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Abstract: Objectives: Despite recent research highlighting the critical function of RIO kinase 3 (RIOK3) in a variety
of malignancies, a comprehensive evaluation of RIOK3 in human tumors is absent. Our study helps to clarify the
molecular mechanism of RIOK3 in carcinogenesis from multiple perspectives. Methods: Our research looked into
the potential oncogenic role of RIOK3 in 33 cancers using TCGA (The Cancer Genome Atlas), GTEx (Genotype-
Tissue Expression Project), GEO (Gene Expression Omnibus) datasets, and several bioinformatics tools. Results:
RIOK3 expression in tumors is disordered compared to normal tissue, and it is highly linked with the level of MMR
(Mismatch repair) gene mutations and DNA methyltransferase expression. According to univariate survival analysis,
it could be used as an independent prognostic factor. Further investigation demonstrated that RIOK3 expression
was correlated with cancer-associated fibroblast, neutrophil, and endothelial infiltration levels in kidney cancer and
was positively correlated with the expression of immune checkpoint markers in different cancers. The functional
pathways of RIOK3 also included cell-cell adhesion, protein phosphorylation, and innate immune-related functions.
Conclusions: These findings suggest that RIOK3 could be used as an immunological and prognostic biomarker in

various malignant tumors.

Keywords: RIOK 3, pan-cancer, prognosis, immune infiltration, methylation

Introduction

Cancer is caused by genetic variation, and the
advent of massive parallel sequencing has
made it possible to document this variation
at the whole-genome level [1-3]. A large number
of tumor-related functional genomic datasets
have been used for exome, transcriptome, and
DNA methylome data analysis to draw a com-
prehensive picture of commonalities, differenc-
es, and emerging themes among tumor types
using publicly funded cancer genomics data-
bases and repositories, such as The Cancer
Genome Atlas (TCGA) and Gene Expression
Omnibus (GEO) [4-7]. Pan-cancer studies have
been widely used to investigate the common
characteristics or heterogeneities involved in
the occurrence and progression of tumors [5,

8]. Pathway genes have also been identified
using pan-cancer research, allowing for the col-
lection of a broad range of in-depth information
on the molecular mechanisms connected to
malignancy [9-11]. Given the intricacy of carci-
nogenesis, conducting a pan-cancer expres-
sion analysis of any gene of interest and as-
sessing its link with clinical prognostic value
and potential molecular pathways is critical.

RIOK1, RIOK2, and RIOK3 are right open read-
ing frame (RIO) kinases. RIOK1 and RIOK2 are
found from archaea to humans, whereas RIOK3
is exclusively found in multi-cellular eukaryotes
[12]. RIOK3 knockdown increases the amount
of 21S pre-rRNA in the 18S rRNA synthesis
pathway in human cells [13]. The development
of the 40S ribosomal subunit is dependent on
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this pre-rRNA processing [14]. These findings
suggest that RIO kinases play an important
role in ribosome biosynthesis in mammalian
cells. Recent studies have discovered that
RIOK3 is essential for actin cytoskeletal or-
ganization [15], that knocking down RIOK3
slows cell migration and invasion in breast and
pancreatic cancer cells [15, 16], and that high
RIOK3 levels in gliomas appear to contribute
to the tumor’'s development and expansion
[17]. Furthermore, RIOK3 expression is elevat-
ed in metastatic head and neck cancers [18],
while RIOK3 expression in malignant melano-
mas was significantly lower at the invasive front
than in the tumor center [19]. The previously
established role of RIOK3 in ribosomal biosyn-
thesis regulation and its role in tumor growth
and metastasis suggest the hypothesis that
RIOK3 plays a vital role in cancer genesis and
progression. However, earlier research limited
the evaluation of RIOK3 to a few tumor types,
and its functions in additional tumor types re-
mained unknown.

We used previously described methodologies
[20] to systematically characterize the func-
tions and prognostic value of RIOK3 in various
cancers in this investigation. We used informa-
tion from the TCGA Project and the GEO data-
bases to investigate the expression profile of
RIOK3 across diverse tumor types in a pan-
cancer analysis. To investigate the potential
molecular mechanism of RIOK3 in the patho-
genesis or clinical prognosis of multiple tu-
mors, we looked at many factors, including sur-
vival status, genetic alterations, DNA methyla-
tion, immune infiltration, and tumor mutational
burden (TMB), microsatellite instability (MSI),
and relevant cellular pathways.

Materials and methods
Gene expression analysis

GEPIA2 (Gene Expression Profiling Interactive
Analysis, version 2, http://gepia2.cancer-pku.
cn/) [21] has been a valuable and highly cited
resource for gene expression analysis on tu-
mor and normal samples from the TCGA and
the GTEXx (Genetype-Tissue Expression Project)
databases. It was utilized to compare the ex-
pression of RIOK3 in tumors and normal tis-
sues from various cancers or tumor subtypes in
the TCGA project. The GEPIA2 tool was also uti-
lized to examine RIOK3 expression in all TCGA
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tumors at various pathological stages. For the
dot and violin plots, log2 [TPM (Transcripts per
million) +1] converted expression data were
used.

