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Clear cell renal cell carcinoma (ccRCC) is the most common type of kidney cancer. The
maximum number of deaths associated with kidney cancer can be attributed to ccRCC.
Disruption of cellular proteostasis results in endoplasmic reticulum (ER) stress, which is
associated with various aspects of cancer. It is noteworthy that the role of ER stress in the
progression of ccRCC remains unclear. We classified 526 ccRCC samples identified from
the TCGA database into the C1 and C2 subtypes by consensus clustering of the 295 ER
stress-related genes. The ccRCC samples belonging to subtype C2 were in their
advanced tumor stage and grade. These samples were characterized by poor
prognosis and malignancy immune microenvironment. The upregulation of the
inhibitory immune checkpoint gene expression and unique drug sensitivity were also
observed. The differentially expressed genes between the two clusters were explored. An
11-gene ER stress-related prognostic risk model was constructed following the LASSO
regression and Cox regression analyses. In addition, a nomogram was constructed by
integrating the clinical parameters and risk scores. The calibration curves, ROC curves,
and DCA curves helped validate the accuracy of the prediction when both the TCGA
dataset and the external E-MTAB-1980 dataset were considered. Moreover, we analyzed
the differentially expressed genes common to the E-MTAB-1980 and TCGA datasets to
screen out new therapeutic compounds. In summary, our study can potentially help in the
comprehensive understanding of ER stress in ccRCC and serve as a reference for future
studies on novel prognostic biomarkers and treatments.
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INTRODUCTION

Kidney cancer is a common and deadly disease that affects people worldwide. Approximately 431288
new cases and 179368 new deaths related to kidney cancer were reported in 2020 (Sung et al., 2021).
Renal cell carcinoma (RCC) is the predominant form of kidney cancer, and papillary RCC,
chromophobe RCC, and clear cell RCC (ccRCC) are the three major histological subtypes of
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clear cell RCC (ccRCC). CcRCC accounts for ~75% of RCC
incidences worldwide (Linehan and Ricketts, 2019). Surgical
removal of cancer cells remains the primary mode of
treatment for early-stage localized ccRCC. However, metastasis
is observed in approximately 30% of the patients suffering from
localized ccRCC (Hsieh et al., 2017). Limited treatment options
are available for patients with advanced-stage ccRCC who have
lost the chance to undergo surgery. Targeted therapies are the best
options to treat advanced-stage ccRCC as it is insensitive to
chemotherapy and radiotherapy. Several drugs such as Axitinib,
Pazopanib, Sorafenib, and Sunitinib can prolong the survival time
of patients to some extent. Diverse treatment effects are observed,
and patients often become drug-resistant (Motzer et al., 2014;
Ljungberg et al., 2019). These indicate that it is important to
identify prognostic biomarkers and develop promising
therapeutic agents.

The endoplasmic reticulum (ER) significantly affects the
synthesis, folding, and secretion of 30% of the intracellular
proteins in eukaryotic cells (Wu et al., 2021). A stable cellular
microenvironment is required for the normal functioning of ER.
Changes in the cellular microenvironment, such as hypoxia,
nutrient deficit, reactive oxygen species, and acidosis, impair
ER homeostasis (Urra et al., 2016). The accumulation of
unfolded or misfolded proteins in the ER can be attributed to
ER homeostasis (Ma and Hendershot, 2004). This results in a
condition that is commonly known as ER stress. The conditions
of ER protein homeostasis are restored when three ER stress
sensors, IRE1α, ATF6, and PERK, activate the unfolded protein
response (UPR) (Lee, 2005). Activation of UPR results in a
decrease in the number of proteins synthesized and an
increase in the extent of protein folding realized. These are
achieved by regulating the UPR-related gene expression and
pathways (Nie et al., 2021). It has been previously reported
that ER stress affects multiple aspects of cancer (So, 2018).
However, the exact role of ER stress in the occurrence and
progression of ccRCC is yet to be understood. Hence, a
comprehensive understanding of ER stress can contribute to a
better diagnosis. It can also help develop good treatment methods
for ccRCC.

We categorized the ccRCC samples into two clusters based on
the expression levels of the ER stress-related genes. The samples
were identified from the data presented in The Cancer Genome
Atlas (TCGA) database. The prognosis, immune cell infiltration
levels, gene expression levels associated with the inhibitory
immune checkpoints, and drug responses of the two clusters
were different from each other. A prognostic risk model
associated with ER stress was constructed based on the
differentially expressed genes (DEGs) between the two clusters.
The prognostic risk model exhibited an accurate predictive
capacity for the TCGA and external E-MTAB-1980 datasets.
Then, the prognostic risk model and clinical parameters were
integrated to construct a nomogram. Finally, the Connectivity
Map (CMap) database was analyzed to screen out the potential
therapeutic compounds. In summary, the results reported herein
help in understanding the role of ER stress in the occurrence and
progression of ccRCC and provide new insights that can be used
to develop ccRCC treatment methods.

MATERIALS AND METHODS

Data Collection
The gene sequencing data for raw count and fragments per
kilobase million (FPKM) were obtained from the TCGA
database (https://portal.gdc.cancer.gov/). We converted FPKM
to transcripts per million (TPM), and log2 (TPM+1) was used for
further analysis. The ArrayExpress archive (https://www.ebi.ac.
uk/arrayexpress/) was retrieved to obtain the microarray data for
E-MTAB-1980. The gene expression profile of the TCGA dataset
comprised 72 normal kidney tissues and 539 ccRCC samples.
After excluding cases with follow-up time of less than 1 day, 526
ccRCC samples were included in this study. The E-MTAB-1980
archive contained information on 101 ccRCC samples. The
requirement of ethical approval was waived off as the data
were obtained from public databases. Informed consent was
not obtained for the same reason.

Collection and Consensus Clustering
Analysis of Endoplasmic Reticulum
Stress-Related Genes
The gene sets associated with ER stress were obtained from the
Molecular Signature Database (MSigDB) v7.4 (Liberzon et al.,
2015) (http://www.gsea-msigdb.org/gsea/msigdb/). Regulation of
response to endoplasmic reticulum stress and response to
endoplasmic reticulum stress were analyzed. The intersection
of the two gene sets was analyzed to identify a total of 295 genes
associated with ER stress. The “ConsensusClusterPlus” R package
was used to categorize the TCGA ccRCC samples into two
clusters using the “pam” cluster algorithm and 1000
bootstraps. The consensus cumulative distribution function
(CDF) curve and the proportion of ambiguous clustering
(PAC) score were analyzed. This helped obtain the optimal
number of clusters.

