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Background: Natriuretic peptide receptor 3 (NPR3) regulates natriuretic peptides and plays a key role in angiogenesis, immune
regulation, and progression of certain cancers. However, the clinical significance of NPR3 at pan-cancer level remains poorly
understood. This study aimed to comprehensively analyze NPR3’s role across multiple cancers, focusing on its potential as
a prognostic biomarker, particularly in kidney cancer.

Methods: A comprehensive pan-cancer study of NPR3 was conducted using 20 different databases and datasets. The study included
differential expression analysis, competing endogenous RNA (ceRNA) analysis, protein—protein interaction (PPI) analysis, Kaplan—
Meier (K-M) survival analysis, and correlation assessments of NPR3 with clinical characteristics, tumor purity, tumor genomics, tumor
immunity, drug sensitivity, molecular docking, and signaling pathways. Additionally, using a cohort of 370 patients diagnosed with
kidney neoplasms, immunohistochemistry (IHC) was employed to assess NPR3 expression differences between tumor and normal
tissues. The IHC cutoff point was determined using the “surv_cutpoint” function, followed by survival analysis. Multiple external
datasets were used to validate the results. Cell-based experiments in 786-O, 769-P, and A-498 cell lines were further conducted.
Results: In pan-cancer, NPR3 was down-regulated in most of the tumor types, and ceRNA and PPI network were constructed.
Moreover, NPR3 expression was significantly associated with the clinical prognosis and stages, tumor purity, genetic mutation,
immune infiltration and signaling pathways and drug sensitivity. In kidney neoplasm, NPR3 was down-regulated, and higher
expression was associated with a better prognosis. Multivariate Cox regression analysis showed that NPR3 expression was protective
factor for both OS (HR = 0.50, 95% CI =0.29-0.87, p = 0.013) and PFS (HR = 0.66, 95% CI = 0.46-0.95, p = 0.024). In renal cancer
cells, NPR3-knockdown significantly suppressed tumor proliferative and migration activity.

Conclusion: NPR3 servers as a prognostic and immunotherapeutic biomarker in pan-cancer, but its biological role and potential as
a therapeutic target warrants further investigation.
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Introduction

Cancer has become a major global public health concern, imposing substantial socioeconomic burdens. In 2024, an
estimated 2,001,140 new cancer cases occurred in the United States alone.! Despite the large number of patients
requiring effective treatment, traditional therapies often fall short due to limited tumor specificity. Recently, tumor
immunotherapy has shown great promise as a novel treatment approach.>® However, the success of immunotherapy
relies heavily on the identification of specific tumor biomarkers, which remain scarce for many cancer types.*®
Therefore, the discovery of novel biomarkers is essential for advancing precision oncology.
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Natriuretic peptide receptor 3 (NPR3) is a receptor for natriuretic peptides (NPs) and it functions as an antagonist in the
renin-angiotensin-aldosterone system (RAAS). Unlike NPR1 and NPR2, which catalyze the synthesis of cGMP, NPR3
primarily acts by internalizing and degrading NPs through receptor-mediated mechanisms, thus removing them from
9-15 _ .

with

studies indicating that NPR3 plays a pivotal role in tumor growth and metastasis through its negative interaction with adenylyl
16,17

circulation.”® Additionally, NPR3 has been shown to either promote or inhibit the progression of various cancers,

cyclase and MAPK signaling pathways.

Moreover, kidney cancer, especially kidney renal clear cell carcinoma (KIRC), is characterized by abnormal
angiogenesis, metabolic reprogramming, and immune evasion.'® The tumor microenvironment in KIRC is often
infiltrated by various immune cells, including T cells, macrophages, and myeloid-derived suppressor cells, which play
critical roles in tumor progression and response to immunotherapy.'® Therefore, identifying biomarkers that reflect or
influence this immune landscape is of high clinical relevance.”’ Although NPR3 has been scarcely investigated in kidney
cancer, a previous study found that NPR3 may play a key role in the metastasis of KIRC.>' However, while NPR3 has
been previously linked to angiogenesis, immune regulation, and progression of multiple cancers, the prognostic
significance of NPR3 at pan-cancer level, especially within kidney cancer, remains largely unexplored.

In this study, we conducted a comprehensive pan-cancer analysis of NPR3 by incorporating data from multiple
databases to investigate its differential expression, ceRNA and PPI networks, clinical correlations, tumor purity, genomic
alterations, immune infiltration and function, drug sensitivity, and associated signaling pathways. Furthermore, the
bioinformatic results were validated in a cohort of 370 kidney neoplasm patients and in vitro experiments with kidney

cancer cell lines.

Materials and Methods

Data Collection

The study was approved by the Ethics Committee of Xinhua Hospital Affiliated to Shanghai Jiao Tong University School of
Medicine (XHEC-C-2021-145-1). Written informed consent to participate was obtained from all of the participants in the
study. We collected the expression and clinical data for NPR3 across 33 tumor types from The Cancer Genome Atlas (TCGA)
database.”” A comprehensive list of the 33 tumor types and their abbreviations is provided in Table S1. Immunohistochemical
(IHC) images of NPR3 expression in different tissues were obtained from Human Protein Atlas (HPA) database.”® The NPR3
expression and clinical data for external validation was obtained from Clinical Proteomic Tumor Analysis Consortium
(CPTAC) (PDC000127** and PDC000464%%), GEO (Gene Expression Omnibus) (GSE22541,%° GSE36895,%
GSE53757,%® GSE66272,%° GSE126964,%° and GSE167093"), and RCC 2020 Braun_Cohort.*> MicroRNA (miRNA)
data were sourced from several databases, including miRDB,* miRcode,>* miRWalk,*> DIANA-microT,>® and the
Encyclopedia of RNA Interactomes (ENCORI) database.’” The miRNA-IncRNA interaction data were also retrieved from
ENCORI. Protein-protein interaction (PPI) data were obtained from the STRING database.*® Microsatellite instability (MSI)
1.*° We utilized the cBioportal tool* and the Gene Set
Cancer Analysis (GSCA) database®' to perform gene alteration analysis. Immune cell infiltration data were accessed from
TIMER 2.0 and the Tumor Immune Dysfunction and Exclusion (TIDE) database.*’ Drug sensitivity data were gathered

from The Cancer Therapeutics Response Portal (CTRP),***°
47-49

scores were provided by the study from Sameek Roychowdhury et a

the Genomics of Drug Sensitivity in Cancer (GDSC)
database, and the CellMiner database.’™' Signaling pathway data were sourced from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database.>* A retrospective cohort of 370 kidney neoplasm patients, who had surgery between
2016 and 2018, was established. Follow-up data were collected until March 2021. Tumor tissues and adjacent normal tissues

were also gathered.

Differential Expression Analysis and IHC Images in Pan-Cancer
The R package “ggpubr” was used to explore the gene expression differences between tumor and normal tissues using the
Wilcoxon test. Then the IHC images of NPR3 from HPA database were illustrated.
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Competing Endogenous RNA (ceRNA) Network Construction in Pan-Cancer

We identified the potential miRNA that targeted NPR3 from miRDB, miRcode, miRWalk and DIANA-microT databases
successively. Then the intersection of all potential miRNA was identified as key miRNA, based on which we explored the
miRNA-IncRNA interaction in ENCORI databases. The association between key miRNA and NPR3 in pan-cancer was
also verified through ENCORI databases.

Protein—Protein Interaction (PPl) Network Construction in Pan-Cancer
At the proteome level, possible interactions between NPR3 and other proteins were extracted from STRING database,
and a PPI network was used to visualize them.