The UALCAN portal (http://ualcan.path.uab.
edu/analysis-prot.html) [22], an interactive
web resource for analyzing cancer Omics data,
was used to analyze protein expression from
the Clinical proteomic tumor analysis consor-
tium (CPTAC) dataset. The expression of the
RIOK3 protein has been compared between pri-
mary tumors and normal tissues.

Survival prognosis analysis

Overall survival (OS) and disease-free survival
(DFS) significance map data and survival plots
of RIOK3 across all TCGA cancers were also
obtained using GEPIA2. In this analysis, the
group cutoff values of the high-expression
and low-expression groups were set to 50%.
The Kaplan-Meier Plotter (http://kmplot.com/
analys is/) [23] is a meta-analysis tool for dis-
covering and validating survival biomarkers.
The system, including datasets from GEO, The
European Genome-phenome Archive (EGA),
and TCGA, can assess the survival value of
54,000 genes across 21 cancer types. In this
study, the group cutoff values of the high-ex-
pression and low-expression groups were set
to the best cutoff. Hazard ratios with 95% con-
fidence intervals and log-rank P values were
also calculated.

Genetic alteration analysis

cBioPortal (http://cbioportal.org) [24, 25] is an
open resource for interactive exploration of
multiple sets of cancer genomics data. It was
utilized to gather data on RIOK3 alteration fre-
quency, mutation type, altered site information,
and copy number alteration (CNA) across all
TCGA tumors in this study. All TCGA cancer
types, with or without RIOK3 genetic changes,
had their survival data compared, including
overall survival (0S), progression-free survival
(PFS), disease-specific survival (DSS), and dis-
ease-free survival (DFS).

ESTIMATEScore was estimated using the
Sangerbox tool platform (http://www.sanger-
box.com/tool) to investigate the correlation
between RIOK3 expression and TMB and MSI
in all TCGA tumors. On the Sangerbox tool plat-
form, a related technique is based on an R
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script for the ESTIMATE algorithm, which may
also be done with R software.

The TCGA database was applied to determine
five mismatch repair (MMR) gene mutation lev-
els (MLH1, MSH2, MSH6, PMS2, and EPCAM).
The link between RIOK3 expression and MMR
gene mutation levels was investigated using
Pearson correlation analysis.

DNA methylation analysis

The SMART App (http://www.bioinfo-zs.com/
smartapp) [26] was applied to investigate
methylation value and the correlation between
gene expression and methylation values in
different tumors based on the TCGA project.
The relationship between the expression level
of RIOK3 and that of 4 methyltransferases
(DNMTZ, DNMT2, DNMT3A, and DNMT3B) was
evaluated by Pearson correlation analysis. The
DNMIVD tool [27] was used to perform the sur-
vival analyses between the methylation value
of RIOK3 and the prognosis in different cancer
patients in the TCGA database.

Immune infiltration analysis

Tumor immune estimation resource, version
2.0 (TIMER2.0, http:// timer.cistrome.org/) [28]
was used to analyze the relationship between
RIOK3 expression and immune infiltration ac-
ross all TCGA tumors. The TIMER, TIDE, CIB-
ERSORT, CIBERSORT-ABS, QUANTISEQ, XCELL,
MCPCOUNTER, and EPIC algorithms were app-
lied for estimations. The TIMER database was
used to obtain the scores of invading immune
cells in 33 malignancies. The connection be-
tween RIOK3 expression and immunological
infiltration and immune checkpoint marker ex-
pression levels were assessed using Pearson
correlation analysis. Gene expressions are sh-
own as log2 (TPM+1) values.

Gene enrichment analysis

STRING v11 (https://string-db.org/) [29] was
used for the subsequent analysis of the pro-
tein-protein interaction network. The main pa-
rameter settings were as follows: the meaning
of network edges = “evidence”, active interac-
tion source = “Textmining” and “Experiments”,
minimum required interaction score = “Low
confidence (0.150)”, max number of interactors
to show = “no more than 50 interactors” in the
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1st shell. Based on the datasets of all TCGA
tumors and normal tissues, GEPIA2 was used
to find the top 100 RIOK3-correlated genes.
The two datasets were then integrated to per-
form the KEGG pathway and Gene Ontology
(GO) enrichment analysis using the web-based
application DAVID 6.8 (https://david. ncifcrf.
gov) [30]. The results were visualized in a Bar
plot using ggplot2 in the R software (V 4.0.1,
64-bit) environment.

Statistical methods

T-tests were used to estimate changes in ex-
pression levels and methylation values in can-
cer and normal tissues. The HR and P-value
for survival analysis were calculated using uni-
variate Cox regression analysis. Furthermore,
Pearson or Spearman correlation was applied
to analyze the correlation among different gene
expressions. Above all, P < 0.05 was set as sta-
tistically significant if there was no special
annotation.