Analysis of Differential Gene Expression
The TCGA gene sequencing data were analyzed using “edgeR”
(Robinson et al., 2010). The microarray data corresponding to
E-MTAB-1980 was processed using the “limma” package (Ritchie
et al., 2015). The threshold values were selected as |log2FC| > 1.5
and false discovery rate (FDR) < 0.05 to identify the DEGs
between the C1 and C2 subgroups. The threshold values (|
log2FC| > 1 and FDR <0.05) were used to screen the DEGs
between the high- and low-risk groups. A heatmap was plotted
based on the results of differential gene expression analysis using
the “pheatmap” package.

Levels of Infiltration of Immune Cells
The differences in the infiltration levels of 22 immune cell types
between subgroups C1 and C2 were evaluated using the
CIBERSORT algorithm (permutation counts: 1,000;
threshold: p < 0.05) (Newman et al., 2015). We used the
“edgeR” package to study the differential expression of the 10
potential inhibitory immune checkpoint genes between two
clusters. An FDR value of <0.05 was considered statistically
significant.
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Drug Response of the Clear Cell Renal Cell
Carcinoma Samples
The drug response of the ccRCC samples was estimated using the
“pRRophetic” package (Geeleher et al., 2014). The half-maximal
inhibitory concentration (IC50) was calculated, and it was
considered to be the criterion of the drug’s efficacy toward
ccRCC samples.

Construction and Validation of the
Endoplasmic Reticulum Stress-Related
Prognostic Risk Model
The TCGA dataset was used to construct the ER stress-related
prognostic risk model. For this purpose, the DEGs between the
clusters C1 and C2 were used to perform the univariate Cox
regression, least absolute shrinkage and selection operator
(LASSO) regression, and multivariate Cox regression
analyses. The ccRCC samples were analyzed to determine
the risk score for each sample under consideration. The
samples were categorized into high- and low-risk categories
on the basis of the median risk score. The “survival” package
was used to conduct the Kaplan–Meier (K–M) survival analysis
(Therneau and Grambsch, 2000). This helped determine the
differences between the overall survival (OS) of the two risk
groups. The areas under the curves (AUCs) were calculated.
The areas were determined by generating and analyzing the
receiver operating characteristic (ROC) curves. The
“timeROC” package (Blanche et al., 2013) was used to
generate the ROC curves. The “stats,” “umap,” and “Rtsne”
packages were used for principal component analysis (PCA),
uniform manifold approximation and projection (UMAP),
and t-distributed stochastic neighbor embedding (t-SNE),
respectively. This helped assess the distribution pattern of
each risk group. Univariate and multivariate Cox regression
analyses were performed to identify the independent
prognostic factors related to the risk score and other clinical
parameters. As an external dataset, E-MTAB-1980 was
subjected to the abovementioned analyses to determine the
accuracy of the results obtained using the prognostic
risk model.

Construction and Validation of a Predictive
Nomogram
First, the “ComBat” algorithmwas used to remove the batch effect
between the TCGA dataset and the E-MTAB-1980 dataset.
Following this, the clinical parameters and risk scores were
integrated to construct a nomogram using the TCGA dataset
by the “rms” and “regplot” packages. The consistency between the
actual and predicted survival outcomes was evaluated by
analyzing the calibration curves. The predictive performances
of the nomogram, risk scores, and other clinical parameters were
estimated by analyzing the ROC and the decision curve analysis
(DCA) curves. Finally, E-MTAB-1980 was used to validate the
clinical reliability of the nomogram.

Gene Functional Enrichment Analysis
Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses were used to assess the
biological functions of the genes. The Metascape database
(http://metascape.org) was used for analyses (Zhou et al.,
2019). The three main aspects considered to describe the
biological functions were molecular function (MF), cellular
component (CC), and biological process (BP).

Prediction of the Potential Therapeutic
Compounds
The DEGs between the two risk groups were investigated for the
TCGA and E-MTAB-1980 datasets. The overlapping DEGs in the
two datasets were used to predict the potential therapeutic
compounds. The CMap database (https://clue.io/) was
analyzed for the studies. Compounds were further screened for
efficacy based on the connectivity scores and FDR.

Statistical Analysis
All analyses were performed using R (software version 4.0.3). The
relationship between clustering and the clinical characteristics
was assessed by conducting the chi-square test. The results of the
K–M survival analysis were evaluated by conducting a log-rank
test. The differences in the immune cell infiltration levels and
drug response were tested by conducting the Wilcoxon test.
p-value <0.05 was considered statistically significant.

RESULTS

Identification of the Two Clear Cell Renal
Cell Carcinoma Clusters by Consensus
Clustering of the Endoplasmic Reticulum
Stress-Related Genes
Two clusters, C1 (n = 360) and C2 (n = 166) were formed with the
ccRCC samples belonging to the TCGA dataset following the
consensus clustering of the 295 ER stress-related genes
(Figure 1A). The CDF and PAC plots were analyzed to verify
the optimal number of clusters (Figures 1B,C). The correlation
between the ER stress-related clusters and the clinical parameters,
and the expression patterns of the genes associated with ER stress
are shown in the heatmap (Figure 1D). The clinical features
characterizing the two clusters were apparently different. The
tumor T stage, TNM stage, and grade level of the ccRCC samples
belonging to the C2 cluster were more advanced than those
recorded for the samples belonging to the C1 cluster (Figures
1E–G). The expression levels of the three ER stress sensors and
biomarkers were evaluated. The expression levels of ATF6 and
PERK were significantly elevated in C2. The IRE1α expression in
C1 was not different from that in C2 (Figure 1H). Analysis of the
PCA plot indicated that the two clusters were distributed in
different sections (Figure 1I). It was also observed that the OS of
the ccRCC samples in the C2 cluster was poorer than the OS of
the samples belonging to the C1 cluster (Figure 1J).
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FIGURE 1 | Identification of ER stress-related clusters of ccRCC. (A)Consensus cluster matrix of ccRCC samples when k = 2. (B)CDF curves for k = 2–9. (C) PAC
scores recorded at different K values. (D)Heatmap of ER stress-related genes and distribution of clinical parameters between two clusters. (E)Distribution of the T stage
in the two clusters. (F) Distribution of the TNM stage in the two clusters. (G) Distribution of tumor grade in the two clusters. (H) Expressions of ATF6, PERK, and IRE1α in
the two clusters. (I) PCA for two ER stress-related clusters. (J) OS of two ER stress-related clusters. pp < 0.05, ppp < 0.01, pppp < 0.001.
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Identification of Immune Cell Infiltration for
the Two Clusters
The CIBERSORT algorithm was used to study the infiltration
levels of the 22 immune cell types under study. The results
revealed that the infiltration ratios corresponding to the
regulatory T cells (Tregs) and CD8 T cells in the C2 cluster
were higher than the corresponding infiltration ratios recorded
for the samples belonging to the C1 cluster. In contrast, the

infiltration levels of monocytes, gamma delta T cells, neutrophils,
M1 macrophages, resting dendritic cells, and resting mast cells
belonging to the C2 cluster were lower than the corresponding
infiltration levels observed in the C1 cluster (Figures 2A,B). The
expression levels of 10 inhibitory immune checkpoints were
examined to better comprehend the tumor microenvironment
(TME) of the two clusters. The CD274 expression levels in C1
were not different from those of C2. However, the expression of

