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ARTICLE INFO ABSTRACT

Keywords: The specific mechanism of clear cell renal cell carcinoma (ccRCC) progression, a pathological type that accounts
Clear cell renal cell carcinoma (ccRCC) for the highest proportion of RCC, remains unclear. In this study, bioinformatics analysis of scRNA-seq dataset in
MIOXh ccRCC revealed that MIOX was a gene specifically down-regulated in tumor epithelial cells of ccRCC. Analysis of
AuF ophagy . the TCGA database further validated the association between decreased MIOX mRNA levels and ccRCC malig-
Epithelial mesenchymal transition (EMT) . ) A R ) A

Metastasis nant phenotype and poor prognosis. Immunohistochemistry indicated the down-regulation of MIOX in ccRCC

tissues compared to paired adjacent renal tissues, with further down-regulation of MIOX in the primary tumors of
patients with primary metastasis compared to those without metastasis. Also, patients with low expression of
MIOX showed shorter metastasis-free survival (MFS) compared to those with high MIOX expression. In vitro
results showed that overexpression of MIOX in ccRCC cells inhibited the proliferation, migration and invasion
and promoted apoptosis. Mechanistically, up-regulation of MIOX inhibited autophagy to elevate the levels of
ROS, and thus suppressed STAT3/c-Myc-mediated epithelial-mesenchymal transition in ccRCC cells. In vivo data
further confirmed that increased MIOX expression suppressed the growth and proliferation of RCC cells and
reduced the ability of RCC cells to form metastases in the lung. This study demonstrates that MIOX is an
important regulatory molecule of ccRCC, which is conducive to understanding the potential molecular mecha-
nism of ccRCC progression.

the underlying molecular mechanism in RCC progression and providing
promising treatment strategies is necessary.

1. Introduction

Renal cell carcinoma (RCC) arises from the renal tubular epithelium
and is among the top 10 male and female malignancies [1]. RCC en-
compasses multiple pathological types, the highest percentage of which
is clear cell renal cell carcinoma (ccRCC) [2]. More than 50 % of RCC
patients are asymptomatic, and more than 10 % of patients present with
metastases at first diagnosis [3,4]. The 5-year survival rate for metastatic
RCCis less than 10 %, suggesting extremely poor prognosis [5]. Tyrosine
kinase inhibitors and immune checkpoint inhibitors have shown to be
effective against advanced and metastatic RCC (mRCC); yet, some pa-
tients present with low objective response rate (ORR), poor tolerance,
and drug resistance, which limits further efficacy [6]. Hence, studying

Numerous different kinds of cellular components exist within tu-
mors, which together form a complex tumor microenvironment (TME)
that mediates tumor growth, invasion, metastasis, and therapeutic
response. Deep insights into TME can help identify the functional
regulation of specific cell types in tumor progression [7]. Single-cell
RNA sequencing (scRNA-seq) has become an advanced tool to reveal
complexity and heterogeneity in TME based on the genome of single
cells, which helps study the transcript changes of specific cell types in
tumor tissues [8]. In this study, by bioinformatics analysis of the ccRCC
scRNA-seq dataset [9], myo-inositol oxygenase (MIOX) was identified as
a new regulatory gene for ccRCC. MIOX is a type of inositol metabolizing
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enzyme specifically expressed in the kidney [10]. A few studies have
shown that MIOX regulates tumor ferroptosis in several cancer types
[11-13]; however, relevant studies on ccRCC are lacking.

Macroautophagy, also known as autophagy, is an evolutionarily
conserved and ancient cellular catabolic program that mediates quality
control of proteins and organelle and cell survival under starvation or
stress [14]. Autophagy has a dual role in the tumor, which can promote
or inhibit tumor progression [15-19]. The anti-tumor effect is achieved
mainly through inhibiting autophagy, with autophagy inhibitors chlo-
roquine (CQ) and HCQ showing promising efficacy in clinical trials
[20-25].

Epithelial-mesenchymal transition (EMT) is a reversible program
with the loss of the epithelial appearance of the cells, the dissolution of
intercellular junctions and the loss of apical-basal cell polarity, leading
to a mesenchymal phenotype [26]. Activation of EMT mediates metas-
tasis in almost all types of cancer, including ccRCC [27,28]. In addition
to classical EMT-inducing transcription factors such as ZEB, SNAIL and
TWIST families [29], several cancer-promoting signals promote EMT,
including STAT3 and c-Myc [30,31]. Also, studies have found that
autophagy can activate or inhibit EMT to regulate tumors; yet, the
regulatory effect of autophagy on EMT in ccRCC is still not fully un-
derstood [32].

In the present study, we corroborated the significant down-
regulation of MIOX in ccRCC tissues relative to adjacent renal tissues,
with a negative correlation between MIOX expression levels in ccRCC
tissues and the malignant phenotype as well as poor prognosis of ccRCC.
Overexpression of MIOX impaired the migration and invasion of ccRCC
cells, and inhibited metastasis in vivo. Mechanistically, up-regulation of
MIOX inhibited autophagy and elevated reactive oxygen species (ROS)
levels, resulting in the suppression of the STAT3/c-Myc-mediated EMT.
This study confirms that MIOX is an important regulatory molecule of
ccRCC, which helps us further understand the underlying mechanism in
ccRCC progression.

2. Materials and methods
2.1. Quality control and cell type recognition of scRNA-seq data

First, we obtained the scRNA-seq counting matrix from Young et al.
[9]. In this study, 21 samples were involved, consisting of 12 tumor
samples and 9 adjacent normal samples from 3 patients. Seurat (version
3.0.1) was used to conduct the quality control process [33]. Unique
molecular identifiers (UMIs) were identified, and low-quality single cells
with UMIs less than 200 or UMI counts from mitochondria greater than
10 % were removed. IntegrateData function in Seurat was used to
eliminate batch effects in patients. We used the top 2000 variable genes
and the top 30 principal components in this process. The regression of
the effect of UMI counts and the percentage of UMI counts from mito-
chondrial sources was performed by using the ScaleData function. Next,
Seurat’s FindClusters function (resolution = 1.1) was used to identify
the main cell cluster, after which the results were visualized [34]. The
cell types were annotated by both R package SingleR and marker genes
of each cluster according to the CellMarker database [35]. The markers
corresponding to the major cell types used in the analysis are shown in
Table S1. Epithelial cells from ccRCC and normal controls were extrac-
ted and differentially expressed genes (DEGs) were analyzed by the
function “FindMarkers” of R package Seurat. The threshold for identi-
fying DEGs was adj. p val<0.01 and |log2 FC|>1.0.