Results
Pan-cancer expression landscape of RIOK3

The conservation of RIOK3 among different
species was investigated to offer a comple-
te analysis of the role of human RIOK3 (NM
003831.5 for mRNA or NP 003822.2 for pro-
tein, Figure S1A). RIOK3 protein structure is
conserved across species (e.g., Homo sapiens,
Mus musculus, Rattus norvegicus) and usua-
lly comprises a Catalytic (cd05146) domain
(Figure S1B). The significant conservation of
RIOK3 suggests that it may be involved in basic
biological processes.

RIOK3 has the highest expression in bone mar-
row, followed by the esophagus, skeletal mus-
cle, and small intestine, according to a combi-
nation of the human protein atlas (HPA), GTEX,
and function annotation of the mammalian
genome 5 (FANTOMDS) datasets (Figure S2A).
RIOK3 was ubiquitously expressed in almost
all tissues (all consensus normalized expres-
sion values > 1), with limited tissue specificity
in its mMRNA expression. When HPA/Monaco/
Schmiedel datasets were analyzed, basophils
had the greatest RIOK3 expression, followed
by nonclassical monocytes and intermediate
monocytes (Figure S2B). Low RNA blood cell-
type specificity was also discovered.
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Then, using tumor and normal samples from
the TCGA and GTEx databases, GEPIA2 was uti-
lized to analyze gene expression. According to
the findings, RIOK3 mRNA expression was
uneven among the TCGA tumor types. In ACC
(Adrenocortical carcinoma), BLCA (Bladder uro-
thelial carcinoma), BRCA (Breast invasive carci-
noma), CHOL (Cholangiocarcinoma), COAD (Co-
lon adenocarcinoma), ESCA (Esophageal car-
cinoma), KICH (Kidney chromophobe), LAML
(Acute myeloid leukemia), LUAD (Lung adeno-
carcinoma), OV (Ovarian serous cystadeno-
carcinoma), PRAD (Prostate adenocarcinoma),
READ (Rectum adenocarcinoma), SKCM (Skin
cutaneous melanoma), TGCT (Testicular germ
cell tumors), THCA (Thyroid carcinoma), UCEC
(Uterine corpus endometrial carcinoma), and
UCS (Uterine carcinosarcoma), the expression
level of RIOK3 was significantly lower than that
in adjacent normal tissues (Figure 1A, P <
0.05). In contrast, RIOK3 showed higher ex-
pression in GBM (Glioblastoma multiforme),
KIRC (Kidney renal clear cell carcinoma), KIRP
(Kidney renal papillary cell carcinoma), LGG
(Brain lower-grade glioma), PAAD (Pancreatic
adenocarcinoma), and STAD (Stomach adeno-
carcinoma) (Figure 1A, P < 0.05). Meanwhile, a
significant difference for other tumors was not
obtained, such as CESC (Cervical squamous
cell carcinoma and endocervical adenocarci-
noma), DLBC (Lymphoid neoplasm diffuse large
B-cell lymphoma), HNSC (Head and neck squa-
mous cell carcinoma), and LIHC (Liver hepato-
cellular carcinoma) (Figure 1A, P > 0.05).

Further analysis of RIOK3 protein expression
using the CPTAC database revealed that in
BRCA (P < 0.05), KIRC (P < 0.0001), UCEC (P <
0.01), and LUAD (P < 0.01), RIOK3 protein ex-
pression was considerably higher in tumor
tissues compared to normal tissues, but it
was decreased in COAD (P < 0.001) (Figure
1B). The RIOK3 mRNA does not match the pro-
tein expression, indicating that it is sensitive
to post-transcriptional regulation by various
factors.

Pan-cancer analysis of the multifaceted prog-
nostic value of RIOK3

The researchers investigated the relationship
between RIOK3 expression and prognosis in
patients with various malignancies, utilizing the
TCGA and GEO datasets. Tumor cases in the
TCGA were classified into high-expression and
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low-expression groups based on RIOK3 expres-
sion levels. For the TCGA instances of ACC
(P = 0.031), LGG (P = 0.00016), PAAD (P =
0.031), and PRAD (P = 0.0062), OS analysis
results (Figure 2A) revealed a link between
high RIOK3 expression and poor prognosis.
Highly expressed RIOK3 was linked to a poor
prognosis of DFS for cancers of ACC (P <
0.0001) and LGG (P = 0.0066) within the TCGA
project (Figure 2B). Furthermore, decreased
RIOK3 expression was linked to a poor OS and
DFS prognosis for KIRC patients (Figure 2A and
2B, P < 0.0001 and P = 0.0012).