Clinical Relevance Analysis in Pan-Cancer

We used the median level of NPR3 expression to split patients into high-NPR3- and low-NPR3-expression groups. To
assess the relationship between NPR3 expression and patient survival (overall survival [OS], disease-free survival [DFS],
disease-specific survival [DSS], and progression-free survival [PFS]), Kaplan—-Meier (K-M) survival analysis was
employed. Univariate Cox regression analysis was conducted to calculate the hazard ratios (HR) for NPR3 expression
across 33 tumor types, considering OS, DFS, PFS, and DSS. Forest plots were generated to visualize these results.>® The
relationship between clinical stages of the 33 tumor types and NPR3 expression was evaluated using the Wilcoxon test.
Additionally, the correlation between NPR3 expression and bone metastasis was investigated, with boxplots used to
display differential expression between primary tumors and bone metastases. For BRCA, five subtypes were classified
according to the PAM50 method,>* and the correlation between these subtypes and NPR3 expression was analyzed and
visualized using boxplots.

ESTIMATE and CIBERSORT Analysis in Pan-Cancer

The microenvironment scores (immune scores and stromal scores) were calculated with the ESTIMATE algorithm.>”
A higher stromal score reflects an increased proportion of stromal components, while a higher immune score suggests
greater infiltration of immune cells. As the abundance of immune and stromal cells increased, tumor purity was found to
decrease. What’s more, the CIBERSORT algorithm was utilized to estimate the proportion of immune cells in tumor
tissues,”® and their relationship with NPR3 expression was analyzed.

Genetic Alteration and Mutation Analysis in Pan-Cancer
We calculated the tumor mutational burden (TMB) across 33 tumor types using TCGA WES data.”” Next, NPR3 gene

5867 and

alteration analysis was conducted using the cBioportal tool, drawing from data from ten pan-cancer studies,
mutation data were visualized. Additionally, single nucleotide variation (SNV), copy number variation (CNV), and
methylation mutation profiles of NPR3 were analyzed through the GSCA database, followed by survival analysis in

patients with NPR3 mutations.

Immune Analysis in Pan-Cancer
A total of 47 immune related genes were introduced, and a co-expression heatmap was constructed, with the method of
Spearman analysis, between the expression of immune genes and NPR3.

TIMER 2.0, which provides information on immune cell infiltration, was further utilized for immune infiltration

22,6869 (orrelation

estimation.*? TIDE database was further explored for CTL data.*> Based on multiple data sources,
curves were drawn between the expression of NPR3 and CTL. K-M curves were generated to examine the impact of

NPR3 on CTL exclusion and dysfunction across these groups.

Drug Sensitivity Prediction in Pan-Cancer
The half maximal inhibitory concentration (IC50) values of drugs and the corresponding NPR3 mRNA expression levels
from the GDSC, CTRP, and CellMiner databases. The IC50 values of drugs were analyzed from the CTRP and GDSC
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databases. While, from the CellMiner database, the Z scores of certain drugs were analyzed, with higher Z scores
indicating increased drug sensitivity.

Molecular docking analysis was conducted with the help of PyMOL (v1.3, Schrodinger, LLC) to eliminate water
molecules and incorporate hydrogen atoms into the 3D structure of DPP4. PDBQT files for the receptors and ligands
were generated with AutoDock Tools,”® which also enabled the configuration of a 3D grid box around the receptor’s
binding site. Following this, AutoDock Vina was employed to predict the optimal binding conformations of the ligands to
the receptors, with the results subsequently analyzed in PyMOL."!

Gene Set Enrichment Analysis of NPR3 in Pan-Cancer

The “clusterProfiler” R package helped us to find out the most enriched pathways in different cancer types.’* The pan-
cancer data were split into high-NPR3- and low-NPR3-expression subgroups, which were then reordered according to the
fold change of differential expression. Then the gene expression profiles of each sample were compared with those of
specific pathways, and the top five pathways with p-values < 0.05 in each tumor type were visualized.

Immunohistochemical (IHC) Staining and Scoring

The tissue samples from tumor and adjacent normal areas of 370 kidney neoplasm patients were initially preserved,
paraffin-embedded, and sliced. Following this, the slices underwent a process of removal of paraffin and rehydration,
after which NPR3 antigens were exposed through retrieval using a citrate buffer (pH = 6.0). Subsequently, the samples
were treated with 3% hydrogen peroxide solution to block endogenous peroxidase activity, and then rinsed with PBS. To
avoid non-specific binding, the tissues were treated with a 3% bovine serum albumin (BSA) solution. Primary antibodies
against NPR3 (1:100; Proteintech; 26706-1-AP) were applied. Then the secondary antibodies conjugated to horseradish
peroxidase (HRP) were subsequently applied. The HRP activity was visualized using diaminobenzidine (DAB), which
produces a color reaction in the presence of NPR3. Hematoxylin was used for counterstaining to highlight the nuclei. The
tissue slides were then dehydrated with solutions containing alcohol. Light microscope was used to examine samples.
Two pathologists, experienced in this field, assessed the slides, and any discrepancies were resolved by a third
pathologist. The IHC scoring criteria were based on the H-score system: H-score = }(pixi) = (percentage of weak
intensity*100) + (percentage of moderate intensity*200) + (percentage of strong intensity*300),” yielding a score that
ranged from 0 to 300.

Clinical Analysis of NPR3 in Kidney Neoplasm

Clinical data were collected from 370 kidney neoplasm patients. With the help of “surv_cutpoint” in R, the optimal cutoff value
for the THC score was explored for OS and progression-free survival (PFS) separately. All patients were divided into high- and
low-NPR3 expression group, and K-M survival curves were constructed. Subsequently, we treated NPR3 expression as
a continuous variable and performed both univariate and multivariate Cox regression analyses for OS and PFS to evaluate its
prognostic significance. Deviance residual plots were used to evaluate model fit and identify potential outliers. To assess the
model’s performance, calibration curves and receiver operating characteristic (ROC) curves were generated. Based on the
multivariate model, risk scores were calculated for each individual, and patients were stratified into high-risk and low-risk groups
according to the median risk score. Scatter plots and K-M survival curves were then used to compare survival outcomes between
the two groups. In addition, nomograms were developed to predict individual survival probabilities at 1, 2, 3, 4, and 5 years.

External Validation for Kidney Neoplasm Patients

External expression and clinical data were extracted from CTPAC database, GEO database, and RCC 2020 Braun_Cohort.
The gene expression differences between tumor and normal tissues using the Wilcoxon test. K-M survival curves were
conducted to compare survival outcomes between high- and low-NPR3 groups.

Cell Experiments of NPR3 in 786-O, A-498, and 769-P Cells

The cell-line 786-0, A-498, 769-P (human renal cancer cells) was obtained from the American Type Culture Collection
(ATCC). Three shRNAs were designed and one of them was proved to effectively knockdown NPR3 in 786-O, A-498
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and 769-P cells. The shRNA sequence was CCAGGAGGTTATTGGTGATTA. It was delivered into cells by hU6-MCS-
CBh-gcGFP-IRES-puromycin vector (GENECHEM). The control sequence was TTCTCCGAACGTGTCACGT. The
primer designed for NPR3 qPCR was:

Forward Primer AGACTACGCCTTCTTCAACATTG

Reverse Primer GCTTCAAAGTCGTGTTTGTCTCC

The cells were infected with NPR3 shRNA or control shRNA viral particles, using 5 pg/mL of HiTransG
A (GENECHEM, Shanghai, China) for 48 hours. Following infection, stable clones were isolated using 2 pg/mL puromycin
for one week. The knockdown efficiency of NPR3 was verified through quantitative real-time PCR (qPCR) and Western Blot
(WB), using primers and NPR3 specific antibody at 1:2000 dilution (#26,706-1-AP, Proteintech, IL, USA).

For the cell proliferation test, NPR3-knockdown 786-0, A-498 and 769-O cells were plated at a density of 1,000 cells
per well in 96-well plates. After 1 hour of incubation with 10% CCK-8 solution, optical density was measured at 450 nm
at 0, 24, 48, 72 and 96 hours to monitor cell growth. In the clone formation assay, 300 NPR3 knockdown and controlled
cells were seeded in 6-well plates and waited for 10 days to stain and count. In the Transwell migration and invasion
assays, 10,000 controlled and NPR3 knockdown cells were seeded onto upper chambers of Transwell inserts, each
containing 100 pL serum-free RMPI 1640 medium (#11875093, Thermo Fisher Scientific). For assessing invasion
capability, upper inserts were precoated with Matrigel at a 1:20 dilution (BD Biosciences, San Jose, CA, USA). Lower
compartments contained RMPI 1640 medium supplemented with 10% fetal bovine serum (FBS) to promote cellular
migration. After incubation for 24 hours, migrated or invaded cells were collected, fixed using paraformaldehyde, stained
utilizing hematoxylin, and quantified via Imagel software (https://imagej.net/ij/, NIH, USA).

