expression levels of HIF-1a increased
(Fig. 4A). Conversely, overexpression of FBXO30 in these
cell lines decreased the expression levels of the HIF-1a
protein (Fig. 4A and B). However, there were no significant
alterations in the mRNA expression levels of HIF-1a in RCC
cells with both knockdown and overexpression of FBXO30
(Fig. 4C and D). These results indicated that FBXO30 tended
to post-translationally regulate HIF-1a.

FBXO30-overexpressing OS-RC-2 cells were subsequently
treated with the proteasome inhibitor MG132. There was a
significant difference in HIF-la protein expression levels
before and after treating FBXO30-overexpressing OS-RC-2
cells with MG132. It was revealed that MG132 could reverse the
negative regulation of HIF-1a by FBXO30 (Fig. 4E), indicating
that the downregulation of HIF-1a mediated by FBXO30 was,
at any rate, partially dependent on the proteasomal degrada-
tion pathway. Therefore, the protein synthesis inhibitor CHX
was used to test the effect of FBXO30 on the degradation of
HIF-1a. Notably, FBXO30 prominently shortened the half-life
of HIF-1a protein (Fig. 4F).
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Figure 3. FBXO030 suppresses the proliferation, migration and invasion of ccRCC cells. (A) OE efficiency of FBXO30 in OS-RC-2 and 786-0 cells, as
measured by western blotting. (B) Cell viability was evaluated using the Cell Counting Kit 8 in FBXO30-overexpressing OS-RC-2 and 786-0 cells. (C) An
EdU assay was performed to detect the proliferative capacity of cells. Immunofluorescence microscopy (x100 magnification) was used to capture images. Cell
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Considering that FBXO30 may act as an E3 ubiquitin ligase
because it belongs to the FBP family, it was hypothesized that
FBXO030 was able to regulate the protein levels of HIF-1a through
the ubiquitin-proteasome degradation pathway. The results of the
immunofluorescence colocalization assay preliminarily showed
that the localization of FBXO30 and HIF-1a in OS-RC-2 cells
almost coincided, with these two proteins more likely to be
located in the nucleus (Fig. 4G). Furthermore, co-IP experiments
showed that FBXO30 directly bound to HIF-1a in OS-RC-2
and 786-0 cells (Fig. 4H). Notably, overexpression of FBXO30
facilitated the conjugation of ubiquitin to HIF-la in colP assay
(anti-ubiquitin) (Fig. 41). Taken together, these data suggested that
in ccRCC cells, FBXO30 was highly likely to downregulate the
protein expression levels, but not the mRNA expression levels of
HIF-1a through the ubiquitin proteasome pathway.

hZIPI regulates HIF-1a and FBXO030 in a Zn**-dependent
manner in ccRCC cells. Given that our previous study
reported that hZIP1 downregulated HIF-1a expression (25),
the present study aimed to determine whether FBXO30 had
a role in this process. Thus, the present study examined
the expression levels of FBXO30 in hZIP1-overexpressing

OS-RC-2 and 786-0 cells. The hZIP-1 overexpression
efficiency was tested by western blotting. Notably, overex-
pression of hZIP1 increased the protein expression levels
of FBXO030 in OS-RC-2 and 786-0 renal cancer cells
(Fig. 5A). Furthermore, knockdown of FBXO30 rescued
the downregulation of HIF-1a protein expression levels
induced by hZIP1 to some extent (Fig. SA and B), which
verified the hypothesis that hZIP1 decreased HIF-1a protein
expression levels at least partially by downregulating
FBXO30 expression.

