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Abstract

Inflammation and immune responses play important roles in cancer development and prognosis. We identified 59 upregu-
lated inflammation- and immune-related genes (IIRGs) in clear cell renal cell carcinoma (ccRCC) from The Cancer Genome
Atlas database. Among the upregulated IIRGs, nucleotide binding oligomerization domain 2 (NOD2), PYD and CARD
domain (PYCARD) were also confirmed to be upregulated in the Oncomine database and in three independent GEO data
sets. Tumor immune infiltration resource database analysis revealed that NOD2 and PYCARD levels were significantly
positively correlated with infiltration levels of B cells, CD4+T cells, CD8+ T cells, neutrophils, macrophages and dendritic
cells. Multivariate Cox hazards regression analysis indicated that based on clinical variables (age, gender, tumor grade,
pathological TNM stage), NOD2, but not PYCARD, was an independent, unfavorable ccRCC prognostic biomarker. Func-
tional enrichment analyses (GSEA) showed that NOD2 was involved in innate immune responses, inflammatory responses,
and regulation of cytokine secretion. Meanwhile, mRNA and protein levels of NOD2 were elevated in four ccRCC cell lines
(786-0O, ACHN, A498 and Caki-1), and its knockdown significantly inhibited IL-8 secretion, thereby inhibiting ccRCC cell
proliferation and invasion. Furthermore, results showed that miR-20b-5p targeted NOD2 to alleviate NOD2-mediated IL-8
secretion. In conclusion, NOD?2 is a potential prognostic biomarker for ccRCC and the miR-20b-5p/NOD2/IL-8 axis may
regulate inflammation- and immune-mediated tumorigenesis in ccRCC.
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Introduction and treatment, 30% of localized ccRCC patients experience

recurrence or metastasis, while 30% of them have advanced

Clear cell renal cell carcinoma (ccRCC) is the most common
malignant tumor of the kidney, accounting for 70% of all
kidney tumors [1]. Despite advances in ccRCC diagnosis
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or metastatic renal cell carcinoma (mRCC) at initial
diagnosis [2]. Patients with advanced ccRCC have poor
prognostic outcomes, with a 5-year survival rate being less
than 10% [3].

ccRCC is not sensitive to traditional chemoradiotherapy
and exhibit typical intratumoral heterogeneity, which
increases the unpredictability of its clinical progression
[4]. Development of molecular targeted drugs, including
tyrosine kinase inhibitors (TKIs) and mammalian target of
rapamycin (mTOR) inhibitors has significantly improved
the prognostic outcomes of patients with advanced ccRCC
[5]. In the past 10 years, the median overall survival
(OS) has been extended from 13 to 30 months, which is
a milestone in the treatment of advanced ccRCC [6, 7].
However, targeted therapy has various limitations such
as drug resistance, side effects or toxicity, which limits
its clinical benefits among high-risk groups for ccRCC
[8]. Therefore, there is a need to develop new treatment
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methods to further improve the prognostic outcomes of
advanced ccRCC patients.

Immune checkpoint inhibitors (ICIs), such as pro-
grammed cell death-1 (PD-1), programmed cell death
ligand-1 (PDL-1) and cytotoxic T lymphocyte-associated
antigen-4 (CTLA-4) have revolutionized the treatment of
advanced ccRCC patients [9, 10]. For patients who do not
benefit from traditional molecular targeted therapy, ICIs
have shown the prognostic outcomes and prolonged their
survival time, suggesting that immunotherapy is effective
for ccRCC treatment [11]. Thus, screening and identifica-
tion of novel immune related genes (IRGs) is a research
hotspot in ccRCC prevention and treatment. For instance,
Pan et al. reported that as an immune-related gene (IRG),
Layilin (LYAN) can predict immune infiltrations and prog-
nostic outcomes of gastric and colon cancers [12]. Wang
et al. reported that as a potential IRG, scavenger receptor
class A member 5 (SCARADS) affects the proliferation and
migration of triple-negative breast cancer (TNBC) cells,
indicating that SCARAS may be a potential immunothera-
peutic target for TNBC [13]. However, the clinical signifi-
cance of these IRGs and functionally important genes have
not been clarified in large clinical cohorts. Therefore, it
is important to identify valuable IRGs using large clini-
cal samples and to investigate the biological mechanisms
involved in ccRCC development.

Various inflammatory factors (chemokines, cytokines and
small inflammatory proteins) as well as immune-related cells
interact during carcinogenesis and metastasis [14, 15]. In
the tumor microenvironment, abnormal dynamic changes
between inflammation and immunity lead to inflammation
induced-immunosuppression and mediated-immune escape.
Weber et al. reported that IL-6 is an important regulator of
myeloid-derived suppressor cell (MDSC) activities and a
potential target for cancer immunotherapy [16]. Evidence
has revealed that FGF2 regulates macrophage polarization
and tumor immunity as well as proliferation in the tumor
microenvironment [17]. However, the roles and interaction
mechanisms for inflammation and immune cells have not
been fully elucidated.

In this study, to investigate the effects of inflammation
and immune regulation on the prognosis of ccRCC and its
underlying mechanism, we performed bioinformatics analy-
ses using public clinical cohorts. A total of 59 differentially
expressed inflammation-and immune-related genes (IIRGs)
were identified in ccRCC. We identified NOD2 to be a novel
IIRG for ccRCC diagnosis and prognosis. Moreover, over-
expression of NOD2 in ccRCC cells promoted cancer cell
proliferation and invasion by inducing IL-8 secretion. Mean-
while, miR-20b-5p blocked NOD2-mediated IL-8 secretion,
thereby inhibiting ccRCC cell proliferation and invasion.

Materials and methods
Database

The RNA expression profiles (level 3 RNA-seq 2 data) and
clinical data of 537 ccRCC patients (including 537 ccRCC
tissue samples and 72 normal renal tissue samples) were
downloaded from the Cancer Genome Atlas (TCGA) data-
base (https://portal.gdc.cancer.gov/) in June 2021. The clini-
cal information of ccRCC patients is presented in Table 1.