2.2. Analysis of RNA-seq data

A total of 533 tumor samples and 72 normal samples were included
in the Cancer Genome Atlas (TCGA) ccRCC database. The expression
matrix and patient clinical information were obtained from http://xena.
ucsc.edu/. The RNA-seq normalized counts of TCGA were log-
transformed, and according to the expression of target genes, patients

Redox Biology 68 (2023) 102956

were separated into high and low-expression groups for clinical corre-
lation analysis and survival analysis.

RNA-seq data from 786-O-Vector (control group) and 786-O-MIOX
(overexpression group) were provided by Biomarker Technologies.
Hallmark gene sets as characteristic gene sets in Gene Set Enrichment
Analysis (GSEA) were used to analyze RNA-seq data.

2.3. Patients and clinical samples

Fresh and frozen tumor tissues and paired adjacent renal tissues in
ccRCC for quantitative real-time PCR detection (n = 26) were collected
from patients with surgically resected specimens from 2014 to 2018. In
addition, paraffin-embedded tissues from ccRCC patients (n = 153) were
used to construct tissue microarrays (TMA). TMA was used for immu-
nohistochemistry staining. All patients whose specimens were used for
TMA underwent surgery in 2015, with at least 5 years of postoperative
follow-up. The tumor tissues were identified as clear cell subtype at
Nanjing Drum Tower Hospital based on WHO classification criteria [2].
We collected detailed clinical and pathological information of patients
for further analysis and obtained informed consent from all included
patients. Ethics approval was obtained from the Nanjing University
Medical School affiliated Nanjing Drum Tower Hospital.

2.4. Cell lines and cell culture

Human RCC cell lines 786-0, 769-P, Caki-1, ACHN and A498 as well
as human proximal tubule epithelial cell line HK-2 were purchased from
the Cell Bank of the Chinese Academy of Sciences (Shanghai). Murine
RCC cell line Renca was acquired from the American Type Culture
Collection (Rockville, MD, USA). RPMI-1640 medium containing 10 %
fetal bovine serum (FBS) (Gemini) was used for the culture of 786-0,
769-P and Renca. McCoy’s 5A medium containing 10 % FBS was used
for Caki-1 cells. DMEM medium containing 10 % FBS was used for
ACHN, A498 and HK-2. All complete mediums were supplemented with
100 pg/mL streptomycin and 100 IU/mL penicillin. The cells were
cultured in a humidified atmosphere containing 5%CO,/95 % air at
37 °C.

2.5. Quantitative real-time PCR (qRT-PCR)

Extraction of total RNA was performed on tissue or cell samples using
TRIzol reagent (Invitrogen Biotech). Synthesis of cDNA was carried out
with 5 x PrimeScript RT Master Mix (TaKaRa Biotech). The imple-
mentation of qRT-PCR relied on SYBR Premix Ex Taq (TaKaRa Biotech)
binding to ¢cDNA and generating fluorescence, and the qRT-PCR pro-
gram was operated on the StepOne Real-Time PCR System. The mRNA
expression of each gene relative to ACTB was measured by the 2 AACT
method. The primer sequences are shown in Table S2.

2.6. Immunohistochemistry (IHC)

IHC was performed for TMA sections and lung tissues from the mu-
rine metastatic model. After roasting at 65-80 °C for 2 h, the tissues were
dewaxed, and hydrated. Next, endogenous peroxidase was removed, and
antigen repair and blocking were performed. Samples were then incu-
bated with specific primary antibodies at 4 °C overnight and secondary
antibodies at room temperature for 1h. The primary antibodies used for
IHC are shown in Table S3. The staining criteria were as follows: the
score of 0, 1, 2 and 3 represented negative, low, moderate and high
staining intensity, respectively. The score of 0, 1, 2, 3 and 4 represented
0 %, 1%-25 %, 26%-50 %, 51%-75 % and >75 % in the staining range,
respectively. Staining intensity multiplied by staining range is the final
IHC score (intensity score x range score). The low and high expression
groups were characterized as having a final IHC score <4 and > 4,
respectively.
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2.7. Western blot

Cells and tissue samples were collected and lysed in RIPA buffer or
WBY/IP lysis buffer (Beyotime Biotech) supplemented with proteinase
inhibitors (Biomake Biotech) and phosphatase inhibitors (Sigma), and
tissue samples were homogenized in a homogenizer. SDS-PAGE was
used for electrophoresis and separation of proteins, and PVDF mem-
branes (Bio-Rad, Hercules, CA) activated by methanol were used for
protein transfer. Blocking of PVDF membranes was then incubated with
5 % skim milk for 1 h and then with pre-configured primary antibodies
overnight at 4 °C and then with secondary antibodies at room temper-
ature for 1 h; the primary antibodies used for the Western blot are shown
in Table S3. Proteins were finally quantified with an electro-
chemiluminescence (ECL) system (Tanon Co., Ltd). Quantification of
gray values of protein bands was performed using ImageJ software.

2.8. siRNA and plasmid transfection

Cells were transiently transfected with siRNA and plasmids pur-
chased from Genechem (Shanghai) using lipofectamine 2000 (Invi-
trogen) following the manufacturer’s instructions. Briefly, siRNA or
plasmid was first diluted with 100 pL of serum-free medium, and then
lipofectamine 2000 was diluted with 100 pL of serum-free medium. The
two liquids were mixed and left at room temperature for 15 min. After
washing the cells with PBS, 1 mL of serum-free medium and the mixed
liquid was added to each well. Cells were incubated in an incubator with
5% CO4 at 37 °C for 6-8 h and then changed to the complete medium for
further incubation. Cellular RNA was extracted after 24 h, while cellular
protein was extracted after 48 h to test the transfection efficiency.