In the scratch assay, both NPR3-knockdown and control cells were cultured at 1 x 10° cells per well in 6-well plates.
After 24 hours, when a monolayer had formed, a straight scratch was made with the help of a 20 uL pipette tip. Images
were captured at time points 0 and 24 hours, and the healing rate was assessed using ImageJ (NIH, USA).

To explore how dasatinib influences NPR3 levels, CCK-8 tests were used to ascertain the dasatinib IC50 values for
cell lines 786-O, A498, and 769P. Initially, 1000 cells were distributed per well into 96-well plates. Dasatinib was
subsequently administered at concentrations of 100 uM, 20 uM, 4 uM, 0.8 uM, 0.16 uM, and 0.032 puM after 24 hours.
Following next 24 hours, proliferation was evaluated by measuring optical density at 450 nm. Dose-response curves
were plotted, and IC50 values were computed using GraphPad Prism software. Next, cell cultures were split into two
groups: one group received treatment with dasatinib at the IC50 concentration, while the control group was exposed to an
equivalent DMSO volume. Cells underwent collection after 24-hour incubation for further qPCR. Relative mRNA
expression was determined via the 2-AACq method and normalized against actin gene and the control sample, with
each well containing 90 uL. medium plus 10 pL. CCK-8 reagent.

Statistical Analysis

R version 4.3.2 software was utilized for statistical analysis. For continuous variables that were normally distributed and
had homogeneous variances, a Student’s ¢-test was employed. If these conditions were not met, the Wilcoxon test was
utilized instead. For categorical variables, the Chi-square test was employed. Statistical significance was determined with
a threshold of p < 0.05 (two-tailed) and a false discovery rate (FDR) of less than 0.05.

Results

Transcriptome and Proteome Analysis of NPR3 in Pan-Cancer

The analysis flow chart was shown in Figures 1A and S1. The result of the differential expression analysis of NPR3 gene
is displayed in Figure 1B. The results indicated that NPR3 was down-regulated, at the transcriptome level, in multiple
tumor types, including BLCA, BRCA, COAD, HNSC, KICH, KIRP, LIHC, LUAD, LUSC, READ, STAD, THCA,
UCEC, and UCS. To further understand the regulatory mechanisms underlying NPR3’s downregulation, we explored
potential miRNA interactions and constructed a ceRNA network. We intersected the target miRNA to NPR3 from
miRDB, miRcode, miRWalk and DIANA-microT databases, and identified key miRNAs (Figure S2A). We further
verified that, in pan-cancer, NPR3 expression was significantly related with the expression level of 23 key miRNAs
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Figure | The flow chart, differential expression analysis, ccRNA network construction, and PPl network construction. (A) The flow chart of our analysis. (B) Expression of
NPR3 in 33 tumor types between normal tissues and tumor tissues. NPR3 showed low expression in BLCA (p <0.001), BRCA (p <0.001), COAD (p <0.001), HNSC (p < 0.05),
KICH (p <0.001), KIRP (p < 0.001), LIHC (p < 0.01), LUAD (p < 0.001), LUSC (p <0.001), READ (p < 0.001), STAD (p <0.001), THCA (p <0.001), UCEC (p < 0.05) and UCS
(p <0.001). (C) The ceRNA network of NPR3. There were 23 miRNAs correlated with NPR3 and there were 2| IncRNAs correlated with miRNAs above. (D) The PPl network

of NPR3. At the proteomic level, NPR3 was closely associated with NPTXR, NPPB, NPPA, NPPC, OSTN, GUCA2B, GUCA2A, GUCY2C, PDZD3 and EMD.

Abbreviations: IHC, Immunohistochemical; TMB, Tumor mutation burden; MSI, Microsatellite instability; ccRNA, competing endogenous RNA; IncRNA, long non-coding

RNA; PP, Protein—protein interaction; K-M, Kaplan-Meier; CCK-8, Cell counting kit-8; qPCR, quantitative real-time polymerase-chain reaction.
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(Figure S2B). Then, we retrieved the IncRNA that were targeted by all the miRNA mentioned above, and a ceRNA
network was constructed (Figures 1C and S2C). After that, the protein—protein interaction of NPR3 was investigated. At
the proteome level, NPR3 showed close associations with NPTXR, NPPA, NPPB, NPPC, OSTN, GUCA2B, GUCA2A,
GUCY2C, PDZD3, and EMD (Figure 1D). Moreover, IHC images showed that NPR3 expressed less in tumor tissues
than in normal kidney and endometrium (Figure S3).

Clinical Relevance Analysis of NPR3 in Pan-Cancer

We conducted the survival analysis to evaluate patients’ prognosis. K-M survival curves unveiled that high NPR3
expression was correlated with shortened OS in GBM, while it was correlated with longer OS in ACC and KIRC
(Figure 2A). As for DFS, it was shown that higher NPR3 was correlated with longer DFS in LGG and THCA, while it
was correlated with shortened DFS in STAD (Figure S4A). Similarly, in the aspect of DSS, it was implied that the higher
NPR3 was associated with longer DSS in ACC, KIRC, KIRP, and LUSC, whereas it was associated with shortened DSS
in GBM and STAD (Figure S4B). For PFS, it was indicated that higher NPR3 expression was correlated with longer PFS
in KIRC and THCA, while it was associated with shortened PFS in COAD, DLBC and STAD (Figure S4C).

Furthermore, univariate Cox regression models were constructed in OS, DFS, DSS, and PFS, respectively. The results
showed that, when it came to OS, NPR3 expression posed risk in BLCA, BRCA, KICH, SARC, and STAD, and it was
favorable in ACC, KIRC, and KIRP (Figure 2B). As for DFS, NPR3 expression posed risk in STAD, while it was
favorable in LUAD (Figure 2C). For DSS, NPR3 expression posed risk in STAD, BRCA, and BLCA, while it was
favorable in KIRC, ACC, and KIRP (Figure 2D). For PFS, NPR3 expression posed risk in STAD, BLCA, and LGG,
while it was favorable in KIRC, SKCM, and ACC (Figure 2E).

Clinical stages were also examined. Higher NPR3 showed a more advanced clinical stage in COAD and READ, while
it was negatively correlated with KIRC and THCA (Figure S5A). In BLCA, BRCA, MESO, and PRAD, no significant
association between NPR3 expression and bone metastasis was discovered (Figure S5B). However, a significant link was
shown between NPR3 expression and the molecular subtypes of BRCA (Figure S5C).

Tumor Purity Analysis and Genetic Mutation Analysis of NPR3 in Pan-Cancer

We then used ESTIMATE algorithm to calculate stromal scores and immune scores, and their correlation with NPR3
expression was shown. In the aspect of immune scores, higher NPR3 was correlated with higher ones in BLCA, BRCA,
COAD, LUAD, and PCPG, but it was correlated with lower ones in GBM, HNSC, TGCT, THCA, and THYM
(Figures 3A and S6A). For stromal scores, higher expression of NPR3 was correlated with higher ones in almost all
tumor types (Figures 3B and S6B).

Then, we the association between NPR3 expression and TMB and MSI were analyzed. As for TMB, Spearman
correlation analysis showed a negative correlation in the majority of cancer types. Conversely, a positive correlation was
observed in THYM and LGG. (Figure 3C). When it comes to MSI, a negative correlation was observed in CHOL, ESCA,
PCPG, SKCM, STAD, and UCS, while a positive correlation was observed in MESO (Figure 3D).