Functional enrichment analysis

To investigate the potential biological mechanisms of the
inflammation- and immune-related prognostic signature,
the ccRCC expression data from the TCGA database were
subjected to Gene Set Enrichment Analysis (http://www.
gsea-msigdb.org/gsea/index.jsp) using the immunologic
signature gene set (c7.all.v7.4.symbols.gmt) and hallmark
gene sets (h.all.v7.4.symbols.gmt). P <0.05 was set as
the threshold for statistical significance. In addition, GO
database (http://www.geneontology.org) and the Kyoto

Table 1 Clinical characteristic of ccRCC patients from TCGA

Characteristics Patients
n=537 %

Age(years)

<60 266 49.5

>60 271 50.5
Gender

Male 346 64.4

Female 191 35.6
Tumor grade

G1-G2 244 454

G3-G4 285 53.1

Unkown 8 1.5
TNM staging system

T1-T2 344 64.1

T3-T4 193 359
TNM staging system

NO 240 44.7

N1 17 32

Nx 280 52.1
TNM staging system

MO 426 79.3

Ml 79 14.7

Mx 32 6.0
Status

Survival 367 68.3

Death 170 31.7
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Encyclopedia of Genes and Genomes (KEGG) database
(http://www.kegg.jp) were used to perform functional
annotations (biological process (BPs), cellular components
(CCs) and molecular functions (MFs)) of differentially
expressed IIRGs. Relationships among enriched clusters in
GO and KEGG signaling pathways were visualized using
Metascape (http://www.metascape.org/) and GeneMANIA
(http://genemania.org).

Expression of IIRGs

Through GSEA, differentially expressed IIRGs in ccRCC
tissues were identified using “limma” in R [P <0.05, log2
fold change (logFC) > 1.0, FDR <0.01]. The Oncomine
gene expression microarray (https://www.oncomine.org)
datasets were used to verify IIRGs levels in ccRCC. Three
independent microarray data sets (GSE40435, GSE53757,
and GSE66272) were downloaded from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/) for validation. The association between IIRGs and clin-
ical characteristics of ccRCC patients were also analyzed.

Survival analysis and univariate and multivariate
Cox proportional hazards regression analyses

Through the online database, Gene Expression Profiling
Interactive Analysis (GEPIA2) (http://gepia2.cancer-pku.
cn), Kaplan—Meier survival curves were developed to
evaluate the prognostic significance of IIRGs. For overall
survival (OS) analyses, ccRCC patients were assigned into
two groups based on median expressions of mRNAs (high
vs. low). Survival curves for samples with low and high
mRNA expressions were compared using the log-rank test.
Next, univariate and multivariate Cox proportional hazards
regression analyses were performed to determine NOD2 and
PYCARD levels as well as clinical features (age, gender,
grade, pathologic TNM stage) that were significantly associ-
ated with OS. P <0.05 was set as the threshold for statistical
significance.

cBioPortal analysis

Genomic profiles, including the frequencies of NOD2 and
PYCARD alterations (mutation, amplification, and multiple
alterations), putative copy number variations (CNVs) as well
as mRNA expression levels of NOD2 and PYCARD were
obtained from genomic identification of significant targets
in cancer (GISTIC). Correlation between gene expression
and DNA methylation as well as co-expression was analyzed
according to cBioPortal’s online instructions (http://www.
cbioportal.org/).
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Correlations between NOD2 and PYCARD levels
with the abundance of immune infiltrates in ccRCC

Using ccRCC expression data in the TCGA database, cor-
relation between NOD2 and PYCARD levels and immune
infiltration (including B cells, CD4+ T cells, CD8+T cells,
macrophages, dendritic cells) in ccRCC was evaluated using
the tumor immune infiltration resource (TIMER) database
(http://timer.cistrome.org/). Association of NOD2 and
PYCARD levels with gene markers of tumor-infiltrating
immune cells was evaluated by the Spearman’s correlation
analysis. Gene expression levels corrected for tumor purity
were used to estimate infiltrations.

Cell cultures

The human renal tubular epithelial cell line (HK-2) and four
human ccRCC cell lines (786-O, ACHN, A498 and Caki-1)
were purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, United States) and cultured in
DMEM medium supplemented with 10% Fetal bovine serum
(Thermo Scientific HyClone, Logan, UT, United States).

RNA interference

The mRNA sequence of NOD2 was obtained from GenBank
(NM_022162). For RNA interference, targeting sequences
were designed using an online RNAi algorithm (http://sidir
ect2.rnai.jp/). The three NOD2-specific siRNAs (si-NOD2
#1: 5'-AGACAAAGAGAAAUUCCUGGA-3', si-NOD2 #2:
5'-GCCUGAUGUUGGUCAAGAAGA-3’, si-NOD2 #3:
5'-AACCUUUGAUGGCUUUGA CGA-3') and a negative
control siRNA (NC siRNA) were purchased from GeneP-
harma (Shanghai, China). The 786-O and ACHN cells were
transfected with Translipid reagent (TransGen, Beijing,
China) following the manufacturer’s instructions.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the Trizol Reagent (Invit-
rogen, Carlsbad, CA, United States) and there after reverse
transcribed into cDNA using a reverse transcription kit
(TransGen, Beijing, China). Quantitative real time poly-
merase chain reaction (QRT-PCR) analysis was performed
to assess relative expressions of target gene RNA. Sequences
for the specific primers were; 5'-TGGTTCAGCCTCTCA
CGATGA-3" (Forward) and 5'-CAGGACACTCTCGAA
GCCTT-3' (Reverse) for NOD2; 5'-TGAAGGTCGGAG
TCAACGG-3' (Forward) and 5'-CCTGGAAGATG GTG
ATGGG-3' (Reverse) for GAPDH; 5'-CTCGCTTCGGCA
GCACA-3' (Forward) and 5'-AACGCTTCACGAATTTGC
GT-3' (Reverse) for U6; 5'-ACACTCCAGCTGGGCGCT
TTGCT CAGCCA-3' (Forward) for miR-1251-3p; 5'-ACA
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CTCCAGCTGGGTAAGG CACGCGGU GAA-3' (Forward) CGTGGAGTCG-3'. GAPDH and U6 were the internal con-
for miR-124-3p; 5'-ACACTCCAGCTGGGCAAAGTGCTC  trols. Relative RNA expressions were calculated using the
ATAGT-3' (Forward) for miR-20b-5p. All reverse primers ~ 2~““Cy method.

for miRNAs were universal 3’ miRNA primers 5'-TGGTGT
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Western blotting

Protein extractions from cells was performed using the RIPA
lysis buffer (Thermo Fisher Scientific, Waltham, MA, United
States). Then, proteins were quantified using the bicin-
choninic acid (BCA) method, resolved by 12% SDS-PAGE,
electro-transferred to polyvinylidene difluoride (PVDF)
membranes, which were subsequently blocked using 5%
skim milk, incubated at 4°C overnight in the presence of
primary antibodies against NOD2 or GAPDH (Abcam,
Cambridge, UK), followed by incubation with secondary
antibodies (Antgene, Wuhan, China) at room temperature for
30 min. Blots were detected by chemiluminescence (Pierce,
Thermo Fisher Scientific, United States).