2.9. MTT assay

After digestion and counting, cells were plated into a 96-well plates
(786-0 1000 per well, 769-P 2000 per well) and cultured for 0, 24, 48
and 72 h in RPMI 1640 containing 10 % FBS. At each time point, 10 pl of
sterile MTT dye (5 mg/mL) was added to each well and incubated for
another 4 h at 37 °C. After removal of the medium, 150 pl of DMSO was
added to each well and properly mixed for another 10 min. The absor-
bance at 490 nm was determined using a microplate reader (Infinite
M200 Pro, TECAN®).

2.10. Transwell assay to evaluate migration and invasion

Evaluation of migration and invasion ability in cells transfected or
treated with 1 pM Colivelin (MedChemExpress) and 20 pM 10058-F4
(MedChemExpress). For migration evaluation, cells were digested,
counted, uniformly distributed into serum-free medium, and then
seeded into the upper transwell chamber (8 pm, Corning) (786-0: 2.5 x
10* cells, 769-P: 5 x 10* cells). The lower chamber contained a serum-
containing medium. After 12 h of cell migration, the Transwell cham-
bers were taken out. For invasion evaluation, cells were seeded in the
upper chamber with matrigel (BD Biosciences) on the bottom (786-O:
2.5 x 10* cells, 769-P: 5 x 10% cells). After 24 h of cell invasion,
Transwell chambers were taken out. Finally, the migrating and invading
cells were washed and fixed. Staining was performed using the Crystal
Violet Staining Solution (Beyotime Biotech).

2.11. Wound-healing assay

After digestion and counting, the cells were seeded into 6-well plates.
After the cell reached 90 % confluence, a line was drawn using a marker
on the bottom of the dish, and then a sterile 200-pl pipet tip was used to
scratch three separate wounds through the cells. The cells were gently
rinsed twice with PBS to remove floating cells and incubated in a serum-
free medium. Images of the scratches were taken by using an inverted
microscope at x 10 magnification at 0, 16, and 24 h of incubation.
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2.12. Flow cytometry

Detection of apoptotic cells and intracellular ROS levels was con-
ducted with the Apoptosis Detection Kit (Yeasen) and the ROS Assay Kit
(Beyotime Biotech), respectively, by flow cytometry (NovoCyte Flow
Cytometer, ACEA Biosciences). The testing process was carried out in
accordance with the manufacturers’ specifications. The data were
analyzed with FlowJo (version 7.6.5).

2.13. Immunofluorescence

Briefly, cells were washed with PBS, fixed using 4 % para-
formaldehyde, permeabilized with 0.3 % Triton X-100 and blocked
using BSA. Then, pre-configured primary antibodies were added and
incubated at 4 °C overnight. The next day cells were incubated with
secondary antibody at room temperature for 1 h. DAPI was incubated for
5 min and then cells were washed with PBS. Photographs were taken
with the THUNDER Imaging Systems (LEICA). The primary antibodies
used for immunofluorescence are shown in Table S3.

2.14. Lentivirus transfection

Lentiviruses containing short hairpin RNAs (shRNAs) of MIOX,
overexpressed plasmid with flag labels of human and mouse MIOX and
GFP-RFP-LC3 plasmid were purchased from Genechem (Shanghai).
Lentivirus transfection of cells was performed according to the protocol
provided by the manufacturer. Lentivirus-transfected cells were selected
by puromyecin.

2.15. LC3 fluorescence assay

Cells transfected with lentivirus containing GFP-RFP-LC3 plasmid
were seeded in 24-well plates. The THUNDER Imaging Systems (LEICA)
was used to detect the fluorescence after 2 h of starvation.

2.16. Transmission electron microscopy (TEM)

Samples were first fixed in the electron microscope fixation solution
(Servicebio), and then dehydrated, permeated, embedded and photo-
graphed under the electron microscope [36].

2.17. Autophagy flux detection

Autophagy flux was measured by detecting the expression of LC3 and
SQSTM1 proteins. Cell samples were treated accordingly, and cellular
proteins were then extracted. Protein expression of LC3 and SQSTM1
was assessed using Western blot assay for characterization of autophagy
flux. Chloroquine (CQ) (Sigma) or rapamycin (MedChemExpress) was
used to block or activate autophagy flux.

2.18. Animal experiments

A 6-8 weeks old, male BALB/c mice were purchased from SPF
Biotechnology Co., Ltd. (Beijing). All the animals were housed in an
environment with a temperature of 22 + 1 °C, a relative humidity of 50
+ 1 %, and a light/dark cycle of 12/12 h. All animal studies (including
the mice euthanasia procedure) were done in compliance with the reg-
ulations and guidelines of Nanjing Drum Tower Hospital institutional
animal care and conducted according to the AAALAC and the IACUC
guidelines.

Renca-luci (luciferase) cells stably transfected with overexpressed
MIOX or vector lentivirus were digested, washed, and resuspended in
PBS, followed by transplanted into the middle of the back of the mice by
subcutaneous injection (1 x 10° cells per mouse). After 3 weeks, sub-
cutaneous tumors were completely dissected and weighed, and based on
the formula volume = (long diameter x short diameter"2) x 0.52 to
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Fig. 1. Identification of MIOX as a suppressor gene of ccRCC. (A-B) Single cell of 12 tumor samples and 9 adjacent normal samples of ccRCC in scRNA-seq database
was classified according to normal and tumor tissues (A) and cell types (B). (C) Volcano plot of DEGs between tumor epithelial cells and normal epithelial cells. Up-
regulated (log2 FC > 1.0) genes are marked in red and down-regulated genes (log2 FC < —1.0) are marked in blue. (D) The top 10 down-regulated genes in tumor
epithelial cells compared to normal epithelial cells. (E) The expression of MIOX in normal epithelial cells and tumor epithelial cells in scRNA-seq database. (F) The
expression of MIOX in adjacent normal tissues (Normal) and tumor tissues (Tumor) in TCGA ccRCC database. (G) The expression of MIOX in subgroups of patients
with different Furhman grades (Grade 1-4), clinical stage (Stage I-IV), tumor stage (T1-T4), and metastatic status (MO or M1) in the TCGA database. (H-I) Association
of MIOX expression with OS (H) and DFS (I) of ccRCC patients in the TCGA database. (J) Detection of mRNA expression levels of MIOX in 26 pairs of ccRCC tissues
(T) and adjacent normal tissues (N) by qRT-PCR (left panel), and the statistical analysis of relative expression levels of the reference gene ACTB showed in the right
panel. (K-L) Representative images (K) and IHC score (L) of MIOX IHC staining of paired adjacent and ccRCC tissues in TMA. Scale bar: 500 pm for images above and
100 pm for images below. (M-N) MIOX staining scores in T1-T4 tumor (M) and clinical stage I-IV (N). (O) Frequency of different MIOX staining score groups in
patients of stage MO and M1. (P) Association of MIOX expression with MFS of ccRCC patients undergoing surgery at our center. (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this article.)

estimate the tumor volume.