FIGURE 2 | Levels of immune cell infiltration and the expression of the inhibitory immune checkpoints in the two clusters. (A,B) Abundance of the 22 immune cell
types belonging to the two clusters. (C) Differential expression of the inhibitory immune checkpoints between two clusters. pp < 0.05, ppp < 0.01, pppp < 0.001.
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nine other inhibitory immune checkpoints was found to be
significantly up-regulated in C2 (Figure 2C).

Evaluation of Drug Response for the Two
Clusters
Axitinib, Pazopanib, Sorafenib, and Sunitinib have been used in
the clinical treatment of ccRCC. The responses of these four
targeted drugs were assessed by analyzing the IC50 values. Results
revealed that the patients belonging to the C1 cluster responded
well to Axitinib, Pazopanib, and Sorafenib (Figures 3A–C), and
the patients belonging to the C2 cluster responded well to
Sunitinib (Figure 3D).

Functional Enrichment Analysis of the
Differentially Expressed Genes Between the
Two Clusters
A total of 538 DEGs were identified under conditions of |
log2(FC)| > 1.5 and FDR <0.05. GO and KEGG pathway
analyses were used to study the functions of the DEGs. BP
terms include “adaptive immune response,” “immunoglobulin

production,” and “production of molecular mediator of immune
response” (Figure 4A). The genes associated with CC were
enriched in “immunoglobulin complex,” “blood microparticle,”
and “external side of plasma membrane” (Figure 4B). In MF, the
genes were associated with “antigen-binding,” “immunoglobulin
receptor binding,” and “peptidase inhibitor activity” (Figure 4C).
Results obtained from KEGG analyses revealed significant
enrichment in the genes associated with “complement and
coagulation cascades,” “oxidative phosphorylation,” and
“collecting ductile acid secretion” (Figure 4D).

Construction of an Endoplasmic Reticulum
Stress-Related Prognostic Risk Model
The 538 DEGs (between the two clusters) were used for
univariate Cox regression analysis. One hundred and sixty-
five genes with prognostic values were selected based on the
criterion p < 0.05 to perform the LASSO regression analysis
(Figure 5A). The LASSO regression analysis yielded 19 genes
(Figure 5B). The results of the univariate Cox regression
analysis obtained by analyzing these 19 genes are shown in
Figure 5C. These genes were further analyzed using the
multivariate Cox regression analysis. Consequently, an ER

FIGURE 3 | The IC50 values of four targeted drugs in two clusters. (A) Axitinib. (B) Pazopanib. (C) Sorafenib. (D) Sunitinib.
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stress-related prognostic risk model with 11 genes was
constructed (Figure 5D). The risk score was −
0.129*TIMP3+0.195*CILP−0.197*CES1+0.192*
0.150*CORO6+IGFN1−0.185*ADCYAP1+0.104*
0.150*CRABP2+0.359*ONECUT2+
0.150*0.110*IL20RB−0.166*GGT6+0.090*PLA2G2A.

Predictive Performance of the Risk Model
The classification of the ccRCC samples into the two risk groups
was conducted according to the median risk score. The
expression of 11 genes used to construct the prognostic risk
model was presented in the heatmap (Figure 6A). Results from
K–M survival analysis revealed that the OS recorded for the high-
risk group was lower than the OS recorded for the low-risk group
(Figure 6B). The ROC curves were analyzed to determine the
predictive performance of the prognostic risk model. The AUCs
corresponding to 1-, 2-, 3-, 4-, and 5-year risk scores were 0.816,
0.744, 0.766, 0.769, and 0.787, respectively. (Figure 6C). Analysis
of the risk score plot revealed that the OS decreased with an
increase in the risk score (Figures 6D,E). Analysis of PCA, t-SNE,
and UMAP indicated that the ccRCC samples belonging to
different risk groups were distributed in separate sections
(Figures 6F–H). E-MTAB-1980, an external dataset, was used
to study the predictive power of the developed risk model. The
expression of 11 selected genes was shown in the heatmap
(Supplementary Figure S1A). Consistent with previous

results, the OS of the low-risk group was found to be better
than that of the high-risk group (Supplementary Figure S1B).
The AUCs for 1-, 2-, 3-, 4-, and 5-year risk scores were 0.839,
0.881, 0.834, 0.867, and 0.870, respectively (Supplementary
Figure S1C). Results obtained by analyzing the risk score plot
confirmed that samples characterized by poor OS exhibited high
risk scores (Supplementary Figures S1D,E). The PCA, t-SNE,
and UMAP methods were used to differentiate the samples with
distinct risk scores into separate classes (Supplementary Figures
S1F–H).

Correlation Between the Endoplasmic
Reticulum-Stress Related Prognostic Risk
Model and Clinical Parameters
We compared the differences in the risk scores corresponding to
different clinical groups. The differences in the composition of
clinical parameters between high- and low-risk groups were also
analyzed. For the TCGA dataset, no differences were identified
between the ccRCC samples that were stratified based on gender
and age (Figures 7A,B). High-risk scores were obtained for
samples in their advanced tumor grade and TNM stage
(Figures 7C,D). We performed K–M survival analysis to
further probe the effects of various clinical parameters and
risk scores on OS. The results revealed that the risk score
maintained good prognostic value in the TCGA dataset

FIGURE 4 | Functional enrichment analysis of the DEGs between the two clusters. (A–C)GO analysis for BP, CC, and MF. (D) 10 most enriched pathway terms by
KEGG analysis.
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(Figures 8E–H). The risk scores for the male samples were higher
than the risk scores of the female samples belonging to the
E-MTAB-1980 dataset (Supplementary Figure S2A). The rest
of the results were the same as the results obtained for the TCGA
dataset (Supplementary Figures S2B–H).