Then the cBioportal was utilized to explore the main mutation sites of NPR3 gene. Among all tumors, 121 variants of
uncertain significance (VUS) were identified in total, which included 102 missense, 11 truncating, 6 splice, 1 inframe,
and 1 fusion (Figure S7A). GSCA revealed that the main SNV class of NPR3 was C>T (Figure S7B), and the there was
a significant difference between mutant and wild-type NPR3 in PFS and DFS of BRCA patients (Figure S7C). Regarding
CNV, the positive correlation between CNV and mRNA expression of NPR3 was significant in SARC, HNSC, and ESCA
(Figure S7D). In comparison to homozygous CNVs, heterozygous CNVs of NPR3 accounted for a higher proportion in
most tumor types (Figure S7E). The survival difference between CNV and wide type indicated that the CNV showed
a significant correlation with patient survival (OS, DSS, DFS, PFS) in different cancer types (Figure S7F). Besides,
methylation showed negative correlation with mRNA expression of NPR3 in all tumor types except for DLBC and
PAAD (Figure S7G), while methylation was significantly up-regulated in tumor tissues in BRCA, LUAD, LUSC, PRAD,
COAD, BLCA, UCEC, HNSC, KIRP, and THCA (Figure S7TH). Methylation was correlated with longer DFS in BRCA,
and longer OS in LIHC. However, it was correlated with shortened PFS in KIRP, of DSS in LGG, GBM, KIRP, KIRC,
and ACC, and shortened OS in KIRC and ACC, for PFS in SKCM, CHOL, KIRC, and ACC (Figure S7I).
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Figure 2 Survival analysis and univariate Cox regression analysis in pan-cancer. (A) KM curve in ACC, GBM and KIRC. Lower NPR3 expression was related with better OS in
patients of GBM, while higher NPR3 was correlated with better OS in ACC and KIRC. (B) Univariate Cox model of OS. NPR3 expression was a risk factor in BLCA (HR =
1.617,95% Cl = 1.164-2.247, p = 0.004), BRCA (HR = 1.264, 95% CI = 1.086—1.471, p = 0.003), KICH (HR = 1.920, 95% Cl = 1.081-3.411,p <0.001), SARC (HR = 1.255, 95%
Cl=1.058-1.489, p = 0.009) and STAD (HR = 1.481, 95% Cl = 1.166—1.881, p = 0.001), and it was a protective factor in ACC (HR = 0.631, 95% CI = 0.443-0.899, p = 0.01 1),
KIRC (HR =0.736, 95% Cl = 0.676-0.803, p < 0.001) and KIRP (HR =0.772, 95% CI = 0.6 18-0.966, p = 0.024). (C) Univariate Cox model of DFS. NPR3 expression was a risk
factor in STAD (HR = 1.90, 95% Cl = 1.25-2.89, p = 0.003), while it was a protective factor in LUAD (HR = 0.78, 95% CI = 0.61-1.00, p = 0.046). (D) Univariate Cox model in
DSS. NPR3 expression was a risk factor in STAD (HR = 1.64, 95% CI = 1.26-2.15, p <0.001), BRCA (HR = 1.33,95% CI = |.14-1.56, p < 0.001) and BLCA (HR = 1.89, 95% Cl =
1.31-2.73,p <0.001), while it was a protective factor in KIRC (HR = 0.65, 95% Cl = 0.59-0.73, p <0.001), ACC (HR = 0.65, 95% CI = 0.45-0.93, p = 0.018) and KIRP (HR = 0.75,
95% Cl = 0.59-0.95, p = 0.018). (E) Univariate Cox model in PFS. NPR3 expression was a risk factor in STAD (HR = 1.50, 95% CI = 1.19-1.90, p < 0.001), BLCA (HR = 1.58, 95%
Cl=1.13-2.20, p = 0.007) and LGG (HR = 1.38, 95% Cl = 1.09—1.75, p = 0.008), while it was a protective factor in KIRC (HR =0.78, 95% CI = 0.72-0.85, p < 0.001), SKCM (HR
=0.74, 95% Cl = 0.57-0.95, p = 0.019) and ACC (HR = 0.77, 95% CI = 0.59-1.00, p = 0.049). *p < 0.05, **p < 0.0/, ***p < 0.001.

Abbreviations: OS, Overall survival; DFS, Disease-free survival; DSS, Disease-specific survival; PFS, Progression-free survival.

9996 https: Journal of Inflammation Research 2025:18



Liu et al

A

Cancer: BLCA

Cancer: BRCA

Cancer: COAD

Cancer: LUAD

R=02,p=3-05

NPR3

Cancer: PCPG

R=033,p=6e-06

NPR3

ImmuneScore

B

Cancer: BLCA

R=044,p<22016

ImmuneScore

o) R=014,p=360-06

ImmuneScore

Cancer: BRCA

_/\

o) R=03.p<22e-16"

NPR3

NPR3

R=019.p=4505"

Cancer: THYM

R=-034,p=000017

" memnaSoore

Cancer: COAD

R=06,p<22e-16

ImmuneScore

R=0.15.p=000045

NPR3

ImmuneScore

Cancer: LUAD

.

R=047,p<226-16

o3
PR3
NP3
R

L
'-~L

" SwomaiScore Stomaiscore

0 5
StromaiScore

StromaiScore

L
!

Cancer: PCPG Cancer: TGCT Cancer: THYM
R=051,p<226%16 R=058,p<220-16 N R=04,p=83006
g g g’
H £ H
StromaiScore StromaiScore ~swomaiscore
BLCA ACC uvMm
THYM KIRc BRCA
KIGH o CcEsc Ucec
LAML

4 THYM

) PAAD

0:2 coAD THCA

SARC
0 oLec TeCT
TeCT MESO
GBM
HNSC SARC
KICH READ
cesc GBM
KIRC PRAD
UcEC
KIRP
BRCA uvm
LAML PAAD
KIRP . o
READ MESO*
ves . UHC | yap Lusc MESO
HNSC

Figure 3 Relationship of NPR3 expression with TME, TMB and MSI in pan-cancer. (A) Correlation of NPR3 expression with immune scores. It was positively correlated with immune
scores in BLCA (R =0.2, p <0.001), BRCA (R =0.14, p < 0.001), COAD (R =0.19, p <0.001), LUAD (R = 0.15, p < 0.001) and PCPG (R = 0.33, p < 0.001), while it was negatively
correlated in TGCT (R =—0.37, p <0.001), and THYM (R = —0.34, p < 0.001). (B) Correlation of NPR3 expression with stromal scores. It was positively correlated with stromal scores
in BLCA (R =0.44, p <0.001), BRCA (R = 0.3, p <0.001), COAD (R = 0.6, p < 0.001), LUAD (R = 0.47, p < 0.001), PCPG (R = 0.51, p < 0.001), PRAD (R = 0.15, p < 0.001), TGCT
(R=0.59,p<0.001) and THYM (R = 0.4, p <0.001). (C) Correlation of NPR3 expression with TMB. It was positively correlated with TMB in THYM (p < 0.001) and LGG (p < 0.001),
while it was negatively correlated in LUAD (p < 0.001), ACC (p < 0.05), ESCA (p <0.001), BLCA (p <0.001), LUSC (p <0.01), PRAD (p <0.001), COAD (p < 0.01), CHOL (p <0.05),
SKCM (p < 0.001), PCPG (p < 0.05), STAD (p < 0.001), THCA (p < 0.01), DLBC (p < 0.05) and LIHC (p < 0.01). (D) Correlation of NPR3 expression with MSI. It was positively
correlated with MSI in MESO (p < 0.05), while it was negatively related in CHOL (p < 0.05), ESCA (p < 0.05), PCPG (p < 0.05), SKCM (p < 0.05), STAD (p < 0.001) and UCS (p < 0.05).
* < 0.05, ¥ < 0.01, **p < 0.001.