To construct pulmonary metastatic models, cells stably transfected
with overexpressed MIOX or vector lentivirus were resuspended with
PBS and injected to the mouse tail vein (1 x 10° cells per mouse). Two
weeks after injection, in vivo imaging of mice was administrated with
the IVIS spectrum imaging system (PerkinElmer) based on the luciferase
label. Data analyses were conducted with Livinglmage software. Three
weeks after injection, murine lung tissues were harvested. Lung tissues
were used for protein extraction and to make tissue sections.

2.19. Statistical analysis

GraphPad Prism 7 software and IBM SPSS Statistics 21 were used for
statistical analysis. Analyses of data from normal distribution presented
as mean + SD were conducted using Student’s t-test. Analyses of cate-
gorical data were performed with the Chi-square test or Yates’s
correction for continuity. The Pearson coefficient was performed for
correlation analysis. Kaplan-Meier and Log-rank tests were carried
outfor survival analysis. A p value < 0.05 indicated a statistically sig-
nificant difference.

3. Results
3.1. Identification of MIOX as a potential regulatory gene in ccRCC

To explore the underlying regulatory gene of ccRCC, we performed
further bioinformatics analysis of the ccRCC scRNA-seq dataset [9].
After quality control, 7786 single cells from normal tissues and 16,764
single cells from tumor tissues were identified, with few
nephrogenic-rest cells (Fig. 1A). The cell type of each cell cluster was
identified in accordance with the markers of major cell types. Eventually
the cells were divided into 15 cell types (Fig. 1B).

Then, we focused on changes in gene expression profiles in tumor
cells. Epithelial cells were extracted, and DEGs were screened based on
the sample origin (Fig. 1C). Up-regulation of 152 genes and down-
regulation of 114 genes were observed in tumor epithelial cells
compared with normal epithelial cells (Supplemental file 1). We then
screened out the top 10 down-regulated genes (Fig. 1D); detailed de-
scriptions are listed in Table S4. In the top 5 down-regulated genes, the
regulatory functions of ALDOB [37,38], GPX3 [39] and FBP1 [40-42] in
RCC have been reported.

Consequently, we performed further investigation in TCGA ccRCC
database. For S100A2, survival analysis revealed no significant differ-
ences in overall survival (OS) and disease-free survival (DFS) between
the low and high expression groups (Logrank p values were 0.11 and
0.15, respectively) (Figs. SIA-B), which suggests that SI00A2 expres-
sion in ccRCC is not be related to the prognosis of ccRCC patients. This
result is also consistent with the findings of Sugiyama et al. [43].

To the best of our knowledge, there are no studies involving MIOX in
ccRCC. For MIOX, analysis of scRNA-seq data indicated that MIOX was
significantly down-regulated in tumor epithelial cells (Fig. 1E). In
addition, analysis of the TCGA database showed that in comparison with
adjacent normal tissues, MIOX was significantly downregulated in

Table 1
The correlation between MIOX protein expression and pathological and clinical
features of 153 patients with ccRCC.

Characteristics MIOX expression

Low High p value
Gender, n (%) 0.906
Male 52 (68.4) 52 (67.5)
Female 24 (31.6) 25 (32.5)
Age (y), median (range) 58 (26-82) 60 (29-82) 0.472
Grade, n (%) 0.001
1 14 (18.4) 17 (22.1)
2 28 (36.9) 47 (61.0)
3+4 34 (44.7) 13 (16.9)
T stage, n (%) 0.001
T1 44 (57.9) 65 (84.4)
T2 13 (17.1) 6(7.8)
T3+T4 19 (25.0) 6(7.8)
N stage, n (%) 0.988
NO 73 (96.1) 75 (97.4)
N1 3(3.9 2(2.6)
Distant metastasis, n (%) 0.040
MO 66 (86.8) 74 (96.1)
M1 10 (13.2) 3(3.9)

cancerous tissues. (Fig. 1F). The relevance of MIOX expression to clinical
characteristics of ccRCC patients was further investigated. Decreased
MIOX expression was associated with higher tumor pathologic grade
(Furhman Grade 3 + 4), clinical (stage III + IV), and tumor (T3+T4)
staging, and MIOX expression was significantly lower in the primary
tumors of initial diagnosed metastatic patients (M1) than in non-
metastatic patients (MO) (Fig. 1G). Further prognosis analysis demon-
strated that both OS and DFS were significantly higher in patients with
high MIOX expression than in those with low expression (OS: p <
0.0001, HR = 0.5403, 95 % CI: 0.4006-0.7288; DFS: p = 0.0001, HR =
0.4769, 95 % CIL: 0.3296-0.6901) (Fig. 1H-I). Thus, this data suggests
that MIOX is closely related to ccRCC progression and may be a gene
with cancer suppressor function in ccRCC.

3.2. Validation of expression and clinical correlation of MIOX in ccRCC
samples and cell lines

We conducted further investigation in clinical samples of ccRCC. In
total, 26 pairs of cancerous and adjacent normal kidney tissues in ccRCC
were gathered, and qRT-PCR was conducted to detect their MIOX mRNA
expression levels. In 24/26 (92.3 %) paired tissues, MIOX was signifi-
cantly reduced in ccRCC tissues relative to adjacent renal tissues.
(Fig. 1J).