It has previously been reported that hZIP1 serves as a
transport protein to transfer Zn?* from the extracellular
zone to the intracellular area (22). To explore the potential
function of Zn*", RCC cells were treated with progressively
increasing concentrations of ZnCl,. It was revealed that
the protein expression levels of HIF-la were negatively
associated with the concentration of Zn*", and the optimal
inhibiting concentration was likely to be ~20 uM (Fig. 5C).
Correspondingly, treatment with 20 yuM Zn?** resulted
in upregulation of FBXO30 protein expression levels in
OS-RC-2 and 786-0 cells (Fig. 5D). To ultimately identify
the role of Zn?*, hZIP1-knockdown RCC cells were treated
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Figure 4. FBXO30 mediates the ubiquitination and degradation of HIF-1a in ccRCC cells. After (A) knockdown and (B) OE of FBX030 in OS-RC-2 and 786-O
cells, HIF-1a protein expression was detected, and the efficiency of knockdown and overexpression was examined by western blotting. Reverse transcrip-
tion-quantitative PCR was performed to detect the mRNA expression levels of HIF-1a in (C) FBXO30-knockdown and (D) FBXO30-OE OS-RC-2 and 786-O
cells. (E) Western blotting was performed to determine the effect of the proteasome inhibitor MG132 (10 #M, 8 h) on HIF-1a protein expression in OS-RC-2
cells, and MG132 rescued the downregulation of HIF-1a in FBXO30-overexpressing OS-RC-2 cells. (F) FBXO30 OE reduced the half-life of HIF-1a protein.
Under normoxia, OS-RC-2 cells were treated with CHX (10 #M) at preset time points. Subsequently, the cells were harvested and subjected to western blot-
ting. (G) Immunofluorescence colocalization assay demonstrated that in OS-RC-2 and 786-0O cells, HIF-1a (red) possessed the same subcellular localization
as FBXO030 (green), almost coinciding with nuclear staining (blue). Images were captured under an immunofluorescence microscope (x200 magnification).
(H) Co-IP assay indicated endogenous binding between FBXO30 and HIF-1a in both OS-RC-2 and 786-0 cells. (I) FBXO30 promoted the conjugation of
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with 20 uM Zn?**. Notably, Zn** rescued the expression of  kinase 1 (PDK1), lactate dehydrogenase A (LDHA) and glucose
FBXO030 and reduced the protein expression levels of HIF-1a  transporter 1 (GLUT1), which were proven to be regulated by
after treating hZIP1-knockdown OS-RC-2 and 786-0O cells  HIF-la (31). The present study revealed that Zn?* significantly
with ZnCl,, which suggested that hZIP1 may regulate the = downregulated the expression levels of PDK1, LDHA and
protein expression levels of FBXO30 and HIF-1a by altering ~ GLUT] (Fig. 5F). Overall, hZIP1 downregulated HIF-1a through
the concentration of Zn** in ccRCC cells (Fig. 5E). FBXO30, in which Zn** exerted an essential intermediary role.
To preliminarily understand the possible effects of zinc ions on

glycolysis in ccRCC cells, the expression levels of some enzymes ~ FBXO30 inhibits tumor growth in vivo. To further verify the
in glycolysis were detected, namely, pyruvate dehydrogenase  tumor biological function of FBXO30 in vivo, OS-RC-2 cells
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Figure 5. hZIP1 regulates HIF-1a and FBXO30 in a Zn**-dependent manner in ccRCC cells. (A) OE of hZIP1 in OS-RC-2 and 786-O cells inhibits the expression
of HIF-1a and upregulates the protein expression levels of FBXO30. (B) Western blotting demonstrated that FBXO30 knockdown rescued HIF-1a depletion in
hZIP1-OE OS-RC-2 and 786-0 cells. (C) Zinc supplementation assay confirmed that zinc ions inhibited the expression of HIF-1a in OS-RC-2 cells, and 20 uM
was defined as the optimal inhibitory concentration. After the addition of increasing concentrations of ZnCl, solution to the culture medium for 2 h at 37°C in
normoxia, the cells were collected and lysed for western blotting. (D) Upregulation of FBXO30 was induced by optimal concentrations of zinc ions in OS-RC-2
and 786-0 cells. (E) FBXO30 downregulation and HIF-1a accumulation were observed after knockdown of hZIP1, whereas supplementation with zinc ions
counteracted this alteration in the expression levels of FBX030 and HIF-1a in hZIP1-knockdown OS-RC-2 and 786-O cells. ““P<0.001 in (B and E) was
obtained by comparing each experimental group with control group. (F) Zinc ions downregulated the expression levels of glucose metabolism-related enzymes
(PDK1, GLUTI1 and LDHA). “P<0.01 and “*P<0.001 as indicated or vs. control. Data were analyzed by (B and E) one-way ANOVA and Dunnett's post hoc
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transfected with the empty and FBXO30 vectors were subcu-
taneously injected into the flank of nude mice. After 30 days,
the nude mice were euthanized, and the tumors were excised
and weighed. FBXO30 overexpression markedly inhibited
tumor formation, as evidenced by the lower tumor weight
(Fig. 6A and B).