Abbreviations: TME, Tumor microenvironment; TMB, Tumor mutation burden; MSI, Microsatellite instability.
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TME Analysis in Pan-Cancer

A significant association was observed between NPR3 expression and genes related with immunity, including NRP1,
TNFSF18, and NFRSF14. Additionally, most immune genes exhibited a negative correlation with NPR3 expression in
KIRC, TGCT, THCA, and THYM (Figure 4A).

To further investigate immune infiltration, the ESTIMATE algorithm was employed, and the significant association
between NPR3 expression and specific immune cell types was elucidated (Figures 4B and S8).

Further analysis using the TIMER 2.0 database revealed that NPR3 expression, in most cancer types, showed positive
correlation with cancer-associated fibroblasts (CAF) and endothelial cells (Figure S9).

Additionally, CTL infiltration and survival analyses were performed using the TIDE database (Table S2). A negative
association between NPR3 expression and CTL infiltration was indicated in BRCA (Figure S10A). Survival analysis
suggested that lower NPR3 expression correlated with improved survival in UCEC (Figure S10B). Additionally, Cox
regression analysis indicated that reduced NPR3 expression was linked to impaired CTL function in UCEC (Figure S10C).

Predicting NPR3-Related Drug Sensitivity in Pan-Cancer

After that, we conducted drug sensitivity prediction for NPR3 depending on CTRP, GDSC, and CellMiner databases
(Figure 5A—C). Increased NPR3 expression was associated with reduced sensitivity to most drugs, particularly selume-
tinib and voreloxin. However, several drugs showed higher sensitivity in higher NPR3 expression, including tamatinib
and dasatinib from CTRP, midostaurin and tivozanib from GDSC, and Bisacodyl and Acetalax from CellMiner. This
suggests that NPR3 may be involved in specific cancer—drug interactions, and drugs targeting NPR3 could prove valuable
in future anti-cancer therapies.

The potential binding interaction between NPR3 and dasatinib was assessed through molecular docking analysis, and
the results were visualized in 3D. Dasatinib exhibited the lowest binding affinity of —7.8 kcal/mol when interacting with
SER-250, ASP-307, and GLU-288 (Figure 5D). Additional binding sites were identified, showing binding energies of
-7.7, =77, 7.7, —1.6, —7.4, and —7.4 kcal/mol, respectively (Figure S11).

Functional Enrichment Analysis of NPR3 in Pan-Cancer
Using GSEA, we examined the signaling pathways associated with NPR3 expression. The most frequently enriched

LE RT3

KEGG pathways in high-NPR3 expression groups included the “regulation of autophagy”, “cytosolic DNA sensing
pathway”, “Toll-like receptor signaling pathway”, and “starch and sucrose metabolism”.

The “regulation of autophagy” pathway was down-regulated in BLCA, but up-regulated in LGG, LUSC, and PAAD.
The “cytosolic DNA sensing pathway” showed down-regulation in OV, while it was up-regulated in LUSC and PAAD.
The “Toll-like receptor signaling pathway” was down-regulated in BLCA and OV, but up-regulated in LUSC. Finally, the

“starch and sucrose metabolism” pathway was up-regulated in ACC, HNSC, and SKCM (Figure S12).

Baseline Information of the Retrospective Cohort with Kidney Neoplasm
After an initial examination of NPR3 across various cancers, we identified several significant findings in kidney
neoplasms. This discovery prompted us to conduct a clinical validation of NPR3 in patients with kidney neoplasms.
The inclusion and exclusion criteria are outlined in Figure 6A, while the demographic and clinical characteristics are
presented in Table 1 and Figure S13A. Regarding histopathological classification, most patients (88.9%) were diagnosed
with KIRC, followed by smaller proportions diagnosed with KIRP (4.9%), KICH (2.2%), and other kidney neoplasms
(4.1%). According to Fuhrman nuclear staging, the distribution of patients was as follows: 18.6% of Stage 1, 63.2% of
Stage 2, 13.8% of Stage 3, and 4.3% of Stage 4. Notably, a substantial number of patients were diagnosed at intermediate
clinical stages, with “Stage 11 and “Stage III” (14.7% and 63.8%, respectively) accounting for the majority of cases. In
terms of clinical indicators, 74.6% of patients were alive, and the majority (69.5%) of patients experienced no disease

progression.
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Figure 5 Drug sensitivity prediction for NPR3 in (A) CTRP, (B) GDSC and (C) CellMiner databases. Higher expression of NPR3 was related with lower drug sensitivity of
most drugs, especially selumetinib and voreloxin. However, several drugs showed higher sensitivity in higher NPR3 expression, including dasatinib and SGX-523 from CTRP,
AMG-706 and GW-2580 from GDSC, and Bisacodyl and Acetalax from CellMiner. (D) Molecular docking of NPR3 protein with dasatinib. The possible binding sites were all

illustrated.

Journal of Inflammation Research 2025:18

10000 "



Liu et al

A Inclusion criteria: B Tissue type [I] Normal [Jl] Tumor
(1) Diagnosed pathologically with kidney neoplasm
(2) Receiving surgery from 2016 to 2018

<2.22e-16

300

Exclusion criteria:
(1) Severe mental illness
(2) Other primary tumors
(3) Chronic diseases like diabetes

N
o
o

IHC score

-
o
o

Large retrospective cohort of 370 patients

i ]

Immunohistochemical
staining and scoring

o

Follow up for clinical data

Normal Tumor

Hazard ratio

NPR3 B low 58 high o~
e N=106) (056=565 —_—— 0.459
% Gender '{::;;";2'; reference
E o ?:72202) (0.401 B 43.25; —_— 0.803
% . KIRC }(5':268) M:,::,,e
E ‘ (Nn=25) (0.68~ 7.54) —_—— 0.182
3 oas Fuhrman_nuclear_stage 5&{_9;)‘ reference
p<0.001 (SA‘la:g'I%% (0. 17u-624 07) s
0.00 s'igs%)a o (0.32- 9.21) 0.534
[ ) 24 B ) ) Stage (Nzgzeg;} reference
Number at risk Time (months) ?A'l';%z (1.03‘?{1’9.04) 0.046*
2 low 1‘::1 o r:; 175 145 36 12 (S,?:%es? * {2'3567920'67) e —
g h.gy.j 113 13 13 o4 % 10 NPR3_IHC_tumor_scaled (N=294) 0285087 — 0013*
o 12 24 6 48 60 AIC: 193.17; Concordance index: 0,63
Time (months) o o : s . >

E G Hazard ratio
NPR3 == low == high

21-60
Age_category (N=188) reference.
61-88 1.04
-—
00 (N=106) (053~ 2.05) 0.902
. M Gender Fﬁ":'s‘vizlf reference
g
S 075 Male 131
% (N=202) (0.60 - 2.86) — 0491
Yes
g KIRC ez reference
= 050 No 233 W
5 (N=26) (0.96 - 567) N N 0.063
2 Stage 1
H Fuhrman_nuclear_stage ] reference
go2s Stage 2 120
[ p<0.001 (N=181) (0.40- 3.64) 0746
o 384 E
0.00 (N=53) (0.57 - 6.18) 0.297
Stage Stage 1 reference
[ 2 % % & E (N=238)
Time (months) 3 359 =
—_— . .
. ( ) (N=21) (1.24 - 10.40) 0.018
Number at risk Stage 384 1 ) <0001 "
o, (N=35) (3.56 - 16.30) . —
g vy 18t m g - 34 i NPR3_IHC_t scaled IN=294 0.66 0024
- ! — .
2 nigh{ 113 112 112 92 28 10 IHC_tumor_ (L==2) (0.46- 0.95)
[ 2 4 36 60 ressdeni st i
Time (months) o : : s " »

Figure 6 Higher NPR3 expression was associated with better prognosis in kidney neoplasms. (A) The inclusion and exclusion criteria of the cohort. (B) The IHC scores of
normal tissue were significantly higher than those of tumor tissues (p < 0.001). (C) Several representative IHC pictures of kidney neoplasm tissue and normal ones from the
cohort. The K-M survival curve indicated that higher NPR3 expression was correlated with better (D) OS and (E) PFS in kidney neoplasm (p < 0.001). (F) Multivariate Cox
regression analysis indicated that NPR3 expression, presented by scaled IHC score through Z-score transformation, was an independent protective factor for OS (HR =
0.50, 95% CI = 0.29-0.87, p = 0.0133). (G) Multivariate Cox regression analysis indicated that NPR3 expression, presented by scaled IHC score through Z-score
transformation, was an independent protective factor for PFS (HR = 0.66, 95% Cl = 0.46-0.95, p = 0.0236).