3-(4,5)-dimethylthiazol(-2-yl)-3,5-diphenytetrazoliu
mromide (MTT) assay and 5-ethynyl-2'-deoxyuridine
(EdU) assay

Cells were seeded in 96-well plates (5x 10° cells/well)
and incubated for the indicated duration. Absorbance was
detected at 490 nm and cell viabilities evaluated via the
MTT assay (Beyotime Biotechnology, Shanghai, China), as
instructed by the manufacturer. Cell proliferation viabilities
were also assessed by the EdU assay (RiboBio, Guangzhou,
China). Briefly, 5 X 10? cells were seeded in each well of
96-well plates and pretreated for the indicated time. Next,
cells were incubated with the EdU reagent (50 pM) for
30 min at 37 °C. Subsequently, they were fixed with 4%
formaldehyde and incubated with 100 pl of reaction cocktail
for 30 min. The DNA content of the cells in each well was
stained with DAPI for 10 min and visualized by fluorescence
microscopy. Positive cells fluoresced red while their nucleus
fluoresced blue after DAPI staining. Cell proliferation levels
in each group were compared to those of the control group.

Invasion assay

Pretreated cells were seeded in the upper chamber of a cul-
ture plate with 8 pm pore matrigel-coated polycarbonate
membranes (Costar, United States) (2 X 105/per well) and
there after incubated. The upper chamber contained serum-
free DMEM medium while the lower chamber was filled
with 10%-FBS-supplemented DMEM. After 24 h of incuba-
tion, invading cells at the bottom of the polycarbonate mem-
brane were fixed and stained with crystal violet. The number
of invading cells in at least three random fields was counted.

Enzyme-linked immunosorbent assay (ELISA)

Cells were seeded in 6-well plates (1 X 10° cells/well) and
incubated for 48 h. Then, cell supernatants were obtained
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by centrifugation (1000xg, 10 min, 4 °C) and used for the
ELISA assay (Beyotime Biotechnology, Shanghai, China) to
assess cytokine levels. Briefly, standards and diluted samples
were added to 96-well ELISA plates and incubated at 37 °C
for 120 min. The plates were washed and biotinylated anti-
bodies were added to each well and incubated for 60 min.
Subsequently, horseradish peroxidase-labeled streptavidin
complex was added to each well and incubated for 60 min.
Finally, tetramethylbenzidine (TMB) substrate was added for
color development. The absorbance values at 450 nm were
detected using an ELISA microplate reader.

Clinical samples

12 pairs of ccRCC and paracancerous tissue samples were
obtained from ccRCC patients who underwent surgery in
Wuhan No.1 Hospital. All patients underwent histopatholog-
ical diagnosis and did not receive any local or systemic treat-
ment prior to surgery. The clinical information of ccRCC
patients is shown in Table S1. The tissues were promptly
frozen in liquid nitrogen and subsequently stored at a tem-
perature of — 80 °C. Written informed consent was obtained
from all patients, and was in accordance with the Declara-
tion of Helsinki. This study was approved by the Ethical
Board of Wuhan No.1 Hospital, Tongji Medical College,
Huazhong University of Science and Technology with writ-
ten informed consent from all the patients (Ethics Approval
Number: 2020IECA255).

Immunohistochemistry (IHC)

Immunohistochemistry (IHC) was performed to measure the
protein levels of NOD2, IL-2 and IL-8 (Abcam, Cambridge,
UK) in 12 pairs ccRCC and paracancerous tissues using
the avidin-biotin-peroxidase complex (ABC) technique.
The sectioning procedure was performed by two skilled
pathologists, who carefully identified and chose the renal
cortex region characterized by an abundance of proximal
tubules. Subsequently, immunohistochemical analysis was
performed, followed by comprehensive labeling and descrip-
tion. Images were acquired with an Olympus microscope
(Olympus, Japan).

Luciferase reporter gene assay

Wild-type or mutant NOD2 3'-UTR region sequences were
amplified and cloned into the luciferase reporter vector,
pmiR-Report (Promega, Madison, WI, United States). After
co-transfections with these plasmids and miRNA mimics for
48 h, ccRCC cells were harvested via passive lysis buffer
(Promega). Relative luciferase activities were assayed by the
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«Fig. 2 Expression levels of 8 prognosis-related IIRGs in ccRCC
patients. a Kaplan—Meier survival analysis showing the relationship
between IIRG levels and prognostic outcomes in ccRCC patients
using the GEPIA database. Survival curve of the 8 prognosis-related
IIRGs. b Expression of 8 prognosis-related IIRGs in Oncomine
databases

dual luciferase reporter system (Promega) and normalized
to the luciferase activity of Renilla.

RNA immunoprecipitation (RIP) experiments

RNA immunoprecipitation (RIP) experiments were per-
formed using the EZ-Magna RIP™ RNA-Binding Protein
Immunoprecipitation kit (Millipore, Billerica, MA, USA).
In summary, the ccRCC cells were collected and disrupted
in RIP lysis buffer as per the guidelines provided by the
manufacturer. Following this, pre-incubated magnetic beads
that were coated with specific antibodies were utilized to
immunoprecipitate the supernatant of the cell lysate for a
duration of 6 h at a temperature of 4 °C. Subsequently, the
purified RNA was assessed using RT-qPCR.