Identification of the Independent
Prognostic Factors
Risk scores and other clinical parameters were analyzed using the
univariate and multivariate Cox regression analyses to screen for
independent prognostic factors. It was observed that the TNM
stages and risk scores were independent prognostic factors for the
TCGA and E-MTAB-1980 datasets (Figures 8A–D).

Construction and Validation of a Nomogram
To better predict the survival outcomes of ccRCC patients, a
nomogram was constructed based on the clinical parameters and
risk scores corresponding to the TCGA dataset (Figure 9A). The
calibration curves of the nomogram showed that the predicted OS
was highly consistent with the actually observed OS (Figure 9B).
The AUCs of the nomogram for 1-, 2-, 3-, 4-, and 5-year OS were

0.880, 0.822, 0.821, 0.808, and 0.811, respectively (Figures 9C–G).
The DCA curves indicated that the nomogram provided the
maximum net benefit (Figures 9H–L). The external E-MTAB-
1980 dataset was used to plot the calibration curves, ROC curves,
and DCA curves to validate the clinical reliability of the
nomogram. The predicted and actual values obtained from the
calibration curves were in excellent agreement with each other
(Supplementary Figure S3A). The AUCs of the nomogram for 1-,
2-, 3-, 4-, and 5-year OS were 0.888, 0.911, 0.911, 0.907, and 0.902,
respectively (Supplementary Figures S3B–F). The DCA curves
revealed that the predictive performance of the nomogram for OS
prediction was good (Supplementary Figures S3G–K).

Identification of Novel Therapeutic
Compounds
The DEGs between the high- and low-risk groups associated
with the TCGA and E-MTAB-1980 datasets were investigated to
screen for novel therapeutic compounds to treat ccRCC
(Figures 10A,B). The intersection of the DEGs was analyzed.
Of the 221 commonDEGs studied, 65 were down-regulated, and
156 were up-regulated genes (Figure 10C). We determined the

FIGURE 5 | Construction of the prognostic risk model. (A,B) LASSO regression analysis was used to calculate the optimal lambda. min value = 19. (C) Results of
univariate Cox regression analysis of 19 genes selected by LASSO regression analysis. (D)Results obtained from themultivariate Cox regression analysis of the 19 genes
selected using the LASSO regression analysis.
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functions of 221 genes following the GO and KEGG pathway
analyses. The genes related to BP, CC, and MF were enriched in
“acute inflammatory response,” “extracellular matrix,” and
“enzyme inhibitor activity,” respectively (Figure 10D). KEGG
pathway analysis was conducted to delve into the significant
enrichment of “IL-17 signaling pathway,” “complement and
coagulation cascades,” and “NF-kappa B signaling pathway”
(Figure 10E). CMap analysis was performed using the 156 up-
regulated and 65 down-regulated genes. Further, the top 30
promising novel therapeutic compounds and their

corresponding mechanisms of action (MoA) were explored
(Figure 10F). In Particular, the MoA of nine compounds was
similar to that of the histone deacetylase (HDAC) inhibitors.
Three of these compounds were epidermal growth factor
receptor (EGFR) inhibitors. Eugenitol functions via four
MoA. Lenvatinib was associated with the four MoA-
containing fibroblast growth factor receptor (FGFR)
inhibitors, KIT inhibitors, platelet-derived growth factor
receptor (PDGFR) inhibitors, and vascular endothelial growth
factor receptor (VEGFR) inhibitors.

FIGURE 6 | Predictive performance of the prognostic risk model in the TCGA dataset. (A) Expression distribution of 11 selected genes. (B)OS of the high- and low-
risk groups. (C) ROC curves of the prognostic risk model generated for predicting the 1-, 2-, 3-, 4-, and 5-year OS. (D) Distribution of the risk score. (E) Distribution of
ccRCC samples characterized by different risk scores and survival status. (F–H) PCA, t-SNE, and UMAP for the high- and low-risk groups.
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DISCUSSION

The progression of cancer is a pathological process influenced by
various factors and involves several steps. To date, there are
limited treatment options for cancer, and the prognoses are often
poor. Therefore, it is important to explore the pathogenesis of
cancer and study new therapeutic strategies. A variety of diseases,
including ischemia and reperfusion injury, obesity, and
Alzheimer’s, are associated with ER stress (Uddin et al., 2020;
Wu et al., 2020; Fernandes-da-Silva et al., 2021). In addition,
multiple studies have reported ER stress as a cause of various
cancers. OTUB1 interacts with ATF6 and enhances its stability by
inhibiting ubiquitination, thereby promoting the migration and
proliferation of bladder cancer cells (Zhang et al., 2021). In triple-
negative breast cancer knockdown of IRE1α inhibits tumor

angiogenesis and depletes cancer-associated fibroblasts and
myeloid-derived suppressor cells in TME, resulting in tumor
suppression (Harnoss et al., 2020). Activation of the PERK/eIF2α
branch promotes tumor metastasis and hypoxia tolerance in
cervix cancer (Mujcic et al., 2013). Several studies related to
ccRCC reported that ER stress contributes to the alleviation of
cancer malignant phenotypes. Downregulation of Rce1 enables
RCC cell apoptosis by driving the PERK signaling pathway (Li
et al., 2017). The silencing of the expression of MSRB3 enhanced
the expression of ER stress-related genes and inhibited the
proliferation, migration, and invasion of ccRCC cells (Ye et al.,
2020). Several researchers have reported that ER stress
contributes to the reduction of drug resistance in ccRCC (Wu
et al., 2016). The exact opposite function of ER stress depends on
the severity and duration of ER stress. Apoptosis is initiated when

FIGURE 7 |Correlation between ER stress-related prognostic risk model and clinical parameters in the TCGA dataset. (A–D)Distribution of risk scores stratified by
gender, age, tumor grade, and TNM stage, and composition of clinical parameters between high- and low-risk groups. (E–H) OS of the high- and low-risk groups
combined with different clinical parameters in the TCGA dataset.
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cells fail to restore stable ER protein homeostasis (Hetz, 2012).
We hypothesized that the thresholds resulting in irreversible ER
stress might differ in different cancers. As the role of ER stress in
cancer progression has not been elucidated, an understanding of
ER stress can increase cancer treatment options and improve the
prognosis of patients.