Survival data was also analyzed by the Kaplan
Meier plotter (database sources include GEO,
EGA, and TCGA) tool. It was found that there
was a correlation between high RIOK3 ex-
pression level and better prognosis of OS (P =
0.012), first progression (FP) (P = 0.027) and
post-progression survival (PPS) (P < 0.0001) in
gastric cancer (Figure S3A). In lung cancer, high
RIOK3 expression level was related with poor
0S (P =0.0034), better FP (P = 0.042), and PPS
(P = 0.0012) (Figure S3B). In ovarian cancer,
high levels of RIOK3 were positively correlated
with OS (P = 0.05), but there was no signifi-
cant statistical significance for PFS and PPS
(Figure S3C). For breast cancer patients with
high level of RIOK3 expression, the prognosis
of distant metastasis-free survival (DMFS)
(P = 0.0017), PPS (P < 0.0001) and PFS were
poor (P = 0.034) (Figure S3D). In addition, for
patients with liver cancer, the expression of
RIOK3 had no significant correlation with their
prognosis (Figure S3E). These findings suggest
that RIOK3 is critical in cancer prognosis.

Low RIOK3 mRNA expression is also substan-
tially associated with advanced tumor stages,
such as ESCA (P = 0.0165) and LIHC (P =
0.00946), according to stage maps in the
GEPIA database. PAAD also had a stage-
specific expressional change in RIOK3 (P =
0.0416) (Figure 2C). While, in most tumors, no
clear association was found (Figure S4).

Pan-cancer analysis of the genetic alteration
of RIOK3

The pan-cancer alteration of RIOK3 was investi-
gated using the cBioPortal database. The fre-
quency of RIOK3 alteration (> 12%) was the
highest in PAAD, with amplification as the pri-
mary type. UCEC had the highest incidence of
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Figure 1. RIOK3 expression levels in different tumors. A. Expression levels of RIOK3 in different tumors were analyzed by GEPIA2. B.

protein in BRCA, COAD, KIRC, UCEC, and LUAD were analyzed by CPTAC. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 2. Correlation between RIOK3 expression and prognosis of tumors in TCGA. A and B. Relationship between
RIOK3 expression and overall survival and disease-free survival were assessed in all TCGA tumors using GEPIA2.
The survival map and Kaplan-Meier curves with positive results (P < 0.05) are given. C. The stage-dependent ex-
pression level of RIOK3. Main pathological stages (stage |, stage Il, stage Ill, and stage 1V) of ESCA, LIHC, and PAAD

were assessed and compared using TCGA data.

mutation, with a frequency of > 4% (Figure 3A).
It is worth noting that all uterine mixed endo-
metrial carcinoma (the subtype of UCEC) cases
with RIOK3 alteration had a mutation (~5% fre-
quency) (Figure 3B). All MESO (Pleural meso-
thelioma) cases with RIOK3 genetic alteration
(> 2% frequency) had structural variants, and
all TGCT cases had copy number deep deletion
(~2% frequency) (Figure 3A). The types, sizes,
and numbers of RIOK3 genetic mutations are
investigated further, revealing that missense
mutations were the most common type of
RIOK3 mutation (Figure 3C). In addition, the
potential link between RIOK3 genetic altera-
tions and clinical survival prognosis was in-
vestigated in a variety of malignancies, with
only UCEC showing a meaningful correlation.
Compared with cases without RIOK3 mutation,
UCEC cases with RIOK3 mutation appeared
better prognosis in OV (P = 0.0354) and PFS (P
= 0.0498), but no clear correlation with DSS (P
= 0.0669) and DFS (P = 0.330) (Figure 3D).

The relationships between RIOK3 expression
and TMB and MSI were explored across all
tumors in TCGA. The results showed that the
expression level of RIOK3 was positively corre-
lated with TMB in ACC (P = 0.00043), GBM (P =
0.049), ESCA (P = 0.032), PAAD (P = 0.00028),
SARC (Sarcoma) (P = 0.027), COAD (P = 1.3e-
07), STAD (P = 1.4e-05), SKCM (P = 0.00096),
and LGG (P = 1.9e-05), but negatively correlat-
ed with THCA (P = 0.0075) (Figure 4A). The
RIOK3 expression level was also positively
correlated with MSI in UCEC (P = 0.00033),
COAD (P = 4.4e-09), STAD (P = 1.4e-05), and
READ (P = 3e-05), but negatively correlated
with DLBC (P = 0.013), LUAD (P = 0.0042),
PRAD (P = 7.7e-05), SKCM (P = 0.016), and
HNSC (P = 0.019) (Figure 4B). The relationship
between RIOK3 expression and the levels of
mismatch repair (MMR) gene mutations was
also investigated. In almost all TCGA cancers,
RIOK3 expression was positively linked with
mutation levels of five MMR genes (MLHZ,
MSH2, MSH6, PMS2, and EPCAM) (Figure 4C).
These results suggest that RIOK3 may me-
diate TMB and MSI through influencing the
MMR system, thus promoting tumor genesis
and development.
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Pan-cancer methylation analysis of RIOK3