Statistics

Data are presented as means + SD. The SPSS 22.0 software
(SPSS Inc., Chicago, IL, United States) was used for data
analyses. Comparisons of means between and among groups
were performed by the independent samples 7 test and one-
way ANOVA, respectively. The Kaplan—-Meier method and
log-rank test were used for survival analyses. Risk factors
for prognosis were evaluated by univariate and multivariate
Cox regression analysis, and correlation analyses performed
by the Spearman method. P <0.05 denoted significant dif-
ferences. In vitro experiment, data are representative images
or expressed as the mean + SD of each group from three
independent experiments.

Results
Differentially expressed IIRGs in ccRCC

First, we performed GSEA using REACTOME, KEGG,
GO and BIOCARTA databases to confirm whether
ccRCC development is associated with inflammation
and immunity. It was established that the immune
system, innate immune response activations, chemokine
signaling pathway and inflammatory pathway were closely
associated with tumorigenesis and ccRCC development
(Fig. 1a). A total of 223 IIRGs were found based on the
results of GSEA, among which 59 were significantly
upregulated (none of the IIRGs were significantly
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downregulated) (Fig. 1b, Fig. S1 and Table S2). Therefore,
we further explored the roles of these significantly
upregulated IIRGs. The GO plot analysis revealed that
these IIRGs were enriched in regulation of innate immune
responses as well as in cellular responses to chemokines
(Fig. 1c). Significant KEGG pathways in which these
upregulated IIRGs were enriched were the chemokine
signaling pathway, T cell receptor signaling pathway,
Toll-like receptor signaling pathway, NOD-like receptor
signaling pathway and TNF signaling pathway (Fig. 1d),
which identified the major roles of these upregulated
IIRGs in ccRCC tumorigenesis and development.

Kaplan-Meier survival analyses of upregulated
IIRGs

To investigate whether upregulated IIRGs were associated
with prognostic outcomes, ccRCC patients were assigned
into two groups (low group vs. high group) according
to the median value of IIRGs levels, and each group
was analyzed by Kaplan—Meier survival analysis using
the GEPIA online database. Among the 59 upregulated
IIRGs, 8 IIRGs (AIM2, CXCL13, JAK3, NOD2, PLCB2,
PYCARD, TNIP3 and XCL2) were significantly negatively
correlated with OS (Fig. 2a). Then, we validated the
expression levels of these prognosis-related IIRGs in
ccRCC and normal kidney tissues using the Oncomine
database. Among the 8 prognostic-related IIRGs, only
three (NOD2, PLCB2 and PYCARD) were upregulated in
ccRCC (Fig. 2b). These three IIRGs from the Oncomine
databases were further tested in three independent GEO
data sets (GSE53757, GSE66272 and GSE40435) using
GEOR2R for verification (Table 2). The mRNA expressions
of two prognosis-related IIRGs (NOD2 and PYCARD) in
ccRCC were significantly upregulated, compared to those
of normal kidney tissues, suggesting that NOD2 and
PYCARD play important roles in ccRCC development.
Subsequently, we investigated the biological roles of
NOD2 and PYCARD in ccRCC.

Association between NOD2 or PYCARD mRNA levels
and clinical features of ccRCC patients

To elucidate on the correlation between NOD2 or PYCARD
levels and prognostic outcomes of ccRCC, subgroup analyses
of ccRCC clinical features using the TCGA database were
performed. The mRNA levels of NOD2 and PYCARD were
significantly positively correlated with tumor grade and
pathological TNM stage, but not significantly correlated
with age and gender (Fig. 3a).
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Table 2 Expression levels of

Gene symbol Ensembl ID GEO Platform Platform ID Fold change P value
NOD2, PLCB2 and PYCARD
in ccRCC tissues in independent  NOD2 ENSG00000167207 GSES53757 GPL570  220066_at 3.89 1.03E-20
GEO databases GSE66272 7.94 428E~14
GSE40435 GPL10558 ILMN_1762594 1.52 2.43E-30
PLCB2 ENSG00000137841 GSES53757 GPL570  210388_at 0.90 2.53E-01
GSE66272 0.81 1.40E-01
GSE40435 GPL10558 ILMN_1724066 1.86 1.64E-39
PYCARD  ENSG00000103490 GSE53757 GPL570  221666_s_at  4.57 4.08E-30
GSE66272 6.48 6.73E—17
GSE40435 GPL10558 ILMN_1698766 2.85 1.28E-45

Genomic alterations of NOD2 and PYCARD in ccRCC

Genomic alterations of NOD2 and PYCARD in ccRCC
were evaluated using cBioPortal databases. NOD2 and
PYCARD levels were altered in 26 (4.84%) and 29 (5.40%)
of 537 ccRCC patients, respectively. For NOD?2, the altera-
tions included mutations in 5 cases (0.93%), mRNA upreg-
ulation in 8 cases (1.49%) and downregulation in 13 cases
(2.42%), while multiple alterations were observed in 1
case (0.19%). Mutational sites for NOD2 were localized
in the caspase recruitment domain (CARD) and NACHT
domain. For PYCARD, the alterations included muta-
tions in 2 cases (0.37%), amplification in 1 case (0.19%),
mRNA upregulation in 12 cases (2.23%) and mRNA
downregulation in 14 cases (2.61%). The mutation sites for
PYCARD were located in the CARD and PAAD/DAPIN/
Pyrin (PYRIN) domain (Fig. 3b—d). Correlation analyses
revealed that mRNA expression of NOD2 or PYCARD
was significantly negatively correlated with methyla-
tion levels (Fig. 3e). Importantly, NOD2 mRNA levels
were significantly positively correlated with PYCARD
mRNA levels (Fig. 3f), indicating that NOD2 mRNA and
PYCARD mRNA were co-expressed in ccRCC.