We divided ccRCC samples into two ER stress-related clusters,
namely C1 and C2. The C2 cluster contained samples that were in
their advanced tumor T stage, TNM stage, and grade. The OS of
samples belonging to C2 was poorer than the OS of the samples
belonging to C1. The two clusters were characterized by
completely different immune cell infiltration levels. An
upregulation of Tregs and CD8 T cells, and a downregulation
of M1 macrophages, resting dendritic cells, resting mast cells,
monocytes, gamma delta T cells, and neutrophils were observed
in C2. Antitumor immunity can be inhibited by Tregs, which are
potent immunosuppressive cells. Abundant infiltration of Tregs
is reported in various cancers, resulting in poor prognosis
(Facciabene et al., 2012). CD8 T cell infiltration generally
represents a good immune response and prognosis in cases of
cancer. However, high levels of infiltration of CD8 T cells can be
correlated with poor prognosis in the case of ccRCC. Impaired
dendritic cell (DC) maturation in ccRCC has been reported
previously. CD8 T cells are associated with a good prognosis
only when sufficient numbers of mature DCs are present in the
tumor-associated tertiary lymphoid structures (Troy et al., 1998;
Teng et al., 2014; Giraldo et al., 2015). An “exhaustion”
phenotype was exhibited by CD8 T cells in ccRCC. An

elevation in the expression levels of the inhibitory immune
checkpoints is observed under conditions of the exhausted
state (Braun et al., 2021). Monocytes and macrophages are
important components of immune cell types in TME. It has
been reported that monocytes differentiate into macrophages.
Stimulation of cytokines and chemokines can result in the
differentiation of macrophages into M1 and M2 macrophages.
M1 macrophages can release large amounts of pro-inflammatory
cytokines and contribute to tumoricidal activity and antigen
presentation (Biswas and Mantovani, 2010). The role of the
mast cells in the occurrence and progression of ccRCC is
under debate. Several researchers have reported that the extent
of infiltration of mast cells correlates positively with tumor size,
grade, and metastasis, resulting in poor prognosis (Cherdantseva
et al., 2017; Nakanishi et al., 2018). Conversely, it has also been
reported that a high level of mast cell infiltration was associated
with a good response toward tyrosine kinase inhibitors and a
good prognosis (Xiong et al., 2020). In addition, we also found
that the inhibitory immune checkpoint genes were up-regulated
in C2. These results suggest that ER stress can potentially play a
significant role in the regulation of TME. A high level of
expression of the inhibitory immune checkpoint genes
suppresses the immune response and promotes the process of
immune escape of cancers. Currently, immune checkpoint
inhibitors targeting cytotoxic T lymphocyte protein 4
(CTLA4), programmed cell death protein 1 (PD-1), and PD-1
ligand 1 (PD-L1) have been approved for clinical treatment, and
some progress has been made in this field (Xu et al., 2020).

FIGURE 8 | Identification of the independent prognostic factors. (A,B) Univariate and multivariate Cox regression analyses of the risk score and clinical parameters
in the TCGA dataset. (C,D) Univariate and multivariate Cox regression analyses of the risk score and clinical parameters in the E-MTAB-1980 dataset.
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However, side effects accompany therapeutic effects.
Identification of novel immune checkpoint genes and
investigation of treatment strategies is a crucial task for
improving the prognosis of ccRCC.

Targeted therapy is an essential treatment method that can be
used for treating advanced-stage ccRCC. The currently available
targeted drugs cannot be used for efficiently treating all ccRCC
patients as they exhibit a wide range of efficacy. Therefore, the
identification of potential therapeutic compounds is one of the
primary aims of our study. The results reported herein reveal
that the MoA of the nine compounds was the same as the MoA
of theHDAC inhibitors, indicating thatHDACplays a crucial role in
ccRCC progression. HDACs can be divided into four classes: class I
(HDAC 1, 2, 3, and 8), class II (HDAC 4, 5, 6, 7, and 9), class III
(Sirtuins), and class IV (HDAC 11) (Ramakrishnan et al., 2013).

They regulate chromatin structure and gene expression (Ropero and
Esteller, 2007). It has been previously reported that class I HDAC 1,
2, and 3 colocalized with GRP78 in ER. Inhibition of HDAC 1, 2, or
3 results in GRP78 acetylation and activation of ER stress (Kahali
et al., 2012). It also has been reported that the inhibition of HDAC6
results in the acetylation and inactivation of the heat shock protein
90, which further causes the accumulation of unfolded and
denatured protein (Dent et al., 2019). HDACs have been
reported to be up-regulated in ccRCC. Knockdown of HDAC1
and HDAC6 inhibits the migration and invasion of ccRCC cells
(Ramakrishnan et al., 2016). Furthermore, inhibition of class I and
class II HDACs by the HDAC inhibitor LAQ824 reduced the
expression level of the hypoxia-inducible factor 1α (HIF-1α) via a
von Hipple–Lindau (VHL)-independent mechanism (Qian et al.,
2006). Additionally, tyrosine kinase inhibitors (TKIs) have been

FIGURE 9 | Construction and validation of a nomogram for predicting OS in TCGA dataset. (A) Construction of a nomogram based on age, gender, tumor grade,
stage, and risk score. (B) Verification of the predictive accuracy of the nomogram by calibration curves. (C–G) ROC curves of the nomogram, risk score, and clinical
parameters for predicting the 1-, 2-, 3-, 4- and 5-year OS. (H–L) DCA curves for comparing the net survival benefit of the nomogram, risk score, and clinical parameters.
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widely used to treat cancer. HDAC inhibitors can be effectively used
to amplify the therapeutic effect of TKIs on ccRCC. These can also
be used to alleviate Sunitinib resistance (Rausch et al., 2020).
Although the beneficial effects of HDAC inhibitors have been
demonstrated by conducting cell or animal experiments, clinical

trials for ccRCC treatment should be conducted to thoroughly
understand the therapeutic value of the HDAC inhibitors.

We identified the distinct features of the two ER stress-related
clusters and provided novel insights into the methods of prediction
of prognosis and therapeutic strategies. There are several limitations

FIGURE 10 | Identification of the novel therapeutic compounds. (A) Volcano plot showing the DEGs corresponding to the high- and low-risk groups in the TCGA
dataset. (B) Volcano plot representing the DEGs between the high- and low-risk groups in the E-MTAB-1980 dataset. (C) Intersection of the DEGs between the
E-MTAB-1980 and TCGA datasets determined using a Venn diagram. (D)GO analysis of the overlapping DEGs. (E) KEGG analysis of the overlapping DEGs. (F) 30most
promising therapeutic compounds and the corresponding MoA.
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associated with the study reported herein. First, a retrospective
design was considered to conduct the studies. Hence, the
robustness of the prognostic risk model needs to be validated by
conducting prospective clinical studies using a large sample size. We
used two independent datasets to obtain reliable results to partially
compensate for the limitations of the study. Second, the results in
this study were only explored using the bioinformatics analysis
technique. These findings should be validated by conducting further
experiments. Experiments should be conducted to study the
immune cell infiltration levels and drug response and identify
various potential therapeutic compounds.