Using the SMART methods based on the TCGA
database, the DNA methylation of RIOK3 was
studied, and a substantial decrease in the pro-
moter methylation level of RIOK3 was identifi-
ed in BLCA (P < 0.0001), BRCA (P < 0.01), CESC
(P < 0.05), HNSC (P < 0.05), KIRP (P < 0.0001),
LUAD (P < 0.0001), LUSC (P < 0.0001), READ
(P < 0.05), THCA (P < 0.0001), and UCEC (P <
0.05) tissues, but a signicant increase in KIRC
(P < 0.05), compared to normal tissues (Figure
5A). In addition, the correlation between RIO-
K3 expression and DNA methyltransferase
(DNMT, including DNMT1, DNMT2, DNMT3,
and DNMT4) expression was also analyzed. In
most TCGA tumor types (21/33), a positive cor-
relation was found between RIOK3 and DNMT
(R>0.2and P < 0.05). Especially in ACC, BRCA,
DLBC, KICH, KIRC, LGG, LIHC, PCPG, PRAD,
SARC, SKCM, TGCT, THCA, THYM (Thymoma),
and UVM (Uveal Melanoma), this correlation is
more significant (R > 0.4 and P < 0.05) (Figure
5B). Furthermore, Pearson’s correlation be-
tween methylation of RIOK3 promoter and
RIOK3 expression was calculated. A significant
negative correlation was found in CESC, CHOL,
DLBC, ESCA, HNSC, LIHC, LUSC, PAAD, and
STAD, and a significant positive correlation was
observed in KICH, KIRC, TGCT, and UVM (|R]| >
0.2 and P < 0.05) (Figure 5C). Furthermore, no
significant correlation was found for other
tumors, such as ACC, BLCA, BRCA, COAD, or
GBM (|R| < 0.2 or P > 0.05) (Figure S5A).

The DNMIVD tool was also used to investigate
a possible link between the methylation value
of RIOK3 and clinical survival prognosis (Table
S1). The results were as follows: the methyla-
tion level of RIOK3 was negatively correlated
with the OV rate of ESCA (P = 0.041) and KIRC
(P = 0.028) patients but positively correlated
with the OV rate of LIHC (P = 0.027) patients
(Figure S5B-D); For LIHC patients, the methyla-
tion level of RIOK3 is positively correlated with
progression-free interval (PFIl) (Figure S5E, P =
0.05); For PRAD patients, the methylation level
of RIOK3 is negatively correlated with disease-
free interval (DFI) and PFI (Figure S5F and S5G,
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Figure 3. Mutation feature of RIOK3 in TCGA tumors. A. The alteration frequency in different tumors of TCGA. B.
The alteration frequency in subtypes of UCEC. C. The mutation sites in the RIOK3 gene. D. The correlation between
mutation status and OS (overall survival), PFS (Progression-free survival), DSS (Disease-specific survival), and DFS
(Disease-free survival) of UCEC. The above data are analyzed by the cBioPortal tool.
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Figure 4. Correlation between RIOK3 expression and TMB and MSI. A. Correlation analysis of RIOK3 expression
with TMB index based on TCGA data. The P-value and the partial correlation values of 0.39 and -0.39 are displayed.
B. Correlation analysis of RIOK3 expression with MSI index based on TCGA database. The P-value and the partial
correlation values of 0.36 and -0.36 are displayed. C. Correlation analysis of RIOK3 expression with the mutation
levels of 5 MMR genes (MLH1, MSH2, MSH6, PMS2, and EPCAM) based on the TCGA database. (*P < 0.05; **P <

0.01; ***P < 0.001).

P =0.05 and P = 0.0096). These data suggest
that the expression of RIOK3 is regulated by
promoter methylation, and RIOK3 is involved in
the process of DNA methylation during tumor
progression.

Pan-cancer analysis of the RIOK3 expression
and immune cell infiltration

Considering the role of RIOK3 in the regulation
of innate immune and actin cytoskeleton orga-
nization required for migration and invasion, we
hypothesized that changes in RIOK3 expres-
sion or genetic changes could affect the tumor-
infiltrating immune cell response [15, 17, 31].
Thus, the correlation between the infiltration
degree of distinct immune or endothelial cells
and RIOK3 expression was investigated in di-
verse tumor types of TCGA. The analysis results
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revealed that RIOK3 expression was adversely
correlated with estimated infiltration values
of cancer-associated fibroblasts in KIRC and
STAD based on all algorithms (Figure 6A) but
positively correlated with neutrophil cell infiltra-
tion in COAD and KIRC (Figure 6B). Moreover,
RIOK3 expression and endothelial cell infiltra-
tion values for KIRC and TGCT showed a posi-
tive correlation (Figure 6C). Subsequently, the
correlation between the expression of RIOK3
and 47 common immune checkpoint genes
was investigated. It should be noted that in
BRCA, COAD, KICH, KIRC, LGG, PRAD, READ,
and UVM, RIOK3 expression is associated with
more than 30 immune checkpoint markers,
such as TNFRSF9, CD44, CD86, and CD274
(Figure S6). Altogether, these results strongly
suggest that RIOK3 is important for tumor im-
munity.