Abbreviations: IHC, Immunohistochemical; HR, Hazard ratio; OS, Overall survival; PFS, Progression-free survival.
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Table | | Demographic Characteristics of 370 Patients

Variables Number (%) | Mean t SD Median (Range) | P-value
NPR3 tumor 142.49 + 66.33 | 140 (0-300)
NPR3 classification tumor

Low (IHC score of NPR3 <= 150) | 221 (59.73)

High (IHC score of NPR3 > 150) 148 (40.00)

Unknown 1 (0.27)

NPR3 normal 230.83 + 44.15 | 235 (100-300)
NPR3 classification normal < 0.00 | ##*
Low (IHC score of NPR3 <= 150) | 25 (6.76)

High (IHC score of NPR3 > 150) 286 (77.30)

Unknown 59 (15.94)

OS censor

Alive 276 (74.59)

Dead 23 (6.22)

Unknown 71 (19.19)

oS 42.24 £ 9.34 41 (7-62)
OS classification (months)

Low (OS <=41) 155 (41.89)

High (OS > 41) 140 (37.84)

Unknown 75 (20.27)

PFS censor

No 257 (69.46)

Yes 42 (11.35)

Unknown 71 (19.19)

PFS 40.99 £ 10.95 | 41 (0-62)
PFS classification (months)

Low (PFS <=41) 161 (43.51)

High (PFS > 41) 134 (36.22)

Unknown 75 (20.27)

Age (category)

21-55 186 (50.27)

56-88 184 (49.73)

Gender

Female 114 (30.81)

Male 256 (69.19)

KIRC

No 41 (11.08)

Yes 329 (88.92)

Histopathological classification

KIRC 329 (88.92)

KIRP 18 (4.86)

KICH 8 (2.16)

Others 15 (4.05)

Fuhrman nuclear stage < 0.05*
Stage | 69 (18.65)

Stage 2 234 (63.24)

Stage 3 51 (13.78)

Stage 4 16 (4.32)

(Continued)
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Table | (Continued).

Variables Number (%) | Mean * SD Median (Range) | P-value
T stage < 0.05*%
Tl 282 (76.22)
T2 29 (7.84)

T3 53 (14.32)
T4 3 (0.81)
Unknown 3 (0.81)
Detailed T stage

Tla 178 (48.11)
TIb 104 (28.11)
T2a 17 (4.59)
T2b 12 (3.24)
T3a 49 (13.24)
T3b 2 (0.54)

T3c 2 (0.54)

T4 3 (0.81)
Unknown 3 (0.81)

N stage

NO 368 (99.46)
NI 2 (0.54)

M stage

MO 370 (100.00)
Stage < 0.05*%
Stage | 282 (76.22)
Stage 2 28 (7.57)
Stage 3 54 (14.59)
Stage 4 3 (081)
Unknown 3 (0.81)
Progression after treatment

No 258 (69.73)
Yes 41 (11.08)
Unknown 71 (19.19)

Notes: *p < 0.05, **p < 0.001.
Abbreviations: IHC, Immunohistochemical; OS, overall survival; PFS, progression free survival; KIRC, kidney renal clear cell
carcinoma; KICH, kidney chromophobe; KIRP, kidney renal papillary cell carcinoma.

Investigation of NPR3 Expression and Clinical Relevance in Kidney Neoplasms
IHC staining was performed on tumor and normal tissues from 370 patients. NPR3 was significantly down-regulated in
kidney neoplasms (p < 0.001) with the mean IHC score of 142.49 in tumor tissues and 230.83 in normal ones (Figure 6B).
Typical IHC staining images of both tumor tissues and normal ones from the cohort are shown in Figure 6C.

Using the “surv_cutpoint” function, we determined the optimal cut-off values for the IHC score of NPR3 in tumor
tissues (150 for both OS and PFS) (Figure S13B and S13C). K-M survival curves showed that higher NPR3 expression
(IHC score > 150) in tumor tissues was significantly linked to better OS (p < 0.001, Figure 6D) and PFS (p < 0.001,

Figure 6E), compared to lower NPR3 expression (IHC score < 150). Subsequently, after conducting Z-score transforma-

tion to normalize the IHC score of NPR3 for better and deeper data presentation, we used the scaled NPR3 THC score as
a continuous variable for univariate and multivariate Cox regression analysis. Results demonstrated that, NPR3 expres-
sion was a significant protective factor in both univariate Cox regression analysis (HR = 0.55, 95% CI = 0.35-0.89, p =
0.014, Figure S13D) and multivariate Cox regression analysis (HR = 0.50, 95% CI = 0.29-0.87, p = 0.013, Figure 6F) for
OS in RCC patients. Additionally, NPR3 expression was also identified as a significant protective factor in both
univariate Cox regression analysis (HR = 0.67, 95% CI = 0.47-0.93, p = 0.018, Figure S13D) and multivariate Cox
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regression analysis (HR = 0.66, 95% CI = 0.46-0.95, p = 0.024, Figure 6G) for PFS in RCC patients. Consequently, we
concluded that NPR3 expression was an independent protective factor for both OS and PFS in RCC patients, excluding
the confounding factors of age, gender, histopathological classification, Fuhrman nuclear stage, and stage.

The deviance residual plot showed that, for both models, the residuals were randomly scattered about zero with no
clear pattern (Figure S14A and S14G). The calibration curves showed that the predicted 1-, 2-, 3-, 4-, and 5-year-OS
(Figure S14B) and 1-, 2-, 3-, 4-, and 5-year-PFS (Figure S14H) closely matched with the actual outcomes. The ROC
curves provided the area under curve (AUC) at 1 year (0.922), 2 years (0.809), 3 years (0.804), 4 years (0.915), and 5
years (0.928) for OS (Figure S14C). For PFS, AUC of the ROC curves at 1 year (0.865), 2 years (0.821), 3 years (0.813),
4 years (0.862), and 5 years (0.856) were also provided (Figure S14I). Risk models were constructed according to both

models (Figure S14D and S14J), and K-M survival curve demonstrated that patients with higher risk scores had

significantly poorer OS (p < 0.001) (Figure S14E and S14K). At last, nomograms were constructed for predicting 1-,
2-, 3-, 4-, and 5-year OS probability and PFS probability for kidney neoplasm patients (Figure S14F and S14L).

External Validation for NPR3 Expression in Kidney Neoplasms

In PDC000464, GSE36895, GSE53757, GSE66272, GSE126964, and GSE167093, the differential expression analysis
confirmed that NPR3 expression was significantly downregulated in kidney neoplasms (p < 0.001) compared to normal
tissues, which aligns with our findings (Figure S15A). In PDC000127, PDC000464, GSE22541, and
RCC 2020 Braun_Cohort, K-M survival curves showed that higher NPR3 expression was significantly associated
with better survival outcomes (p < 0.05) in kidney neoplasm patients, further supporting our results (Figure S15B).

Knockdown of NPR3 in 786-O, 769-P, and A-498 Cells Suppressed Cell Proliferation,

Migration, and Invasion

After the cohort validation, we created a stable NPR3 knockdown cell line using shRNA. qPCR and Western blot results
confirmed NPR3 expression significantly decreased in the knockdown cells compared to the control group (p < 0.05)
(Figure 7A). The colony formation assay suggested decreased proliferation ability in NPR3 knockdown cells (p < 0.001)
(Figure 7B). The CCK-8 assay demonstrated that NPR3 inhibition caused marked reduction in cell proliferation ability after
72 hours (p < 0.01) (Figure 7C). The transwell migration and invasion assays demonstrated that NPR3 knockdown cells
exhibited a significant reduction in both migratory (p < 0.05) and invasive (p < 0.001) capabilities (Figure 7D and E). The
cell scratch assay showed that NPR3 knockdown cells exhibited significantly weaker migration ability compared to control
cells 24 hours post-scratching (p < 0.05) (Figure 7F). Interestingly, treatment with dasatinib appeared to enhance NPR3
expression in human renal cancer cells (Figure S16).