CONCLUSION

We divided the ccRCC samples into two ER stress-related clusters.
The survival outcomes, tumor immune cell infiltration levels, and
drug response of the samples belonging to the two clusters were
different from each other. A prognostic riskmodel with satisfactory
accuracy was constructed based on the DEGs between the ER
stress-related clusters. We further constructed a nomogram by
integrating prognostic risk model and clinical parameters. We also
identified the potential therapeutic compounds for the treatment of
ccRCC. Our results may potentially offer novel insights into the
process of identification of prognostic biomarkers and the
development of therapeutic strategies.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: KIRC dataset from TCGA (https://portal.gdc.
cancer.gov/). E-MTAB-1980 dataset from ArrayExpress (https://
www.ebi.ac.uk/arrayexpress/).

AUTHOR CONTRIBUTIONS

PZ and FC developed the idea. YKZ and JD retrieved the data.
YKZ and YS analyzed the data. ZW and YHZ wrote the
manuscript. FC provided the funding. PZ revised the manuscript.

FUNDING

This work was supported by the Science & Technology
Department of Sichuan Province (No. 2020YFS0229).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.909123/
full#supplementary-material

REFERENCES

Biswas, S. K., and Mantovani, A. (2010). Macrophage Plasticity and Interaction
with Lymphocyte Subsets: Cancer as a Paradigm. Nat. Immunol. 11 (10),
889–896. doi:10.1038/ni.1937

Blanche, P., Dartigues, J. F., and Jacqmin-Gadda, H. (2013). Estimating and
Comparing Time-dependent Areas under Receiver Operating Characteristic
Curves for Censored Event Times with Competing Risks. Stat. Med. 32 (30),
5381–5397. doi:10.1002/sim.5958

Braun, D. A., Street, K., Burke, K. P., Cookmeyer, D. L., Denize, T., Pedersen, C.
B., et al. (2021). Progressive Immune Dysfunction with Advancing Disease
Stage in Renal Cell Carcinoma. Cancer Cell 39 (5), 632. doi:10.1016/j.ccell.
2021.02.013

Cherdantseva, T. M., Bobrov, I. P., Avdalyan, A. M., Klimachev, V. V., Kazartsev,
A. V., Kryuchkova, N. G., et al. (2017). Mast Cells in Renal Cancer: Clinical
Morphological Correlations and Prognosis. Bull. Exp. Biol. Med. 163 (6),
801–804. doi:10.1007/s10517-017-3907-7

Dent, P., Booth, L., Poklepovic, A., and Hancock, J. F. (2019). Signaling Alterations
Caused by Drugs and Autophagy. Cell Signal 64, 109416. doi:10.1016/j.cellsig.
2019.109416

Facciabene, A., Motz, G. T., and Coukos, G. (2012). T-regulatory Cells: Key Players
in Tumor Immune Escape and Angiogenesis. Cancer Res. 72 (9), 2162–2171.
doi:10.1158/0008-5472.Can-11-3687

Fernandes-da-Silva, A., Miranda, C. S., Santana-Oliveira, D. A., Oliveira-Cordeiro,
B., Rangel-Azevedo, C., Silva-Veiga, F. M., et al. (2021). Endoplasmic Reticulum
Stress as the Basis of Obesity and Metabolic Diseases: Focus on Adipose Tissue,
Liver, and Pancreas. Eur. J. Nutr. 60 (6), 2949–2960. doi:10.1007/s00394-021-
02542-y

Geeleher, P., Cox, N., and Huang, R. S. (2014). pRRophetic: an R Package for
Prediction of Clinical Chemotherapeutic Response from Tumor Gene
Expression Levels. PLoS One 9 (9), e107468. doi:10.1371/journal.pone.
0107468

Giraldo, N. A., Becht, E., Pagès, F., Skliris, G., Verkarre, V., Vano, Y., et al. (2015).
Orchestration and Prognostic Significance of Immune Checkpoints in the

Microenvironment of Primary and Metastatic Renal Cell Cancer. Clin.
Cancer Res. 21 (13), 3031–3040. doi:10.1158/1078-0432.CCR-14-2926

Harnoss, J. M., Le Thomas, A., Reichelt, M., Guttman, O., Wu, T. D., Marsters, S.
A., et al. (2020). IRE1αDisruption in Triple-Negative Breast Cancer Cooperates
with Antiangiogenic Therapy by Reversing ER Stress Adaptation and
Remodeling the Tumor Microenvironment. Cancer Res. 80 (11), 2368–2379.
doi:10.1158/0008-5472.Can-19-3108

Hetz, C. (2012). The Unfolded Protein Response: Controlling Cell Fate Decisions
under ER Stress and beyond. Nat. Rev. Mol. Cell Biol. 13 (2), 89–102. doi:10.
1038/nrm3270

Hsieh, J. J., Purdue, M. P., Signoretti, S., Swanton, C., Albiges, L., Schmidinger, M.,
et al. (2017). Renal Cell Carcinoma. Nat. Rev. Dis. Prim. 3, 17009. doi:10.1038/
nrdp.2017.9

Kahali, S., Sarcar, B., Prabhu, A., Seto, E., and Chinnaiyan, P. (2012). Class I
Histone Deacetylases Localize to the Endoplasmic Reticulum and Modulate the
Unfolded Protein Response. FASEB J. official Publ. Fed. Am. Soc. Exp. Biol. 26
(6), 2437–2445. doi:10.1096/fj.11-193706

Lee, A. S. (2005). The ER Chaperone and Signaling Regulator GRP78/BiP as a
Monitor of Endoplasmic Reticulum Stress. Methods 35 (4), 373–381. doi:10.
1016/j.ymeth.2004.10.010

Li, J., Wang, D., Liu, J., Qin, Y., Huang, L., Zeng, Q., et al. (2017). Rce1 Expression
in Renal Cell Carcinoma and its Regulatory Effect on 786-O Cell Apoptosis
through Endoplasmic Reticulum Stress. Acta Biochim. Biophys. Sin. (Shanghai)
49 (3), 254–261. doi:10.1093/abbs/gmx002

Liberzon, A., Birger, C., Thorvaldsdóttir, H., Ghandi, M., Mesirov, J. P., and
Tamayo, P. (2015). The Molecular Signatures Database (MSigDB)
Hallmark Gene Set Collection. Cell Syst. 1 (6), 417–425. doi:10.1016/j.
cels.2015.12.004