Am J Transl Res 2022;14(6):3750-3768
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Figure 5. Analysis of RIOK3 DNA methylation data in TCGA. A. CpG-aggregated methylation value (beta-value) across all samples in TCGA project. *P < 0.05; **P
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Figure 6. Analysis of the RIOK3 expression and immune cell infiltration. Correlation between RIOK3 expression level

and infiltration of cancer-associated fibroblasts (A), neutrophils (B), and endothelial cells (C) across all tumors in

TCGA. The red color indicates a positive correlation (0-1), while the blue represents a negative correlation (-1-0). The
correlation with P-value < 0.05 is considered statistically significant. Statistically, non-significant correlations values
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Enrichment analysis of RIOK3-related partners

To further investigate the underlying mecha-
nisms of the RIOK3 gene in tumorigenesis
development, the RIOK3-binding proteins and
RIOK3 expression-correlated genes were sc-
reened out in a series of pathway enrichment
analyses. Based on the STRING database, 50
RIOK3-binding proteins were obtained (Figure
TA), supported by experimental evidence and
text mining. Then, the GEPIA2 tool was used to
obtain the top 100 genes that correlated with
RIOK3 expression in all tumor types of TCGA.
The RIOK3 expression was positively correlat-
ed with tropomodulin 3 (TMOD3) (R = 0.53),
STE20 like kinase (SLK) (R = 0.5), kruppel like
factor 3 (KLF3) (R = 0.5), protein kinase N2
(PKN2) (R = 0.49), mitogen-activated protein
kinase 2 (MAP3K2) (R = 0.48), and other genes
(all P < 0.0001) (Show only the top five, Figure
7B and 7C).

Then, the above two data sets were combined
for GO and KEGG enrichment analyses. The bio-
logical process (BP) of GO analysis suggested
that RIOK3 might be related to cell-cell adhe-
sion, protein phosphorylation, rRNA process-
ing, peptidyl serine phosphorylation, positive
regulation of |-kappaB kinase/NF-kappaB sig-
naling, and others (Figure 7D, P < 0.01). The
molecular function (MF) of GO analysis show-
ed that protein binding, ATP binding, cadherin
binding involved in cell-cell adhesion, protein
serine/threonine kinase activity, and protein
kinase activity might be affected by RIOK3
expression (Figure 7E, P < 0.01). The cellular
component (CC) of GO analysis displayed mul-
tiple significant terms, such as cytoplasm,
cytosol, nucleoplasm, cell-cell adherens junc-
tion, and others (Figure 7F, P <0.01). The KEGG
analysis identified several significant terms:
endocytosis, salmonella infection, RIG-I-like
receptor signaling pathway, adherens junction,
and ribosome biogenesis of eukaryote (Figure
7G, P < 0.05).

Discussion

The multifunctional RIOK3 protein is involved in
various pathological processes in vivo, includ-
ing tumor etiology and progression. RIOK3 has
been identified as a component of pre-40S pre-
ribosomal particles [13] and as a regulator of
erythroblast enucleation [32]. By stimulating
the AKT/mTOR signaling pathway in gliomas,
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RIOK3 increases tumor cell proliferation, motil-
ity, and invasion [17]. RIOK3 forms a complex
with PAK1 in pancreatic cancer cells, which can
alter the cytoskeleton structure and enhance
cancer cell motility and invasion [16]. RIOK3
interacted with many proteins in breast can-
cer cells, including actin cytoskeleton compo-
nents (ACTG1, ACTA2, TPM3, TPM4, and TMO-
D3) and ribosomal subunits (RPS3, RPS14,
RPS16, RPS18, RPS20, RPL27A, RPL30) [15].
Other tumor-related and immune response sig-
naling pathways that RIOK3 regulates include
the Hedgehog and the NF-kB pathways [33, 34]
because the wide range of subcellular pro-
tein interactions can play various regulatory
roles in different systems and under different
conditions.

The “HomoloGene” research data revealed th-
at the RIOK3 protein structure is conserved
across species, implying that similar processes
may exist for RIOK3's normal physiological
role. Nonetheless, it is unclear whether RIOK3
is engaged in the oncogenesis of specific tu-
mor types or plays a role in more common
tumor pathogenesis pathways. As a result, we
analyzed the RIOK3 gene in 33 distinct can-
cers using data from the TCGA, GTEx, CPTAC,
and GEO databases and molecular parameters
such as gene expression, genetic change, and
DNA methylation.