Discussion

NPR3, one member of the receptor for natriuretic peptides (NP), is reported to play a wide range of physiological roles,
including plant immunity,”* neural crest and cranial placode formation,”> apoptosis in cardiomyocytes,’® and insulin
sensitivity,”” but few studies have elucidated its specific role in pan-cancer. Our study provided differential expression
analysis, ceRNA and PPI network construction, clinical relevance analysis, tumor purity analysis, genetic mutation
analysis, immune infiltration analysis, and signaling pathway enrichment analysis. Then, a retrospective cohort of kidney
neoplasms was investigated, and NPR3 was identified as a potential biomarker for kidney neoplasm development.
Clinical relevance analysis was conducted for validation. Besides, cell experiment was conducted that NPR3-knockdown
significantly suppressed tumor proliferative and migration activity in renal cancer cells. Our study revealed that NPR3
was a potential biomarker for predicting the efficacy of immunotherapy and guiding cancer therapy.

NPR3 Might Be a Potential Biomarker in Various Cancers

Previous researches have explored that NPR3 is correlated with tumor development and patients’ prognosis, and
controversial results have been reported. Gu et al reported that, in colorectal cancer cells, up-regulated NPR3 may
promote the proliferation as well as inhibiting apoptosis.” However, opposition was proposed by Li et al that the
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Figure 7 Knockdown of NPR3 in 786-O, 769-P, and A-498 cells suppressed cell proliferation, migration, and invasion. (A) The qPCR analysis and Western blot validation showed that
NPR3 expression in NPR3-sh cells was significantly lower than that in control cells. (B) The colony formation assay suggested decreased proliferation in NPR3-sh cells. (C) The CCK-8
assay indicated reduced cell proliferation in NPR3 knockdown cells. (D) The transwell migration assay indicated decreased migration in NPR3-sh cells. (E) The transwell invasion assay

indicated decreased invasion in NPR3-sh cells. (F) The cell scratch assay showed suppressed wound healing ability in NPR3-sh cells. *p < 0.05, **p < 0.0/, ***p < 0.001.

Abbreviations: qPCR, quantitative real-time polymerase-chain reaction; CCK-8, Cell counting kit-8; NC, Normal control.
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repression of NPR3 could promote the metastasis of clear cell renal cell carcinoma.'' Likewise, Qian et al found that
NPR3 overexpression inhibited the development and progression of hepatocellular carcinoma cells.'? Li et al found that
NPR3 inhibits tumor cell growth in osteosarcoma.'® In our pan-cancer analysis, we observed that NPR3 expression was
significantly reduced in 14 tumor types when compared to normal tissues. Survival analysis and univariate Cox
regression models further revealed that NPR3 expression was significantly related with OS, DSS, DFS, and PFS across
various cancer types. Regarding clinical stage, NPR3 showed positive correlation with the clinical stages of COAD and
READ, but negatively correlation was observed in KIRC. In our clinical validation, we established a retrospective cohort
and observed that NPR3 expression was notably lower in the tumor tissues of kidney neoplasm patients. Moreover,
patients exhibiting reduced NPR3 expression demonstrated a marked increase in OS. In renal carcinoma cells, silencing
NPR3 led to a substantial reduction in tumor growth and wound-healing capacity. In summary, these findings suggest that
NPR3 severs as a prognostic biomarker in cancers, offering clinical implications for patient prognostic prediction.

An Initial Exploration of the Role of NPR3 in Tumor Immunity and Therapy

NPR3 Plays a Role in TME

The TME is composed of a diverse array of cell types, all of which significantly contribute to tumor growth, metastasis,
and therapeutic response.”®’’ Immune cells within the TME play crucial roles in either inhibiting or promoting tumor
development, depending on the context of the tumorigenic process.®® NPR3 has been identified as a gene related with
immunity in several studies, particularly in breast cancer, where higher NPR3 expression was linked to reduced
infiltration of B cells, CD8+ T cells, and dendritic cells,®'** as well as lower expression levels of PD-1, PD-L1, and
CTLA-4.* Despite these findings, the exact role of NPR3 within the TME remains underexplored. In our analysis, we
discovered that higher NPR3 expression showed positive correlation with immune scores in BLCA, BRCA, COAD, and
LUAD, whereas it showed negative correlation in GBM, HNSC, TGCT, THCA, and THYM. Regarding immune gene
co-expression, NPR3 tended to exhibit an immune-suppressive function in pan-cancer, particularly in KIRC, TGCT,
THCA, and THYM, where it showed strong associations with macrophages and CD4+ T cells. Additionally, data from
the TIMER 2.0 database revealed a consistent positive correlation between NPR3 and CAFs, as well as endothelial cells
across various tumor types. CAFs are important in tumor progression by facilitating cancer cell proliferation, enhancing
therapy resistance, and promoting immune exclusion.*** They can release cytokines, growth factors, creating extra-
cellular matrix (ECM) structure and reprogramming the tumor microenvironment, leading to resistance to chemotherapy
and tumor progression.®® Besides, endothelial cells are critical components for tumor associated angiogenesis, and they
are also one of the main sources of CAF.®’ Moreover, endothelial cells can undergo endothelial-to-mesenchymal
transition, which enhances the microenvironment of stromal fibroblasts and reshapes the vessels to support the invasion
and metastasis.*® The correlation between NPR3 expression, CAFs, and endothelial cells might explain the function of
NPR3 in pan-cancer. Furthermore, NPR3 may regulate tumor-associated macrophages. NPR3 expression has been shown
to block the PI3K/AKT pathway in osteosarcoma cells,'* which could influence the differentiation of M2 macrophages.®’
This, in turn, may promote angiogenesis, neovascularization, and matrix activation and remodeling—processes that
contribute to cancer progression and impact patient outcomes.””*! In conclusion, NPR3 expression is correlated with the
composition of TME and is worth further investigation.

CTLs, one of the critical immune surveillance cells, are also imperative TME and patient prognosis.”> A high level of
well-functioning CTLs in TME is a positive prognostic predictor, and it can help control tumor progression.”® However,
CTL dysfunction and exclusion are two mechanisms of tumor immune evasion.** In our study, the negative correlation
between NPR3 and CTL infiltration was found in BRCA. Additionally, in UCEC, tumors with low NPR3 expression
exhibited exhausted infiltrating CTLs. To put everything in a nutshell, NPR3 may participate in tumor immunity through
its interaction with CTLs.

NPR3 is a Potential Indicator for Immunotherapy

Apart from that, TMB and MSI are two important biomarkers of prognosis in multiple tumors, as well as reliable predictors in
immunotherapy.”*°> Our investigation revealed significant relationships between NPR3 expression and TMB in 16 tumor
types and with MSI in 7 tumor types, predominantly exhibiting negative correlations. Based on these findings, we can infer
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that NPR3 levels may influence TMB and MSI, potentially affecting the effectiveness of immunotherapy. TMB has become an
important predictor of immune checkpoint blockade (ICB) efficacy and serves as a valuable biomarker for identifying patients
who are likely to benefit from immunotherapy in certain cancer types. Additionally, a wealth of data supports the use of MSI as
a predictor for immunotherapy response and effectiveness. These results highlight the potential advantages of NPR3
expression in guiding ICB therapies.”” *® What’s more, cBioportal analysis and the GSCA database both unveiled the
mutation pattern of NPR3. Given that tumors characterized by high levels of somatic mutations resulting from mismatch-
repair deficiencies exhibit increased sensitivity to PD-1 targeted therapy, NPR3 may have promising applications in predicting
ICB therapeutic response.”