Next, paraffin-embedded tissues from ccRCC patients (n = 153) who
underwent surgery in 2015 were collected and TMA was constructed.
Consistently, the protein expression of MIOX was significantly down-
regulated in ccRCC tissues relative to adjacent renal tissues measured
by IHC (Fig. 1K-L). In addition, decreased MIOX expression was related
to higher tumor stage (T3+T4) and TNM stage (III + IV) (Fig. 1M — N).
Patients with primary metastasis (M1) also had lower MIOX expression
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Fig. 2. Overexpression of MIOX suppresses the aggressiveness of ccRCC cells in vitro. (A) The overexpression and knockdown efficiency of MIOX in 786-O and 769-P
cells verified by western blot. (B) Effects of overexpression or knockdown of MIOX on proliferation of ccRCC cells (n = 3). (C-D) Detection of migration and invasion
of ccRCC cells after overexpression (C) or knockdown (D) of MIOX by Transwell assay (n = 3). (E-F) Detection of migration of ccRCC cells after overexpression (E) or
knockdown (F) of MIOX by wound-healing assay (n = 3). (G-H) Proportion of apoptotic cells in 786-O and 769-P cells with overexpression (G) or knockdown (H) of
MIOX (n = 3). **, p < 0.01, ***, p < 0.001.
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Fig. 3. MIOX regulates autophagy and EMT in ccRCC cells. (A-D) Representative images of LC3 fluorescence of 786-O (A) and 769-P (C) cells in different treatment
groups, and statistical results of LC3 puncta in 786-O (B) and 769-P (D) cells. Starvation was for 2 h. Scale bar: 5 pm. (E) TEM images to indicate the changes of
autophagosome and autolysosome after MIOX overexpression in ccRCC cell lines. Yellow arrow: autophagosome, red arrow: autolysosome. Scale bar: 1 pm. (F) The
top 10 gene sets significantly enriched in MIOX low expression group in the TCGA ccRCC cohort. (G) GSEA results of EMT pathway-related genes changing with
MIOX expression in TCGA ccRCC cohort (normalized enrichment score (NES) = -1.91, p < 0.01). (H) Representative images of morphology of cells with the MIOX
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P cells. Scale bar: 20 pm. (J-M) The protein expression and quantitative result (n = 3) of autophagy- and EMT-related markers after overexpression (J and L) or
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reader is referred to the Web version of this article.)
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Fig. 4. MIOX regulates EMT by regulating autophagy. (A-B) The protein expression and quantitative result (n = 3) of autophagy- and EMT-related markers after 50
pM CQ (A) or 400 nM Rapamycin (B) treatment for 24 h in 786-0 cells with stable overexpression of MIOX. (C-D) The protein expression and quantitative result (n =
3) of autophagy- and EMT-related markers after 50 pM CQ (C) or 400 nM Rapamycin (D) treatment for 24 h in 786-0O cells with stable knockdown of MIOX. (E-F) The
protein expression and quantitative result (n = 3) of autophagy- and EMT-related markers after 50 pM CQ (E) or 400 nM Rapamycin (F) treatment for 24 h in 769-P
cells with stable overexpression of MIOX. (G-H) The protein expression and quantitative result (n = 3) of autophagy and EMT related markers after 50 pM CQ (G) or

400 nM Rapamycin (H) treatment for 24 h in 769-P cells with stable knockdown of MIOX. *

than patients without primary metastasis (MO0). (Fig. 10). Also, patients
who underwent surgery were followed up for at least 5 years after sur-
gery. The metastasis-free survival (MFS) curve was drawn with or
without postoperative metastasis as the endpoint. As shown in Fig. 1P, a
significantly shorter MFS was found in patients with low MIOX

% p < 0.05, **, p < 0.01, *** p < 0.001.
expression than in those with high MIOX expression. The correlation
analysis between clinical characteristics and MIOX expression of 153
patients in this study is shown in Table 1.

In addition, further detection indicated that both mRNA and protein

expressions of human RCC cell lines 786-0O, 769-P, ACHN, A498 and
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Fig. 5. Elevated ROS levels resulted from inhibition of autophagy by MIOX leads to the inhibition of the STAT3/c-Myc-mediated EMT and aggressiveness in ccRCC
cells. (A) The top 10 gene sets significantly enriched in MIOX-control cells from the RNA-seq data. (B—C) GSEA results of MYC (B) and IL6-JAK-STAT3 (C) pathway-
related genes in MIOX-control and MIOX-overexpression cells (Con vs MIOX) form the RNA-seq data (MYC: NES = —2.06, p < 0.001; IL6-JAK-STAT3: NES = —1.64,
p < 0.001). (D-E) The protein expression of p-STAT3, STAT3 and c-Myc in 786-O (D) and 769-P (E) cells with stable overexpression of MIOX. (F-G) The levels of ROS
in MIOX-overexpression 786-0 (F) and 769-P (G) cells detected by flow cytometry. Rapamycin: 400 nM for 24 h (n = 3). (H-I) The effect of NAC on the expression of
p-STAT3, STAT3 and c-Myc in MIOX-overexpression 786-O (H) and 769-P (I) cells. NAC: 10 mM for 24 h. (J-K) The effect of Colivelin and 10058-F4 on the
expression of E-cadherin and Vimentin (J) and migration and invasion (K) in MIOX-overexpression 786-O cells. Colivelin: 1 pM for 24 h. 10058-F4: 20 pM for 24 h.
(L-M) The effect of Colivelin and 10058-F4 on the expression of E-cadherin and Vimentin (L) and migration and invasion (M) in MIOX-overexpression 769-P cells.
golivelin: 1 pM for 24 h. 10058-F4: 20 pM for 24 h *, p < 0.05, **, p < 0.01, ***, p < 0.001.

Caki-1 were significantly decreased compared to human renal tubular
epithelial cell line HK-2 by qRT-PCR and western blot (Figs. S2A-B).
These results suggest that MIOX is down-regulated in ccRCC tissues and
cell lines, and the down-regulation of MIOX in ccRCC is related to the
malignant phenotype of tumors.