Correlations between NOD2 or PYCARD expressions
and immunological microenvironments of ccRCC

Given that NOD2 and PYCARD were closely associated
with ccRCC immunity, we determined whether NOD2 or
PYCARD levels were correlated with immune infiltration
levels in ccRCC using the TIMER database. The
expression levels of NOD2 and PYCARD were positively
correlated with immune and stromal cell infiltrations in
immunological microenvironments of ccRCC (Fig. 4a).
Moreover, NOD2 and PYCARD levels were significantly
positively correlated with infiltrating levels of B cells,
CD4+ T cells, CD8+ T cells, neutrophils, macrophages
and dendritic cells (Fig. 4b). We also found that NOD2
and PYCARD levels were significantly correlated with

marker genes of immune cells, such as CD4+ T (Thl) cell
markers (IFN-y and CCRS), T cell exhaustion markers
(PD-1 and CTLA4), Treg markers (CCR8 and FOXP3) and
M2 macrophage markers (VSIG4 and CD163) (Table 3).
Thus, NOD2 and PYCARD play vital roles in immune
escape mechanisms of ccRCC.

Independence of the prognostic value of NOD2
and PYCARD from clinical variables

To determine whether NOD2 and PYCARD are independ-
ent prognostic factors in ccRCC, univariable and multi-
variable Cox regression analyses with NOD2, PYCARD
and clinical characteristics (age, gender, tumor grade and
pathological TNM stage) as covariates were performed.
It was established that age, pathological T, pathological
M and high NOD2 mRNA levels were independent and
unfavorable factors for OS (Table 4 and Fig. S2). How-
ever, PYCARD mRNA levels were not significant inde-
pendent prognostic factors for OS in multivariable Cox
regression analysis. Our findings imply that NOD2 has a
more important role in ccRCC development, relative to
PYCARD. Therefore, we evaluated the biological roles of
NOD?2 in ccRCC.

Biological interaction network of NOD2

First, we confirmed the biological functions of NOD2
based on the GeneMANIA database. We established that
NOD?2 is associated with regulation of innate immune
responses, inflammatory responses, NF-kappaB signaling
and regulation of cytokine secretions (Fig. 5a). Then, we
performed GSEA using the TCGA databases to predict
the potential functions of NOD2 in ccRCC. The findings
indicated that stratified expression levels of NOD2 maybe
be involved with cytokine signaling in the immune system,
inflammatory pathway, tumor necrosis factor receptor
and IL6/JAK/STAT?3 signaling (Fig. 5b). To validate the
potential functions of NOD2, Pearson correlation analysis
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Fig.4 Relationship between NOD2 or PYCARD expression and the
immunological microenvironment (TIMER database). a Correlation
between NOD2 or PYCARD with infiltration of immune and stromal

(Icorl> 0.4, FDR <0.01) was performed to construct the
protein—protein co-expression interaction network. The 1202
protein-coding genes (PCGs) were significantly positively
correlated with NOD2 (Top three PCGs: SNX20, GBP5
and VAV1), whereas 67 PCGs were significantly negatively
correlated with NOD2 (Top three PCGs: CCNBI1IP1,
GLRXS5 and BAG1). Enrichment analyses based on the
results of Pearson correlation analysis were performed to
further predict the potential biological functions of all PCGs
that were correlated with NOD2. Consistent with GSEA

cells in ccRCC. b Correlations between NOD2 or PYCARD and
infiltration levels of B cells, CD4+T cells, CD8+T cells, neutrophils,
macrophages and dendritic cells

results, NOD2 was highly correlated with regulation of
immune responses and cytokine production (Fig. 5¢).

Effects of NOD2 on ccRCC proliferation and invasion

First, we validated NOD2 mRNA and protein levels in 4
ccRCC cell lines (786-O, ACHN, A498 and Caki-1) and
in human proximal tubular cells (HK2) by qRT-PCR and
Western blot, respectively. Compared to HK2 cells, mRNA
and protein expressions of NOD2 in 4 ccRCC cell lines were
significantly increased (Fig. 6a, b). The efficacy of individual
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Table 3 Correlatioqs between Immune cells Gene markers NOD2 PYCARD
NOD2/PYCARD with related
genes and immune cell markers Cor P value Cor P value
in ccRCC
B cell CD19 0.464 otk 0.468 HkE
CD79A 0.491 otk 0.493 sk
CD4+T cell (Thl) STAT1 0.688 otk 0.300 HkE
IFN-y (IFNG) 0.717 HkE 0.496 ok
CCR5 0.803 okt 0.482 sk
TNF-a (TNF) 0.457 okok 0.295 HkE
CD4+T cell (Th2) GATA3 0.316 otk 0.241 sk
IL13 0.170 ook 0.033 0.442
STATSA 0.634 okt 0.424 ok
CD8+T cell CD8A 0.694 ook 0.491 oksk
CD8B 0.659 ook 0.532 HkE
T cell exhuastion PD-1 (PDCDI1) 0.728 HkE 0.597 ok
CTLA4 0.738 ook 0.446 HkE
Natural killer T cell CD305 (LAIR1) 0.744 ok 0.536 ke
CD72 0.757 ook 0.526 HkE
CD9%4 (KLRC1) 0.394 ook 0.365 HkE
CD161 (KLRB1) 0.322 ook 0.363 HkE
Treg CCRS 0.634 ok 0.370 HkE
FOXP3 0.635 ook 0.544 ook
TGFp (TGFB1) 0.165 ook 0.140 *
Macrophage (M1) INOS (NOS2) —0.026 0.542 —0.101 0.020
IRF5 0.573 ok 0.383 HkE
COX2 (PTGS2) 0.065 0.132 —0.133 0.213
Macrophage (M2) MS4A4A 0.501 ok 0.283 HAE
VSIG4 0.529 ook 0.403 ok
CD163 0.449 ook 0.203 ok
Neutrophils CCR7 0.506 o 0.399 HHE
CDh44 0.416 ok 0.317 ok
CD11b (ITGAM) 0.660 ok 0.426 ok
Dendritic cell HLA-DRA 0.682 ok 0.410 ok
HLA-DQB1 0.498 ok 0.313 HkE
BDCA-1 (CDIC) 0.298 ok 0.226 ok
BDCA-4 (NRP1) 0.024 0.586 —0.280 HkE
CD11C (ITGAX) 0.677 ook 0.422 ok

Table 4 Univariate and
multivariate Cox regression
analysis of OS outcomes for
ccRCC patients
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*P<0.01, #¥P <0.001, ***P < 0.0001