Linehan, W. M., and Ricketts, C. J. (2019). The Cancer Genome Atlas of Renal Cell
Carcinoma: Findings and Clinical Implications. Nat. Rev. Urol. 16 (9), 539–552.
doi:10.1038/s41585-019-0211-5

Ljungberg, B., Albiges, L., Abu-Ghanem, Y., Bensalah, K., Dabestani, S., Fernández-
Pello, S., et al. (2019). European Association of Urology Guidelines on Renal Cell
Carcinoma: The 2019Update. Eur. Urol. 75 (5), 799–810. doi:10.1016/j.eururo.2019.
02.011

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 90912314

Zhang et al. Endoplasmic Reticulum Stress in ccRCC

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.ebi.ac.uk/arrayexpress/
https://www.ebi.ac.uk/arrayexpress/
https://www.frontiersin.org/articles/10.3389/fphar.2022.909123/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.909123/full#supplementary-material
https://doi.org/10.1038/ni.1937
https://doi.org/10.1002/sim.5958
https://doi.org/10.1016/j.ccell.2021.02.013
https://doi.org/10.1016/j.ccell.2021.02.013
https://doi.org/10.1007/s10517-017-3907-7
https://doi.org/10.1016/j.cellsig.2019.109416
https://doi.org/10.1016/j.cellsig.2019.109416
https://doi.org/10.1158/0008-5472.Can-11-3687
https://doi.org/10.1007/s00394-021-02542-y
https://doi.org/10.1007/s00394-021-02542-y
https://doi.org/10.1371/journal.pone.0107468
https://doi.org/10.1371/journal.pone.0107468
https://doi.org/10.1158/1078-0432.CCR-14-2926
https://doi.org/10.1158/0008-5472.Can-19-3108
https://doi.org/10.1038/nrm3270
https://doi.org/10.1038/nrm3270
https://doi.org/10.1038/nrdp.2017.9
https://doi.org/10.1038/nrdp.2017.9
https://doi.org/10.1096/fj.11-193706
https://doi.org/10.1016/j.ymeth.2004.10.010
https://doi.org/10.1016/j.ymeth.2004.10.010
https://doi.org/10.1093/abbs/gmx002
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1038/s41585-019-0211-5
https://doi.org/10.1016/j.eururo.2019.02.011
https://doi.org/10.1016/j.eururo.2019.02.011
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Ma, Y., and Hendershot, L. M. (2004). The Role of the Unfolded Protein Response
in Tumour Development: Friend or Foe? Nat. Rev. Cancer 4 (12), 966–977.
doi:10.1038/nrc1505

Motzer, R. J., Hutson, T. E., McCann, L., Deen, K., and Choueiri, T. K. (2014).
Overall Survival in Renal-Cell Carcinoma with Pazopanib versus Sunitinib. N.
Engl. J. Med. 370 (18), 1769–1770. doi:10.1056/NEJMc1400731

Mujcic, H., Nagelkerke, A., Rouschop, K. M., Chung, S., Chaudary, N., Span, P. N.,
et al. (2013). Hypoxic Activation of the PERK/eIF2α Arm of the Unfolded
Protein Response Promotes Metastasis through Induction of LAMP3. Clin.
Cancer Res. 19 (22), 6126–6137. doi:10.1158/1078-0432.CCR-13-0526

Nakanishi, H., Miyata, Y., Mochizuki, Y., Yasuda, T., Nakamura, Y., Araki, K., et al.
(2018). Pathological Significance and Prognostic Roles of Densities of CD57+
Cells, CD68+ Cells, and Mast Cells, and Their Ratios in Clear Cell Renal Cell
Carcinoma. Hum. Pathol. 79, 102–108. doi:10.1016/j.humpath.2018.05.007

Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al.
(2015). Robust Enumeration of Cell Subsets from Tissue Expression Profiles.
Nat. Methods 12 (5), 453–457. doi:10.1038/nmeth.3337

Nie, Z., Chen, M., Wen, X., Gao, Y., Huang, D., Cao, H., et al. (2021). Endoplasmic
Reticulum Stress and Tumor Microenvironment in Bladder Cancer: The
Missing Link. Front. Cell Dev. Biol. 9, 683940. doi:10.3389/fcell.2021.683940

Qian, D. Z., Kachhap, S. K., Collis, S. J., Verheul, H. M., Carducci, M. A., Atadja, P.,
et al. (2006). Class II Histone Deacetylases Are Associated with VHL-
independent Regulation of Hypoxia-Inducible Factor 1 Alpha. Cancer Res.
66 (17), 8814–8821. doi:10.1158/0008-5472.CAN-05-4598

Ramakrishnan, S., Ellis, L., and Pili, R. (2013). Histone Modifications:
Implications in Renal Cell Carcinoma. Epigenomics 5 (4), 453–462.
doi:10.2217/epi.13.40

Ramakrishnan, S., Ku, S., Ciamporcero, E., Miles, K. M., Attwood, K., Chintala,
S., et al. (2016). HDAC 1 and 6 Modulate Cell Invasion and Migration in
Clear Cell Renal Cell Carcinoma. BMC Cancer 16, 617. doi:10.1186/s12885-
016-2604-7

Rausch, M., Weiss, A., Zoetemelk, M., Piersma, S. R., Jimenez, C. R., van Beijnum,
J. R., et al. (2020). Optimized Combination of HDACI and TKI Efficiently
Inhibits Metabolic Activity in Renal Cell Carcinoma and Overcomes Sunitinib
Resistance. Cancers (Basel) 12 (11). 3172 doi:10.3390/cancers12113172

Ritchie, M. E., Phipson, B.,Wu, D., Hu, Y., Law, C.W., Shi, W., et al. (2015). Limma
Powers Differential Expression Analyses for RNA-Sequencing and Microarray
Studies. Nucleic Acids Res. 43 (7), e47. doi:10.1093/nar/gkv007

Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor
Package for Differential Expression Analysis of Digital Gene Expression Data.
Bioinformatics 26 (1), 139–140. doi:10.1093/bioinformatics/btp616

Ropero, S., and Esteller, M. (2007). The Role of Histone Deacetylases (HDACs) in
Human Cancer. Mol. Oncol. 1 (1), 19–25. doi:10.1016/j.molonc.2007.01.001

So, J. S. (2018). Roles of Endoplasmic Reticulum Stress in Immune Responses.Mol.
Cells 41 (8), 705–716. doi:10.14348/molcells.2018.0241