Subsequently, a lung metastasis model was established in
nude mice to evaluate the effect of FBXO30 on tumor metas-
tasis in vivo. Lung metastasis models using immune-deficient
mice can be used to effectively evaluate the level of tumor
invasion and metastasis, and are universally applied in the
construction of RCC cell tumor models with a high success
rate (32). ccRCC cells transfected with the empty and FBXO30
vectors were injected via the tail vein into nude mice, and the
lung tissues were isolated after 45 days. There were approxi-
mately six tumor metastases in the lung tissues from the

control group, but only two in the FBXO30 overexpression
group. This result indicated that FBXO30 markedly restricted
the formation of lung metastases. Subsequently, lung tissues
from the two groups were sectioned and subjected to H&E
staining. The number of tumor metastatic nodules per field of
view was four in the control group and one in the FBXO30
overexpression group. The number of lung metastatic nodules
following FBXO30 overexpression was markedly reduced,
suggesting that FBXO30 inhibited the metastatic capacity
of ccRCC cells in vivo (Fig. 6C). Finally, the subcutaneous
tumors of nude mice were lysed and proteins were extracted
for western blotting. It was revealed that in the subcutaneous
tumor tissue from the FBXO30 overexpression group, the
expression levels of HIF-1a and proliferating cell nuclear
antigen were significantly decreased (Fig. 6D). These results
indicated that FBXO30 significantly reduced the accumulation
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antigen.

of HIF-1a in tumors in vivo and decreased tumor proliferative
activity. These data suggested that FBXO30 could inhibit the
tumorigenic and metastatic capacity of ccRCC cells in vivo.

Discussion

ccRCC is a solid tumor characterized by hypoxia, which is
possibly caused by long-term elevated oxygen consumption
and decreased oxygen diffusion due to the irregular distribu-
tion of the vasculature system in tumors (33-35). However, our
previous studies confirmed that even without oxygen content
changes in the tumor extracellular microenvironment, HIF-1a.,
which is supposed to be degraded via pVHL-mediated ubiq-
uitination, remained highly expressed in cultured ccRCC cell
lines under normoxia (8,28). Consistently, previous studies
have suggested that pVHL is frequently mutated and inacti-
vated during the development of ccRCC (19,33). Therefore, it
is still valuable to determine the potential regulatory mecha-
nism of HIF-1a in ccRCC cells with a sufficient oxygen supply.
The present study proposed that FBX030, as a novel E3
ubiquitin ligase, could promote HIF-1a degradation through
the ubiquitin-proteasome pathway in normoxia and directly
inhibit ccRCC tumor progression.

As a member of the FBP family, the role of FBXO30
in ccRCC remains unclear. FBXO30 has been reported to

target intracellular ubiquitination to regulate cell mitosis
and to control muscle growth through the BMP signaling
pathway (12,14,15). In cancer, FBXO30 has been reported
to be associated with the occurrence of prostate cancer
and nasopharyngeal cancer (16,17). In the present study,
FBXO030 expression was lower in ccRCC tissues than in
ANTs, at both the mRNA and protein levels. IHC assays
also suggested that FBXO30 was negatively associated with
the malignancy of ccRCC. These results were in accor-
dance with data from TCGA database. Subsequently, it
was revealed that FBXO30 suppressed EMT progression in
ccRCC in vitro. HIF-1a is thought to enhance the invasive-
ness of ccRCC cells by promoting glycolysis and preventing
tumor cells from undergoing apoptosis (36-38). Based on
our previous results, HIF-1a has also been reported to act as
an oncogene in ccRCC (28). In the present study, FBXO30
reduced the upregulation of HIF-1a protein expression in
ccRCC cells under normoxia without affecting its mRNA
levels, which could be due to post-translational regulation.
FBXO030 possesses the potential to be classed as a novel
ubiquitin ligase (5,39). It is reasonable to hypothesize that
FBXO030 may act as a possible E3 ubiquitin ligase of HIF-1a.
HIF-1a has been reported to enhance EMT progression in
peritoneal epithelial cells by increasing the expression levels
of VEGF, Snail-1 and MMP-2 proteins (40). In lung cancer,



INTERNATIONAL JOURNAL OF ONCOLOGY 62: 40, 2023 11

HIF-1a has been shown to increase the abundance of angio-
poietin-like 4 to promote tumor metastasis (41). In addition,
HIF-1a can upregulate lysyl oxidase expression in hepatoma
cells, inducing cancer metastasis and development (42).
Collectively, FBXO30 was able to reduce HIF-1la upregu-
lation in ccRCC cells through the ubiquitin-proteasome
degradation pathway, thus inhibiting tumor progression and
metastasis.