Function Analysis Reveals That NPR3 is Correlated with Immunity and Autophagy
Curious about tumorigenesis, we performed GSEA to identify the signaling pathways associated with NPR3 expression.

CEINT3

Four pathways emerged as the most strongly associated with NPR3, including “regulation of autophagy”, “cytosolic
DNA sensing pathway”, “Toll-like receptor signaling pathway”, and “starch and sucrose metabolism”. “Regulation of
autophagy” is particularly significant in cancer, as key autophagy-related proteins (such as p53, mTOR, KRAS, etc) and
signaling pathways (such as EGFR, PI3K, NF«B, etc) play essential roles in tumor progression.'® “Cytosolic DNA
sensing pathway” is crucial for immune surveillance in tumors, as cancer cells often contain high levels of cytosolic
dsDNA, which triggers immune responses.'®' Additionally, “Toll-like receptor signaling pathway” contributes to cancer
immunity. Stimulation of Toll-like receptors (TLRs) enhances anti-cancer immune responses, either by activating
immune cells or inducing apoptosis.'®>'** Finally, the “starch and sucrose metabolism” pathway has been implicated
in the progression of colon cancer. For instance, resistant starch, a type of carbohydrate that bypasses digestion in the
small intestine and undergoes fermentation in the large intestine, has been shown to inhibit carcinogenesis in colon
epithelial cells.'® Overall, NPR3 seems to be involved in critical cancer-related processes, particularly immune
regulation and autophagy. However, additional studies are required to fully clarify NPR3’s function and underlying
mechanisms in pan-cancer.

NPR3 Impacts Drug Sensitivity and Potential Therapeutic Strategies in Cancer

We also performed drug sensitivity prediction analysis in order to clarify the therapeutic potential of NPR3. Since higher
NPR3 expression was associated with decreased drug sensitivity of most drugs, it implies that NPR3 may involve in
mechanisms that lead to greater therapeutic challenges. Few drugs showed higher sensitivity, including tamatinib and
dasatinib from CTRP, midostaurin and tivozanib from GDSC, and Bisacodyl and Acetalax from CellMiner. Tamatinib is
a selective Syk inhibitor primarily used to treat rheumatoid arthritis, especially in patients who have not responded well
to methotrexate treatment.'%>1%¢ Dasatinib, initially discovered as a dual SRC/ABL inhibitor, is a small-molecule
tyrosine kinase inhibitor commonly used in managing chronic myelogenous leukemia and Philadelphia chromosome—
positive acute lymphoblastic leukemia.'®” Tivozanib, an innovative VEGFR tyrosine kinase inhibitor, is approved as first-
line treatment among renal cell carcinoma in adults.'®® Earlier research has demonstrated that tivozanib serves as a viable
treatment for patients with recurrent or advancing renal cell carcinoma, even in those who have not responded to prior
immunotherapy therapies.'® Midostaurin, a multi-target kinase inhibitor, is used in the treatment of acute myeloid
leukemia.''® It could inhibit cell growth or inducing apoptosis in various cancer types, blocking angiogenesis, and
sensitizing cancer cells to ionizing radiation, thereby justifying its application in cancer therapy.''' Recent research has
also suggested that midostaurin holds potential as an anticancer drug for kidney cancer, as it targets the S100AS8
protein.''* Bisacodyl, a locally acting laxative, operates through a unique dual mechanism that affects gut secretion
and motility. It is widely recognized as a standard treatment for constipation.''® Acetalax (Oxyphenisatin acetate, NSC
59687), a diphenyl oxindole initially used as a laxative, has demonstrated significant cytotoxicity against breast and
ovarian cancer cell lines."'*!''> While previous research has not established a direct correlation between NPR3 and the
mentioned drugs, these findings offer valuable insights into NPR3’s potential pharmaceutical applications in the future.
Given that drug sensitivity is positively correlated with NPR3 expression, identifying high NPR3 expression in tumors
could guide the use of these drugs for treatment.
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The Role of NPR3 in Cancer Requires Further Investigation

In our study, the prognostic outcomes of NPR3 in RCC patients are not consistent with the results from public datasets, this
might be attributed to expression-level discrepancies between transcriptomic and proteomic data in RCC tumor, limitation of
low-resolution IHC proteomic quantification and 12-point IHC scoring system, limited sample size, and geographical and
ethnic differences. Large-sample multicenter clinical study with high-resolution mass spectrum might be needed for further
explorations. Moreover, the knockdown of NPR3 in 786-O cells notably inhibited tumor proliferation and migration. This
observation, however, contradicts findings from a previous study, which proposed that MRCCAT1 facilitates the progression
of KIRC by downregulating NPR3."" Specifically, the earlier study showed that MRCCAT]1 overexpression increased cell
proliferation, migration, and invasion in both 786-O and Caki-1 cells. Additionally, NPR3 mRNA expression was found to be
significantly higher in MRCCAT1 knockdown cells and lower in MRCCAT 1-overexpressing cells, leading to the conclusion
that MRCCAT1 promotes KIRC progression through the suppression of NPR3."' The observed discrepancy may stem from
differences in experimental strategies. While our study directly knocked down NPR3, reducing its expression, the prior study
focused on MRCCAT1 knockdown, which indirectly affected NPR3 expression. These two approaches likely yield distinct
biological outcomes. MRCCAT 1 might regulate NPR3 via complex transcriptional or epigenetic mechanisms, whereas direct
NPR3 knockdown could bypass these regulatory pathways and influence other downstream signaling networks. This suggests
that the interaction between MRCCAT1 and NPR3 may not be strictly negative but rather influenced by additional pathways
that warrant further exploration. Additionally, NPR3’s function appears to be context-dependent, varying across different
biological environments. For instance, some studies have implicated NPR3 in promoting tumor development, as observed in

© while others have reported tumor-suppressive effects in hepatocellular carcinoma.'? This duality

colorectal cancer,”’
suggests that NPR3 might exert diverse roles depending on the specific cellular conditions, potentially explaining the
discrepancy between results.

Moreover, within the constructed PPI network, NPR3 could bind with atrial natriuretic peptides, including NPPA,
NPPB, and NPPC, functioning as a clearance receptor that regulates their local concentrations and biological effects.''®
Moreover, several genes encoding these interacting proteins have been confirmed as oncogenes or tumor suppressors. For
instance, knockdown of NPPA enhances the proliferation, migration, and invasion of breast cancer cells.''’
Downregulation of GUCA2B may play a significant role in colorectal tumorigenesis.''® Further research is needed to
explore how these proteins work collectively with NPR3 to exhibit specific functions in tumors.

In conclusion, the precise role of NPR3 in cancer remains ambiguous. Comprehensive research is required to

elucidate its mechanisms in different cancers and establish its potential as a therapeutic target.

Limitations

However, some limitations still existed in our study. The small sample size for IHC validation, which limits the
generalizability of our findings, and the fact that the clinical retrospective cohort of kidney neoplasm was conducted
in China with Chinese patients, may contribute to potential biases. Although the database utilized in our study covered
data from Americans, Asians, and Europeans, this could introduce some deviance due to ethnic and geographic
differences. Further functional validation, such as in vivo models, is also needed to fully elucidate the biological roles
and therapeutic implications of NPR3 in cancer.

Conclusion

In this study, we explored the role of NPR3 in pan-cancer contexts and examined its potential role in the progression of
kidney neoplasms using a large retrospective cohort. Our findings suggest that NPR3 may play a significant role in
shaping the TME and could serve as an indicator for immunotherapy efficacy. Additionally, NPR3 appears to be
correlated with immune functions, autophagy, and drug sensitivity. In renal cancer cells, NPR3 knockdown significantly
suppressed tumor proliferation, migration, and invasion activity. While these results highlight NPR3’s potential as
a biomarker for predicting immunotherapy responses and guiding individualized cancer therapy, further research,
including in vivo validation and mechanistic studies, is necessary to fully understand its role in cancer progression
and its clinical applicability.
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