3.3. Overexpression of MIOX inhibits malignant phenotype of ccRCC in
vitro

For investigation of the regulatory role of MIOX in ccRCC, we first
overexpressed or knockdown MIOX in 786-O and 769-P cells with
overexpressed plasmid or siRNA (Figs. S3A-D and Fig. 2A). MTT assay
indicated that the proliferation was significantly inhibited by MIOX
overexpression, while this process was reversed after MIOX knockdown
(Fig. 2B). Then, transwell and wound-healing assays were performed for
the assessment of migration and invasion of ccRCC cells. Overexpression
of MIOX in 786-0 and 769-P cells significantly suppressed the migration
and invasion (Fig. 2C and E), while knockdown of MIOX increased
migration and invasion (Fig. 2D and F). In addition, it was found that
MIOX overexpression significantly facilitated apoptosis of ccRCC cells
(Fig. 2G), and a remarkable decrease in the proportion of apoptotic cells
was detected after MIOX knockdown, demonstrating the promotion of
MIOX on the apoptosis in ccRCC cells (Fig. 2H). Apoptosis may disturb
the proliferation phenotype of cells. To exclude the effect of apoptosis on
proliferation, we performed Ki67 staining. We found that the positivity
of Ki67 staining was reduced after overexpression of MIOX and
increased after the knockdown of MIOX, confirming the effect of MIOX
on proliferation (Fig. S4). Our findings prove that MIOX exerts the
function of a potential cancer suppressor gene in ccRCC progression.

3.4. MIOX inhibits autophagy and EMT in ccRCC cells

Next, we explored the regulatory mechanism of MIOX in ccRCC. It
has been reported that up-regulation of MIOX leads to inhibition of
autophagy in renal tubular epithelial cells [44], and autophagy inhibi-
tion could play an antitumor role in cancer progression [21]. We
transfected lentivirus carrying GFP-RFP-LC3 plasmid into 786-O and
769-P cells. Under normal conditions, the number of both yellow puncta
(GFP + RFP+) and red puncta (GFP- RFP+) was decreased in MIOX
transiently overexpressed cells (Fig. 3A-D). With starvation (FBS free)
for 2 h, the number of yellow puncta and red puncta was elevated in
both Vector-transfected and MIOX-overexpressed cells, but LC3 puncta
of MIOX-overexpressed cells were still less than that of
Vector-transfected cells (Fig. 3A-D). In addition, TEM scanning revealed
a reduction in the number of autophagosomes and autolysosomes in
MIOX overexpressed 786-O and 769-P cells (Fig. 3E).

Furthermore, RNA-seq data in TCGA ccRCC database were used for
gene set enrichment analysis (GSEA) by MIOX expression. We found that
the EMT pathway ranked first among the negatively correlated path-
ways of MIOX (NES = —1.91, p < 0.01) (Fig. 3F-G), demonstrating that
MIOX may inhibit the EMT of ccRCC. Typically, the EMT process is
characterized by altered cell morphology and changes in the expression
of the epithelial marker E-cadherin [45]. Therefore, cell morphology
and E-cadherin expression were analyzed to demonstrate EMT. We
found that overexpression of MIOX disturbed cell polarity, restored cells
to a rounded epithelial-type morphology and led to the enhanced
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fluorescence intensity of E-cadherin in immunofluorescence staining. In
contrast knockdown of MIOX transformed cells into a spindle-shaped
mesenchymal-like phenotype and attenuated the fluorescence in-
tensity of E-cadherin, demonstrating the inhibitory effect of MIOX on
EMT (Fig. 3H-I).

Then, we screened 786-O and 769-P cell lines with stable over-
expression and knockdown of MIOX by lentivirus transfection (Fig. S5 A-
D and Fig. 3J-M). Overexpression of MIOX resulted in up-regulation of E-
cadherin and down-regulation of vimentin, indicating EMT inhibition
with increased epithelial marker and decreased mesenchymal marker
(Fig. 3J and L), while the knockdown of MIOX showed the opposite
results (Fig. 3K and M).

Autophagy flux refers to the entire process of cargo moving through
the autophagic system from phagophore formation to delivery to the
lysosome for degradation [46]. We also examined the protein expression
of LC3 and SQSTM1, which are commonly used to characterize auto-
phagy flux [47]. Up-regulation of MIOX decreased LC3 II and increased
SQSTM1, indicating a reduction in autophagy flux (Fig. 3J and L), and
down-regulation of MIOX significantly promoted autophagy flux
(Fig. 3K and M). These results confirm that MIOX inhibits autophagy and
EMT of ccRCC cells.

3.5. MIOX regulates EMT by regulating autophagy

Autophagy can regulate EMT in tumor [14]. We further explored
whether MIOX regulated EMT by regulating autophagy. Autophagy in-
hibitor chloroquine (CQ) and autophagy activator rapamycin were used
to interfere with the autophagy status of ccRCC cells. In 786-0O cells, CQ
treatment led to the accumulation of LC3 and SQSTM1 proteins, an in-
crease in E-cadherin, and a decrease in vimentin. Up-regulation of
E-cadherin and down-regulation of vimentin caused by MIOX over-
expression were accelerated by CQ treatment, suggesting a further in-
hibition of EMT (Fig. 4A). CQ treatment also reversed the decrease in
E-cadherin and the increase in vimentin caused by MIOX knockdown
(Fig. 4C). In contrast, rapamycin treatment led to autophagic flux acti-
vation, and accelerated the decrease in E-cadherin and the increase in
vimentin caused by MIOX knockdown (Fig. 4D). The impact on E-cad-
herin and vimentin by MIOX overexpression was also reversed by
rapamycin treatment (Fig. 4B). Similar results were observed in 769-P
cells (Fig. 4E-H). This data confirms that the regulatory effect of
MIOX on the EMT is achieved by regulating autophagy.