Variables Univariate analysis Multivariate analysis

HR 95% Clof HR P value HR 95% Clof HR P value
Age(£60/>60) 1.748  1.278-2.390 <0.001 1.695 1.099-2.616 0.017
Gender (Male/Female) 1.060 0.773-1.454 0.719 0.868 0.562-1.339 0.521
Tumor grade (G1-G2/G3-G4) 2.628 1.851-3.733 <0.001 1.610 0.969-2.674 0.066
Pathological T (T1-T2/T3-T4) 3.406 2.492-4.654  <0.001 1992 1.236-3.210 0.005
Pathological N (NO/N1) 3.196  1.699-6.012 <0.001 1360 0.652-2.838 0.413
Pathological M (MO/M1) 4329 3.146-5.959 <0.001 2.612 1.604-4.255 <0.001
NOD?2 expression (Low/High) 1.552 1.372-1.756  <0.001 1.264 1.037-1.541 0.021
PYCARD expression (Low/High) 1.032 1.018-1.046  <0.001 1.004 0.980-1.028 0.767
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between NOD2 expression levels and their potential functions in
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inhibitory RNAs in down-regulating the expression of
NOD2 gene was measured by qRT-PCR. The si-NOD2
#1 displayed the strongest inhibitory activity among these
three NOD2 siRNAs tested. In the following study, we chose
si-NOD2 #1 to investigate the effects of NOD2 knockdown
on biological activities of ccRCC cells in vitro (Fig. S3).
MTT (Fig. 6¢), Edu (Fig. 6d) and invasion assay (Fig. 6¢)
results demonstrated that, compared with negative control
siRNA (si-NC) group, NOD2 knockdown with NOD2
specific silencing RNA (si-NOD2 1# group) significantly
inhibited 786-0O cell and ACHN cell proliferation and
invasion.

NOD?2 induced secretion activation of IL-8

Since secretion activation of inflammatory cytokines
play an important role in cancer development, we investi-
gated whether NOD?2 induced the release of inflammatory
cytokines in 786-0 cells and ACHN cells. First, we obtained
culture medium supernatants and measured the expressions
of cytokines that may be regulated by NOD2. Compared to
HK-2 cells, IL-2 and IL-8 levels were significantly elevated
in 786-0 cells and ACHN cells (Fig. 6f). Meanwhile, immu-
nohistochemistry (IHC) was performed to measure the pro-
tein levels of NOD2, IL-2 and IL-8 in human ccRCC tissues
and their corresponding adjacent normal kidney tissues. The
findings revealed a significant upregulation of NOD2, IL-2,
and IL-8 expression in ccRCC tissues when compared to
the adjacent normal kidney tissues (Fig. 6g). After trans-
fections with NOD2 siRNA, IL-8 levels were significantly
decreased in both cell types. However, IL-2 levels were not
affected by NOD2 siRNA (Fig. 6h). These findings indicated
that NOD2-induced IL-8 secretion may promote ccRCC
cell invasion. To confirm whether IL-8 secretion activation
could regulate the invasions of ccRCC cells, 786-O cells and
ACHN cells were pretreated with an IL-8 antibody. Inva-
sive abilities of 786-O and ACHN cells were significantly
inhibited by the IL-8 antibody (Fig. 61), suggesting that IL-8
secretion maybe responsible for NOD2-induced ccRCC cell
invasions.

NOD2 is a direct target of miR-20b-5p

Considering that microRNAs regulate tumor development
by modulating the expression and activity of specific
mRNAs, we predicted miRNAs which may potentially
target NOD2 using bioinformatics databases (miRDB,
miRTarBase, TargetScan, and Starbase). Meanwhile,
miRNAs downregulated in ccRCC were screened from the
TCGA databases. Finally, 111 miRNAs targeting NOD2
and 114 miRNAs downregulated in ccRCC were identified,
among which 3 miRNAs (miR-1251-3p, miR-124-3p and
miR-20b-5p) were selected for overlapping prediction
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analysis (Fig. 7a, b). In addition, the results of qRT-PCR
test further confirmed that the expression levels of miR-
124-3p and miR-20b-5p were lower in 4 ccRCC cell lines
(786-0O, ACHN, A498 and Caki-1) compared with levels
in HK?2 cells (Fig. 7¢). Treatment with miR-20b-5p mimic
downregulated the mRNA expression level of NOD2 in
786-0 cells and ACHN cells indicating that NOD2 mRNA
may be a potential target of miR-20b-5p (Fig. 7d, e).
Meanwhile, we performed Pearson correlation analysis using
TCGA databases to confirm that NOD2 mRNA expression
level was significantly negatively correlated with the
expression of miR-20b-5p (Fig. 7f). Subsequently, luciferase
reporter cell lines carrying wild-type or mutant NOD2
3'-UTR regions were established to test whether NOD2 was
a functional target of miR-20b-5p. The results revealed that
cells co-transfected with miR-20b-5p mimic and wild-type
NOD?2 reporter vectors (NOD2-wt) had lower levels of the
luciferase activity than cells co-transfected with negative
control mimic (mimic NC) and NOD2-wt in 786-0O cells and
ACHN cells. However, mutation of the putative miR-20b-5p
binding sites abolished these effects, indicating that NOD2
may be a potential target of miR-20b-5p (Fig. 7g, h). In
order to conduct a more comprehensive investigation of the
potential direct interaction between miR-20b-5p and NOD2,
RNA immunoprecipitation (RIP) assays were performed on
both 786-0 cells and ACHN cells. The results demonstrated
a clear immunoprecipitation of Ago2 protein from the
extracts of both 786-O cells and ACHN cells. Additionally,
the qRT-PCR analysis revealed a significantly higher
enrichment of both miR-20b-5p and NOD?2 in the Ago?2
group when compared to the IgG group (Fig. S4A-4D).

miR-20b-5p inhibits ccRCC cell proliferation
and invasion by blocking NOD2-mediated secretion
activation of IL-8