Consistently with our previous study, FBXO30 was
knocked down in hZIP1-overexpressing ccRCC cells, and
the depletion of FBXO30 rescued HIF-1a downregulation
triggered by hZIP1. Given that hZIP1 is a known Zn*
transport protein, the function of Zn** was investigated.
Zinc is involved in immune system defense, and is associ-
ated with the development of inflammation, metabolism and
cancer (43). Zinc has been proven to restrict the malignancy
of prostate cancer cells (44). In addition, colorectal cancer
and adrenal cancer have been shown to be accompanied by
zinc deficiency, and Zn** also demonstrates cytotoxicity
to cancer cells (45). In ¢ccRCC, low-concentration Zn*
treatment was capable of effectively inhibiting cancer
progression (46). In the present study, the protein expres-
sion levels of HIF-1a were decreased in ccRCC cells with
increasing Zn** concentrations. Coincidentally, the findings
of Nardinocchi er al (47) showed that zinc also suppressed
the expression of HIF-1la and VEGF in prostate cancer
and glioblastoma. Notably, zinc supplementation rescued
the decrease in FBX0O30 and HIF-la upregulation in
hZIP1-knockdown cells. Furthermore, a previous study
reported that Zn?** could affect the activity of key enzymes
in the tricarboxylic acid cycle and glycolytic pathway, thus
improving the cytotoxicity of antitumor drugs (48). HIF-1a
often induces the expression of glycolytic enzymes in tumors
with abnormally enhanced glycolysis (49). The present study
detected the protein expression levels of PDK1, GLUTI1
and LDHA after zinc addition, and these three proteins
were revealed to be decreased by zinc. The present results
suggested that hZIP1 partially suppressed HIF-la by
upregulating FBXO30, and that hZIP1 might directly impair
the expression of HIF-1o by enriching intracellular Zn**.
In addition, since Zn** also upregulated FBXO30 protein
expression levels, it is possible that Zn** may be involved in
the ubiquitination process of HIF-1a mediated by FBXO30,
which needs further verification.

In conclusion, FBXO30 may be a novel E3 ubiquitin
ligase for HIF-1a that is involved in ccRCC progression.
We also verified the findings of our previous study that
hZIP1 inhibits HIF-1a protein expression (28). In addition,
hZIP1 may be upstream of FBXO030, promoting the down-
regulation of HIF-1a via FBXO30. Furthermore, hZIP1 was
revealed to potentially recruit Zn** to regulate the expres-
sion of FBX030 and HIF-1a, thereby inhibiting glycolysis in
ccRCC. However, there were some limitations in the present
study. The binding domain in FBXO30 and HIF-1a, and
the ubiquitination site remain unknown. In-depth verifica-
tion is required to determine the effects of hZIP1, Zn** and
FBXO30 on glycolysis at the metabolite level. In addition,
the experimental group design needs improvements. There
should have been a hZIP1 overexpression group alone tested
simultaneously with the hZIP1 overexpression + FBXO030

knockdown group and the FBXO30 knockdown group,
to support the conclusion that knockdown of FBXO30
rescued the downregulation of HIF-1a protein expression
levels induced by hZIP1. ccRCC is defined as a metabolic
disease with highly abnormal glucose metabolism, as well
as crosstalk in lipid and amino acid metabolism (50,51).
Recently, targeted immunotherapies to alleviate hypoxia
and inhibit abnormal metabolic genes have gained attention
for application in the complex immune microenvironment in
ccRCC (52,53). To a certain extent, the present study verified
the probable existence of the hZIP1/Zn**/FBXO30/HIF-1a
axis, which may suppress EMT and glycolysis progression in
ccRCC. The present study not only provided novel insights
into the occurrence and development of ccRCC, but also
identified potential biomarkers or therapeutic targets for the
clinical treatment of RCC.
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