Transcriptome analysis showed that the ex-
pression level of RIOK3 in most tumor tissues
was lower than that in the corresponding nor-
mal tissues (17/33), and high expression was
only observed in GBM, KIRC, KIRP, LGG, PAAD,
and STAD tissues (6/33). In proteomic an-
alysis, we found that the total protein expres-
sion levels of RIOK3 in BRCA, KIRC, UCEC, and
LUAD were higher than that in their correspond-
ing adjacent tissues, but the expression in
COAD was decreased. Although we only ob-
tained data on RIOK3 protein expression in 5
cancers, they were highly inconsistent with
RIOK3 mRNA expression, indicating that some
factors regulate RIOK3 after transcription. The
most common examples are microRNA and
methylation. Further analysis showed that the
high expression level of RIOK3 was correlated
with the poorer OV in ACC, LGG, PAAD, PRAD,
and lung cancer, and better OV in KIRC, gastric
cancer, and ovarian cancer compared with low
expression level. In addition, in ESCA, LIHC, and

Am J Transl Res 2022;14(6):3750-3768
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Figure 7. RIOK3-related gene enrichment and pathway analysis. (A) Protein-protein networks of RIOK3 (50 RIOK3-binding proteins supported by experimental
evidence and text mining, based on the STRING database). (B) Expression correlation between RIOK3 and representative genes (TMOD3, SLK, KLF3, PKN2, and
MAP3K2) of the top RIOK3-correlated genes in TCGA projects as determined by GEPIA2. (C) Heatmap of the expression correlation between RIOK3 and representa-
tive genes (TMOD3, SLK, KLF3, PKN2, and MAP3K2). (D-F) Functional enrichments are based on the RIOK3-binding proteins and RIOK3-correlated genes. GO (Gene
ontology), GO-BP (Biological process) (D), GO-MF (Molecular function) (E), GO-CC (Cellular component) (F), KEGG (Kyoto encyclopedia of genes and genomes) (G).
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PAAD, there is a stage-specific expression
change of RIOK3. These findings show that
RIOK3 could be used as a biomarker to predict
the prognosis of cancer patients.

Gene mutations play an essential role in the
etiology of several malignancies [35]. Ampli-
fication was the most common form of genetic
alterations in TCGA tumor cases, especially in
pancreatic adenocarcinoma and esophago-
gastric adenocarcinoma, according to our pan-
cancer alteration analysis of RIOK3. Patients
with RIOK3 mutations had a longer OS and
PFS than those without the mutation. Under
normal circumstances, the MMR system guar-
antees that DNA replication is stable. MLH1/
PMS2, MSH2/MSH®6, and EPCAM are heterodi-
mers in the MMR system that can detect and
fix gene alterations, such as base substitution,
insertion, deletion, or mismatch during DNA
replication [3]. Mutations or abnormalities in
the MMR gene can accumulate genetic mis-
takes, leading to genomic or microsatellite
instability and tumor formation [36]. In our
research, RIOK3 was linked to TMB and MSI in
various cancers, and it was linked to mutant
MMR gene levels in almost all TCGA tumors,
which could explain RIOK3’s position in the
MMR system, in which it mediates MMR’s
effects on TMB and MSI, encouraging the inci-
dence and progression of malignancies.

In recent decades, the association between
DNA methylation and cancer has increasingly
been discovered [37, 38]. DNA methylation is a
common type of epigenetic alteration of DNA
that controls gene expression without chang-
ing the DNA sequence [39, 40]. By altering
chromatin structure, DNA stability, and DNA
conformation, DNA methylation normally de-
creases gene expression [41]. In malignant
cells, hypermethylation within promoter regions
frequently results in the silence or inactiva-
tion of tumor suppressor genes [42, 43]. DNA
methylation of RIOK3 was downregulated in
BLCA, BRCA, CESC, HNSC, KIRP, LUAD, LUSC,
READ, THCA, and UCEC but increased in KIRC,
according to the findings. There was a positive
expression connection between RIOK3 and
DNA methyltransferase in most TCGA tumors
(21/33). Furthermore, there is a significant
association between CECS, CHOL, DLBC,
ESCA, KICH, KIRC, LIHC, LUSC, PAAD, STAD,
TGCT, and UVM RIOK3 expression and methyla-
tion was identified. The methylation level of
RIOK3 has been linked to cancer patient
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prognosis in some cases. For ESCA and KIRC,
hypermethylation of RIOK3 indicates a bad
prognosis, whereas it indicates a positive prog-
nosis for LIHC. These findings suggest that
methylation is a critical regulator of RIOK3
expression and may play a role in tumor growth.
Unfortunately, there is no research on RIOK3
methylation, implying that the research in this
field should be continued.