3.6. The increase in ROS levels caused by MIOX-mediated autophagy
inhibition led to the inhibition of STAT3/c-Myc-mediated EMT

For further investigation of the mechanism in the regulation of MIOX
in the progression of ccRCC, 786-O-Vector (MIOX-control) and 786-O-
MIOX (MIOX-overexpression) were used to perform RNA-seq, and the
expression levels of different genes in the two cells were obtained. DEGs
were analyzed and GSEA was performed (Con vs MIOX). The results
revealed a significant enrichment of MYC and IL6-JAK-STAT3 pathways
in 786-0-Vector (Con), indicating that MIOX may be negatively corre-
lated with MYC and IL6-JAK-STAT3 pathways (Fig. 5A-C). STAT3 and
MYC (c-Myc) are two cancer-promoting signals, that can induce the EMT
[30,31,48]. STAT3 could also promote the transcriptional expression of
c-Myc, and the STAT3/c-Myc signaling axis exerts a key role in cancer
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Fig. 6. Overexpression of MIOX inhibits RCC cell growth and metastasis in vivo. (A) The expression of FLAG label in Renca transfected with lentivirus carrying FLAG-
labelled plasmid of MIOX overexpression by western blot. (B) Representative images of subcutaneous tumors in the MIOX control group and the overexpression
group; n = 6/group. (C) The volume and weight of the subcutaneous tumors. (D) Representative living images of mice injected with Renca transfected by indicated
lentivirus into tail vein. The lentivirus was Luci-labelled and therefore stably transfected Renca cell lines had in vivo luciferase activity. (E) Statistical analysis of
luciferase bioluminescence intensity (n = 6). (F) Representative images of metastases in murine lung of each group; n = 5/group. The black arrow indicated the
metastasis. (G) H&E staining of pulmonary tissue sections. Scale bar: 500 pm for images above and 100 um for images below. (H) Statistical analysis of the number of
pulmonary metastases of each group. (I) The protein expression of MIOX, LC3, SQSTM1, STAT3, p-STAT3 and c-Myc in pulmonary metastases of mice by IHC

staining. Scale bar: 500 pm *, p < 0.05, **, p < 0.01, ***, p < 0.001.

progression [49]. Therefore, we speculated that the regulatory effect of
MIOX on EMT was related to the STAT3/c-Myc signaling axis. Western
blot revealed that MIOX overexpression significantly inhibited the
p-STAT3 and c-Myc expression in ccRCC cell lines (Fig. 5D-E). In
contrast, MIOX knockdown promoted the p-STAT3 and c-Myc expres-
sion (Fig. S6 A-B).

Previous studies indicated that autophagy inhibition could lead to
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ROS accumulation [50]. Moreover, ROS inhibited p-STAT3 and inter-
fered with downstream signal transduction of STAT3 in some cancer
types [51,52]. We further investigated whether MIOX upregulated ROS
levels by inhibiting autophagy, thereby mediating the inhibition of the
STAT3/c-Myec signaling axis. First, ROS levels were measured by flow
cytometry. DCFH-DA fluorescent probe, which could reflect the overall
oxidative stress state in cells [53], was used for intracellular ROS
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detection. We found that overexpression of MIOX significantly increased
ROS levels in 786-0 and 769-P cells (Fig. 5F-G). Autophagy activation
by rapamycin treatment inhibited the increase of ROS levels (Fig. 5F-G).
Moreover, ROS levels were decreased by the knockdown of MIOX, which
was reversed by inhibition of autophagy with CQ treatment (Fig. S6
C-D). Then, NAC and H,0, were used to explore the impact of ROS on
the STAT3/c-Myc signaling axis in ccRCC cells. NAC treatment rescued
the decline in p-STAT3 and c-Myc caused by MIOX overexpression
(Fig. 5H-I). Consistently, HoO, treatment reversed the increase of
p-STAT3 and c-Myc in MIOX-knockdown cells (Fig. S6 E-F).

Finally, we investigated the induction of the STAT3/c-Myc signaling
axis on the EMT of ccRCC cells. Colivelin is an activator of STAT3,
promoting STAT3 phosphorylation [54]. 10058-F4 is an inhibitor of
c-Myc [55]. Colivelin treatment reversed the increase in E-cadherin and
the decrease in vimentin mediated by MIOX overexpression and rescued
the migration and invasion ability in 786-O and 769-P cells (Fig. 5J-M).
However, when treated with Colivelin in combination with 10058-F4,
the effect of Colivelin was partially eliminated (Fig. 5J-M). We
confirmed that MIOX inhibited autophagy to elevate ROS levels, thus
suppressing the STAT3/c-Myc-mediated EMT in ccRCC.

3.7. Overexpression of MIOX inhibits RCC cell growth and metastasis in
vivo

The regulatory role of MIOX on RCC was further explored in mouse
models. We first constructed a murine RCC cell line Renca with stably
overexpressing MIOX (Fig. 6A and Fig. S7). Subcutaneous injection of
cells was administrated into the mouse middle back. Tumor-bearing
mice were sacrificed at 3 weeks and subcutaneous tumors were har-
vested. MIOX overexpression significantly reduced tumor volume and
weight compared to the Vector group (Fig. 6B-C).

Then, cells in each group were injected intravenously into the mice
to establish a pulmonary metastasis model. Live imaging of mice was
performed at 2 weeks after injection. A significant decrease in the signal
intensity of lung metastasis was detected in the MIOX overexpression
group compared to that in the control group (Fig. 6D-E). Mice were
executed to harvest lung tissues 3 weeks after injection. A significant
reduction of lung metastases was observed in the MIOX overexpression
group in comparison to the control group (Fig. 6F). H&E staining also
revealed a decrease in the size and number of lung metastases in the
MIOX overexpression group (Fig. 6G-H).

Next, we further investigated the regulation of MIOX on the STAT3/
c-Myc signaling axis in vivo. IHC staining showed that MIOX over-
expression resulted in the decrease of LC3, the increase of SQSTM1, and
the inhibition of p-STAT3 and c-Myc in pulmonary metastases (Fig. 61).
Furthermore, STAT3/c-Myc signaling axis was also evaluated in lung
metastasis lysates by Western blot. The results showed that The
expression of p-STAT3 and c-Myc was reduced in the MIOX over-
expression group, which was consistent with the results of IHC staining
(Fig. S8 A-B).

4. Discussion

ccRCC is the most common pathological type of RCC [2]. Existing
treatment options for ccRCC have made great progress, but have limited
efficacy in some patients. For this reason it is necessary to explore mo-
lecular targets related to ccRCC progression and provide new strategies
for ccRCC treatment. scRNA-seq could help identify changes in gene
expression in specific cell types and is currently a leading tool for
exploring complex tumor microenvironments [8]. Herein, we conducted
further bioinformatics analysis in the ccRCC scRNA-seq database and
found that MIOX was significantly down-regulated in tumor epithelial
cells compared to normal epithelial cells. Verification in the TCGA
database as well as clinical samples from our center revealed a signifi-
cant reduction of MIOX expression in ccRCC tissues in comparison with
adjacent renal tissues. In addition, the down-regulation of MIOX in
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cancerous tissues was responsible for higher tumor pathological grade,
higher clinical and tumor stage, and primary metastasis. In TCGA ccRCC
database, significantly longer OS and DFS were observed in the high
MIOX expression group than in patients with low MIOX expression.
Analysis of postoperative follow-up of ccRCC patients undergoing sur-
gery in our center showed that low MIOX expression in tumor tissues
significantly shortened the MFS of patients. Our findings indicate that
MIOX is closely correlated with the progression and metastasis of ccRCC.