The correlation between miR-20b-5p expression level and
clinical features of ccRCC was explored in the TCGA data-
base. It was observed that miR-20b-5p expression level
was significantly negatively correlated with tumor grade
and pathological TN stage, suggesting that miR-20b-5p
influences the malignant degree and prognosis of ccRCC
(Fig. 71). We further explored whether the effects of miR-
20b-5p were orchestrated through the NOD2-mediated IL.-8
secretion. The results showed that overexpression of miR-
20b-5p by miR-20b-5p mimic significantly inhibited IL-8
secretion, proliferation and invasion of 786-O cells and
ACHN cells (Fig. 7j-1).
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«Fig. 6 Effects of NOD2 on ccRCC cell viability and invasion. a, b
mRNA and protein levels of NOD2 in HK2 cells and four ccRCC
cell lines (786-O, ACHN, A498 and Caki-1) detected by qRT-PCR
and western blot, respectively. **P <0.05 vs. HK2 cells. ¢ 786-O
and ACHN cells were transfected with negative control siRNA (si-
NC) or NOD2-specific siRNA (si-NOD?2 1#) for the indicated periods
and cell viability was determined by the MTT assay. **P <0.05 vs.
the si-NC group. d, e 786-O and ACHN cells were transfected with
si-NC or si-NOD2 1# for 48 h, EdU and invasion assays to evaluate
proliferation and invasion, respectively. **P <0.05 vs. si-NC group.
f 786-0O and ACHN cells were incubated for 48 h and cytokine levels
in cell supernatants were analyzed by the ELISA assay. **P <0.05
vs. HK2 cells. g 12 pairs of ccRCC and paracancerous tissue samples
were obtained from ccRCC patients who underwent surgery. IHC
were performed to analyze the protein expression levels of NOD2,
IL-2 and IL-6 in in normal renal proximal tubular epithelial cells
and ccRCC. **P<0.05 vs. Nontumor. h, i 786-O and ACHN cells
were transfected with si-NC or si-NOD2 1# for 48 h, IL-2 and IL-8
levels in cell supernatants were determined by ELISA, while invasion
viability were assessed by the invasion assay. **P <0.05 vs. si-NC
group or control group. In vitro experiment, data are representative
images or expressed as the mean=+SD of each group of cells from
three independent experiments. Representative images are shown at
%100 magnification

Discussion

Inflammation and immunity, the two important processes in
the tumor microenvironment, influence tumor pathogenesis
and progression. Inflammation-induced tumorigenesis is a
complex process in which various cells, including T lym-
phocytes cells, B lymphocytes cells, macrophages, myeloid
cells, fibroblasts and epithelial cells, interact with each other
through membrane-associated molecular, matrix metal-
loproteases (MMPs) and soluble factors [18, 19]. Inflam-
mation-related signaling pathways are involved in immune
responses, in which a large number of immune-suppressive
cells (such as regulatory T cell (Treg), tumor associated
macrophages (TAM), myeloid-derived suppressor cells
(MDSCQ)) and inflammatory factors (such as IL-6, IL-10,
TNF-a, TGF-p) aggregate in the tumor microenvironment,
resulting in tumor immune escape, growth and metastasis
[20, 21]. Preoperative systemic immune-inflammatory indi-
ces can be used as important indicators for predicting tumor
recurrence in ccRCC patients [22, 23]. However, the clinical
value of IIRGs in the prognosis of ccRCC patients has not
been fully established. Therefore, it is important to identify
novel IIRGs and determine the associated mechanisms to
improve ccRCC prevention and treatment.

In this study, through GSEA, we obtained 223 IIRGs
and identified 59 upregulated IIRGs in the onset of ccRCC
based on the TCGA database. These upregulated IIRGs were
enriched in immune responses, cytokine and chemokine
activities, toll-like receptor signaling pathway, NOD-like
receptor signaling pathway as well as TNF signaling path-
way. Then, we analyzed the correlation between upregu-
lated IIRGs and prognostic outcomes for ccRCC patients.
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It was established that ccRCC patients with elevated AIM2,
CXCL13, JALK3, NOD2 PLCB2, PYCARD, TNIP3 and
XCL2 levels had poor OS outcomes. However, among the
eight prognostic-related IIRGs, only NOD2 and PYCARD
were validated to be significantly upregulated in ccRCC.
Given that NOD2 and PYCARD are potential clinical values
of IIRGs for ccRCC, we explored the clinical significance of
NOD2 and PYCRAD and found that their expression levels
were significantly positively correlated with tumor grade
and pathological TNM stage. Moreover, cBioPortal analy-
sis revealed that NOD2 and PYCARD mRNA expressions
were significantly associated with alterations, mutations and
methylation levels. Importantly, NOD2 and PYCARD levels
were closely positively correlated with immune infiltrations.

NOD?2 is a member of NOD-like receptor (NLR) family
that participates in inflammatory responses and innate
immune responses via NLR signaling, NF-kappa-B signaling
and RIP2 signaling in the tumor microenvironment [24, 25].
In liver, breast, lung and colorectal cancers, NOD2 has been
shown to play a dual role in tumorigenesis and progression
[25-28]. Zhou et al. documented that NOD2, as a general
intracellular pattern recognition receptor (PRR), promotes
hepatocarcinogenesis via RIP-2 mediated pro-inflammatory
responses [25]. Nashir Udden et al. reported that NOD2
suppresses colorectal inflammation as well as tumorigenesis
by downregulating TLR-mediated activations of MAPK
and NF-kappaB signaling pathways [28]. Liu et al. revealed
that NOD2 polymorphisms are associated with increased
cancer risk, including gastric cancer, MALT lymphoma and
breast cancer [29]. PYCARD encodes an adaptor protein
that is composed of 2 protein—protein interaction domains:
an N-terminal PYRIN-PAAD-DAPIN domain (PYD) and a
C-terminal CRAD [30]. PYDCRAD, as an inflammasome
adaptor, is involved in cancer onset and development via
inflammatory and apoptotic signaling pathways. Deswaerte
et al. reported that PYCARD plays a pro-tumorigenic role
in gastric cancer and suppresses cancer cell apoptosis via
an IL-18 mediated inflammatory signaling pathway [31].
Liang et al. reported that PYCARD levels were significantly
elevated in TMZ-resistant cell lines and glioma tissues, and
that elevated PYCRAD levels are independent risk factors
for glioma prognosis [32]. A limited number of studies have
elucidated the effects of NOD2 and PYCARD on c¢ccRCC
prognosis. Therefore, we investigated whether NOD2
and PYCARD are independent poor prognostic factors in
ccRCC. The results showed that NOD2, but not PYCARD,
is an independent unfavorable biomarker from conventional
clinical variables (age, gender, tumor grade, pathological
TNM stage), suggesting that expression of NOD2 influences
the survival of ccRCC patients. Co-expression network
analysis and GSEA showed that NOD2 may affected ccRCC
progression and prognosis by regulating immune responses,
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inflammatory responses, cytokine secretion and NF-kappaB
signaling.