Emerging evidence has suggested that RIOK3
is related to innate immunity [31, 44-46], but
the relationship between RIOK3 and tumor im-
mune cell infiltration has not been elucidated.
Evaluation using a variety of immune deconvo-
lution methods, our data show that there is
a statistically positive correlation between
RIOK3 expression and neutrophil infiltration in
COAD and KIRC tumors, a positive correlation
between endothelial cells in KIRC and TGCT,
and a negative correlation between cancer-
associated fibroblasts in KIRC and STAD. The
correlations between RIOK3 expression and
TMB or MSI were also presented in this study.
TMB and MSI have shown potential as pre-
dictive biomarkers with several applications,
including associations reported between TMB
and MSI levels and patient response to im-
mune checkpoint inhibitor therapy in various
cancers [36, 47]. Our data showed that RIOK3
expression was related to TMB (10/32) and
MSI (10/32) indexes in about 1/3 of TCGA
tumors and was associated with the expres-
sion of 47 common immune checkpoint genes,
which further illustrated that RIOK3 might play
an important role in tumor immunity. However,
there is almost no report on the involvement of
RIOK3 in tumor immunity. Therefore, the rela-
tionship between RIOK3 and tumor immunolo-
gy is virgin land, a worthwhile study topic.

The last section investigated an extended ver-
sion of RIOK3-binding proteins and the RIOK3
expression-correlated genes using GO terms
and KEGG pathway enrichment analysis. The
data described the possible molecular mecha-
nism of RIOK3 in the process of tumorigenesis
and development. RIOK3 is mainly involved
in cell-cell adhesion, protein phosphorylation,
innate immunity, mitosis, establishment and
maintenance of cell polarity, and other impor-
tant biological processes in tumor cells, and
these results are almost consistent with previ-
ous reports [15-17, 31, 33, 44, 46].

Am J Transl Res 2022;14(6):3750-3768
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In conclusion, statistical associations between
RIOK3 expression and clinical prognosis, DNA
methylation, immune cell infiltration, tumor
mutation burden, and microsatellite instability
in a variety of human tumors were discovered
as a result of our comprehensive pan-cancer
analysis of RIOK3, helping to clarify the molecu-
lar mechanism of RIOK3 in tumorigenesis from
a variety of perspectives.
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NM_003831.5 [3,574 nt] NP_003822.2 [519 aa] T UiF’rotKB - 0140 (RIOK3_HUMAN)
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Gallus gallus > XP_004939838.1 [522 aa] Heterocephalus glaber )~ XP_004853214.1 [519 aa]

Conserved domain: (@) Catalytic (cd05146) domain

Figure S1. Structural characteristics of RIOK3 in different species. A. Human RIOK3 gene location in hg38. B. Con-
served protein domains of RIOK3 across different species.
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Figure S3. Relationship between RIOK3 expression levels and prognosis in different cancer patients. Kaplan-Meier plotter was used to perform the survival analyses
in gastric cancer (A), lung cancer (B), ovarian cancer (C), breast cancer (D), and liver cancer (E) patients.
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Figure S4. The stage-dependent expression level of RIOK3. Pathological stage plot derived for RIOK3 expression data in GEPIA2 for ACC, BLCA, BRCA, CESC, CHOL,
COAD, DLBC, HNSC, KICH, KIRC, LUAD, LUSC, OV, READ, SKCM, STAD, TGCT, THCA, UCEC, and UCS. These data are statistically non-significant.
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Figure S5. Analysis of RIOK3 DNA methylation data in TCGA. A. Correlation between gene expression and methylation value (beta-value) of RIOK3 in different tumors
of TCGA. These data are statistically non-significant (R < 0.2 or P > 0.05). B-G. Relationship between CpG-aggregated methylation value of RIOK3 and prognosis in
different cancer patients. DNMIVD tool was used to perform the survival analyses (OS, PFl, and DFI) in ESCA, KIRC, LIHC, and PRAD patients in the TCGA project.

Only statistically significant data are shown here.
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Figure S6. Correlation analysis of RIOK3 expression with 47 common immune checkpoint genes in TCGA tumors.
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Table S1. Kaplan-Meier survival analysis of RIOK3 methylation value

Disease 0S DFI PFI
BLCA 0.5881 0.3338 0.2956
BRCA 0.8536 0.7583 0.9708
CESC 0.9678 0.1176 0.7615
CHOL 0.5664 0.4276 0.4386
COAD 0.6227 0.0615 0.3896
ESCA 0.0412* 0.8500 0.0905
GBM 0.4167 Nan 0.6436
HNSC 0.2372 0.9201 0.1273
KIRC 0.0279* 0.4201 0.0736
KIRP 0.4674 0.1335 0.0925
LIHC 0.0268* 0.0799 0.0497*
LUAD 0.8794 0.6841 0.8018
LUSC 0.1034 0.5266 0.0950
PAAD 0.6647 0.3129 0.5540
PCPG 0.1812 0.9506 0.4085
PRAD 0.2177 0.0143* 0.0096**
READ 0.8081 0.1826 0.6706
SARC 0.9225 0.3552 0.5869
SKCM 0.0628 1.0000 0.0996
STAD 0.7675 0.9094 0.2227
THCA 0.0528 0.3454 0.5904
THYM 0.9682 1.0000 0.7004

Using median DNA methylation beta values as threshold to divide samples into High and Low group. OS: Overall Survival time;
DFI: Disease-free Interval; PFIl: Progression-free Interval. *P < 0.05, **P < 0.01, Na: not a number.