There are currently only a few studies on the role of MIOX in tumor
regulation. A close link exists between MIOX and cancer ferroptosis. For
example, studies revealed that MIOX is involved in ferroptosis-related
gene models in papillary thyroid carcinoma, bladder cancer and papil-
lary renal cell carcinoma [12,13,56]. Zhang et al. reported that MIOX
could suppress the progression of hepatocellular carcinoma by
increasing ROS production, reducing the levels of NADPH and GSH and
accelerating ferroptosis induced by erastin and RSL3 [11]. Yet, to the
best of our knowledge, this is the first study reporting on MIOX in ccRCC.
Our results revealed that overexpression of MIOX resulted in the sup-
pression of the proliferation, invasion and migration and the promotion
of apoptosis in ccRCC cells. In contrast, the knockdown of MIOX
enhanced the aggressiveness of ccRCC cells. We confirmed that MIOX
inhibited the malignant phenotype of ccRCC cell lines by in vitro assays.

Autophagy is essential in supporting cellular metabolism and sur-
vival under starvation and stress and in controlling the quantity and
quality of cellular proteins and organelles [57]. Autophagy exerts a dual
function in tumors, promoting or inhibiting tumor progression. In RCC,
the antitumor effect of targeting autophagy is mainly achieved through
inhibition of autophagy. Also, phase I/II clinical trials of CQ and
hydroxychloroquine (HCQ) have been initiated [58]. Zhan et al. found
that up-regulation of MIOX aggravated the oxidative stress of renal
tubular epithelial cells, led to mitochondrial damage and fragmentation,
triggered apoptosis and inhibited autophagy [44]. In this study, over-
expression of MIOX promoted apoptosis of ccRCC cells (Fig. 2G-H);
therefore, we investigated whether MIOX inhibited autophagy in ccRCC
cells. In vitro assays indicated that MIOX overexpression inhibited the
expression of LC3, reduced the number of autophagosomes and auto-
lysosomes and blocked autophagy flux in ccRCC cell lines, while
knockdown of MIOX significantly promoted autophagy flux. This data
demonstrates that MIOX also inhibited the autophagy of ccRCC cells.

Furthermore, we performed GSEA for RNA-seq data from TCGA
ccRCC database and found that the EMT pathway ranked first among the
negative correlation pathways of MIOX. EMT mediates metastasis in
almost all types of cancer [26]. Down-regulation of MIOX induced the
suppression of E-cadherin expression as well as the promotion of
vimentin expression, which is the typical molecular pattern of EMT
activation, while up-regulation of MIOX reversed this process. There-
fore, this data suggests that MIOX can suppress the invasiveness of
ccRCC cells by inhibiting EMT.

Autophagy has dual regulatory effects on EMT. Previous studies
indicated that autophagy could promote or inhibit EMT in tumor [14].
We further explored whether MIOX regulated EMT through autophagy.
Activation of autophagy by rapamycin treatment suppressed E-cadherin
expression, facilitated vimentin expression and reversed the increase in
E-cadherin and the decrease in Vimentin caused by MIOX over-
expression. Moreover, blocking autophagy by CQ treatment also
reversed the effects of MIOX knockdown on the EMT molecular. Singla
et al. found that EMT-like phenotypes in RCC correspond to elevated
autophagy flux, where the combination of autophagy inhibitors (CQ)
and current therapies may exert a synergistic role in inhibiting EMT of
RCC [59], which is consistent with our results.

To further investigate the regulation mechanism of MIOX on auto-
phagy and EMT, we performed RNA-seq of MIOX-control and MIOX-
overexpression 786-O cells. GSEA revealed that MYC and IL6-JAK-
STAT3 pathways were negatively correlated with the expression levels
of MIOX. STAT3 could transcriptionally activate c-Myc [49]. Few studies
have reported on the function of the STAT3/c-Myc signaling axis in
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Fig. 7. Schematic illustration of the mechanism of the inhibition of MIOX on ccRCC metastasis. MIOX inhibits autophagy, and therefore leads to ROS accumulation.
Elevated ROS levels suppress the expression of p-STAT3 and c-Myc and inhibit the STAT3/c-Myc-mediated EMT and metastasis. MIOX: myo-inositol oxygenase; ROS:
reactive oxygen species; STAT3: signaling transducer and activator of transcription 3; EMT: epithelial-mesenchymal transition; CQ: chloroquine; NAC: N-acetyl-

L-cysteine.

ccRCC. We elucidated the regulation of MIOX on the STAT3/c-Myc
signaling axis and EMT through rescue experiments: inhibition of
autophagy caused by up-regulation of MIOX led to ROS accumulation
and increased ROS levels, which was consistent with results reported by
Zhang et al. [11]. Increased ROS inhibited the expression of p-STAT3
and c-Myc, and suppressed the STAT3/c-Myc-mediated EMT in ccRCC
(Fig. 7).

Finally, we verified the inhibitory effect of MIOX on ccRCC in animal
models. MIOX is a metabolic enzyme specifically expressed in the kidney
and is highly conserved in many species [60]. In this study, we selected
BALB/c mice for the in vivo testing. MIOX overexpression suppressed
the growth of Renca in vivo and reduced the volume and weight of
subcutaneous tumors. Furthermore, up-regulation of MIOX reduced
metastases in the lung. The STAT3/c-Myc signaling axis was also sup-
pressed in lung metastases by IHC staining.

In conclusion, we validated that MIOX, a novel suppressor gene of
ccRCC, inhibits autophagy to elevate ROS levels and suppresses the
STAT3/c-Myc-mediated EMT in ccRCC. Thus, MIOX may be a potential
therapeutic target for human ccRCC and may provide a novel option for
the clinical treatment of ccRCC.
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