Given that NOD2 plays a crucial role in ccRCC
tumorigenesis and progression, we investigated the potential

biological functions of NOD2 in vitro. The mRNA and
protein levels of NOD2 in ccRCC cells were significantly
elevated, compared to their expressions in human proximal
tubular cells (HK2). Moreover, NOD2 knockdown
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«Fig. 7 Effects of miR-20b-5p on NOD2-induced ccRCC cell
proliferation and invasion. a Overlapping prediction with miRDB,
miRTarBase, TargetScan and Starbase databases showing the
miRNAs that targeted NOD2. b Putative binding sites for miR-
1251-3p, miR-124-3p and miR-20b-5p in the NOD2 3'-UTR
sequence. ¢ Expression levels of miR-1251-3p, miR-124-5p and miR-
20b-5p in HK2 cells and four ccRCC cell lines (786-O, ACHN, A498
and Caki-1) were evaluated through qRT-PCR. **P <0.05 vs. HK2
cells. d, e 786-O and ACHN cells were treated with miR-124-3p or
miR-20b-5p for 24 h; mRNA expression levels of miR-124-3p, miR-
20b-5p and NOD2 were determined by qRT-PCR. **P<0.05 vs.
mimic NC. f Pearson correlation analysis showing the correlation
between NOD2 mRNA and miR-20b-5p levels. g Putative binding
sites for miR-20b-5p in wild type/mutant NOD2 3'-UTR sequence. h
Luciferase activity assay indicating the potential association between
miR-20b-5p and NOD2 3'-UTR sequence. **P <0.05 vs. mimic NC.
i Relative expression of miR-20b-5p in subgroups of ccRCC samples
stratified based on age, gender, tumor grade and pathological TNM
stage. j-1 786-O and ACHN cells were treated with miR-20b-5p
mimics and expression levels of IL-8, cell viability and cell invasion
abilities were evaluated by ELISA, MTT and invasion assays,
respectively. **P <0.05 vs. mimic NC. In vitro experiment, data are
representative images or expressed as the mean + SD of each group of
cells from three independent experiments. Representative images are
shown at X100 magnification

significantly inhibited ccRCC cell proliferation and invasion.
Given that the progression of cancer is usually accompanied
by the activation of inflammation, which is caused by
increased secretion of inflammatory cytokines and activation
of inflammatory pathways, we further explored the effect of
NOD?2 on the secretion of inflammatory cytokines in ccRCC
cells. The results showed that IL-8 levels were significantly
higher in ccRCC cells than in HK-2 cells. Silencing NOD2
suppressed IL-8 secretion and inhibited IL-8-induced
invasion of ccRCC cells, suggesting that IL-8 secretion may
be involved in progression of NOD2-related ccRCC. IL-8,
also known as CXCLS, is a pro-inflammatory chemokine
and a potent chemoattractant for myeloid leukocytes,
which plays an important role in regulation of pathological
processes of various inflammatory diseases and cancers [33].
Biologically, IL-8 enhances cancer cell proliferation and
invasion via multiple mechanisms, including angiogenesis,
epithelial mesenchymal transformation (EMT) and
immunosuppression [34, 35]. Tumor-associated IL-8 is
associated with poor outcomes following administration
of immune checkpoint blockade therapy and serum IL-8
levels can predict the clinical benefits of PD-L1 blockade
[36]. However, the precise mechanisms of NOD2-mediated
secretion of IL-8 in ccRCC should be further explored.
miRNA biomarkers have important roles in cancer diag-
nosis and treatment [37, 38]. miRNAs are involved in post-
transcriptional levels and bind the 3'-untranslated region
(3’-UTR) of target mRNA, leading to inhibition or/and deg-
radation of target mRNAs [39]. We found that miR-20b-5p
was the potential miRNA that targets NOD2 and expression
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levels of miR-20b-5p were significantly suppressed in both
ccRCC tissues and cell lines. More important, bioinformat-
ics analysis revealed that miR-20b-5p expression level was
significantly negatively correlated with tumor grade and
pathological TN stage, suggesting that low miR-20b-5p
expression may be a risk factor for poor survival of ccRCC
patients. Previous studies documented that miR-20b-5p is
a tumor suppressor in various cancers [40-42]. Yang et al.
reported that miR-20b-5p inhibits colon cancer prolifera-
tion, migration and invasion by targeting cyclin D1. Qi et al.
found that miR-20b-5p suppresses prostate cancer migra-
tion and invasion by blocking TGF-f-induced EMT [41].
Liao et al. revealed that miR-20b-5p is a potential target of
immune checkpoint gene CTLA4 in ccRCC [42]. Our study
further indicated that miR-20b-5p inhibits ccRCC prolif-
eration and invasion by blocking NOD2-mediated secretion
activation of IL-8, suggesting that the miR-20b-5p/NOD2/
IL-8 axis provides some novel insights into the molecular
mechanisms of ccRCC and novel treatment targets.

Conclusions

In summary, we identified an IIRG, NOD2, from large
ccRCC samples, to be a potential prognostic marker for
ccRCC patients. Our findings also highlight the carcinogenic
role of NOD2 in ccRCC. NOD2 promotes ccRCC cell prolif-
eration and invasion by inducing IL-8 secretion. miR-20b-5p
targets NOD?2 to alleviate the NOD2-mediated IL-8 secre-
tion, thereby inhibiting ccRCC cell proliferation and inva-
sion. This finding demonstrates the regulatory mechanisms
of NOD2 in ccRCC development. Further studies should
be performed to determine the precise functions of NOD2
in the regulation of immune- and inflammation-mediated
tumorigenesis in ccRCC.
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