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al.
(2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
MortalityWorldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 71 (3),
209–249. doi:10.3322/caac.21660

Teng, L., Chen, Y., Ding, D., Dai, H., Liu, G., and Li, C. (2014). Immunosuppressive
Effect of Renal Cell Carcinoma on Phenotype and Function of Dendritic Cells.
Int. Urol. Nephrol. 46 (5), 915–920. doi:10.1007/s11255-013-0595-8

Therneau, T, M., and Grambsch, P, M. (2000). Modeling Survival Data: Extending
the Cox Model. New York: Springer. doi:10.1007/978-1-4757-3294-8

Troy, A. J., Summers, K. L., Davidson, P. J., Atkinson, C. H., and Hart, D. N.
(1998). Minimal Recruitment and Activation of Dendritic Cells within
Renal Cell Carcinoma. Clin. Cancer Res. 4 (3), 585–593. doi:10.1016/s1078-
1439(98)00027-1

Uddin, M. S., Tewari, D., Sharma, G., Kabir, M. T., Barreto, G. E., Bin-Jumah, M.
N., et al. (2020). Molecular Mechanisms of ER Stress and UPR in the
Pathogenesis of Alzheimer’s Disease. Mol. Neurobiol. 57 (7), 2902–2919.
doi:10.1007/s12035-020-01929-y

Urra, H., Dufey, E., Avril, T., Chevet, E., and Hetz, C. (2016). Endoplasmic
Reticulum Stress and the Hallmarks of Cancer. Trends Cancer 2 (5),
252–262. doi:10.1016/j.trecan.2016.03.007

Wu, C., Xu, H., Li, J., Hu, X., Wang, X., Huang, Y., et al. (2020). Baicalein
Attenuates Pyroptosis and Endoplasmic Reticulum Stress Following Spinal
Cord Ischemia-Reperfusion Injury via Autophagy Enhancement. Front.
Pharmacol. 11, 1076. doi:10.3389/fphar.2020.01076

Wu, J., Qiao, S., Xiang, Y., Cui, M., Yao, X., Lin, R., et al. (2021). Endoplasmic
Reticulum Stress: Multiple Regulatory Roles in Hepatocellular
Carcinoma. Biomed. Pharmacother. 142, 112005. doi:10.1016/j.biopha.
2021.112005

Wu, W. S., Chien, C. C., Chen, Y. C., and Chiu, W. T. (2016). Protein Kinase RNA-
like Endoplasmic Reticulum Kinase-Mediated Bcl-2 Protein Phosphorylation
Contributes to Evodiamine-Induced Apoptosis of Human Renal Cell
Carcinoma Cells. PLoS One 11 (8), e0160484. doi:10.1371/journal.pone.
0160484

Xiong, Y., Wang, Z., Zhou, Q., Zeng, H., Zhang, H., Liu, Z., et al. (2020).
Identification and Validation of Dichotomous Immune Subtypes Based on
Intratumoral Immune Cells Infiltration in Clear Cell Renal Cell Carcinoma
Patients. J. Immunother. Cancer 8 (1), e000447. doi:10.1136/jitc-2019-
000447

Xu, W., Atkins, M. B., and McDermott, D. F. (2020). Checkpoint Inhibitor
Immunotherapy in Kidney Cancer. Nat. Rev. Urol. 17 (3), 137–150. doi:10.
1038/s41585-020-0282-3

Ye, X., Liang, T., Deng, C., Li, Z., and Yan, D. (2020). MSRB3 Promotes the
Progression of Clear Cell Renal Cell Carcinoma via Regulating Endoplasmic
Reticulum Stress. Pathol. Res. Pract. 216 (2), 152780. doi:10.1016/j.prp.2019.
152780

Zhang, H. H., Li, C., Ren, J. W., Liu, L., Du, X. H., Gao, J., et al. (2021). OTUB1
Facilitates Bladder Cancer Progression by Stabilizing ATF6 in Response to
Endoplasmic Reticulum Stress. Cancer Sci. 112 (6), 2199–2209. doi:10.1111/cas.
14876

Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O.,
et al. (2019). Metascape Provides a Biologist-Oriented Resource for the Analysis
of Systems-Level Datasets. Nat. Commun. 10 (1), 1523. doi:10.1038/s41467-
019-09234-6

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Song, Dai, Wang, Zeng, Chen and Zhang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 90912315

Zhang et al. Endoplasmic Reticulum Stress in ccRCC

https://doi.org/10.1038/nrc1505
https://doi.org/10.1056/NEJMc1400731
https://doi.org/10.1158/1078-0432.CCR-13-0526
https://doi.org/10.1016/j.humpath.2018.05.007
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.3389/fcell.2021.683940
https://doi.org/10.1158/0008-5472.CAN-05-4598
https://doi.org/10.2217/epi.13.40
https://doi.org/10.1186/s12885-016-2604-7
https://doi.org/10.1186/s12885-016-2604-7
https://doi.org/10.3390/cancers12113172
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1016/j.molonc.2007.01.001
https://doi.org/10.14348/molcells.2018.0241
https://doi.org/10.3322/caac.21660
https://doi.org/10.1007/s11255-013-0595-8
https://doi.org/10.1007/978-1-4757-3294-8
https://doi.org/10.1016/s1078-1439(98)00027-1
https://doi.org/10.1016/s1078-1439(98)00027-1
https://doi.org/10.1007/s12035-020-01929-y
https://doi.org/10.1016/j.trecan.2016.03.007
https://doi.org/10.3389/fphar.2020.01076
https://doi.org/10.1016/j.biopha.2021.112005
https://doi.org/10.1016/j.biopha.2021.112005
https://doi.org/10.1371/journal.pone.0160484
https://doi.org/10.1371/journal.pone.0160484
https://doi.org/10.1136/jitc-2019-000447
https://doi.org/10.1136/jitc-2019-000447
https://doi.org/10.1038/s41585-020-0282-3
https://doi.org/10.1038/s41585-020-0282-3
https://doi.org/10.1016/j.prp.2019.152780
https://doi.org/10.1016/j.prp.2019.152780
https://doi.org/10.1111/cas.14876
https://doi.org/10.1111/cas.14876
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Endoplasmic Reticulum Stress-Related Signature Predicts Prognosis and Drug Response in Clear Cell Renal Cell Carcinoma
	Introduction
	Materials and Methods
	Data Collection
	Collection and Consensus Clustering Analysis of Endoplasmic Reticulum Stress-Related Genes
	Analysis of Differential Gene Expression
	Levels of Infiltration of Immune Cells
	Drug Response of the Clear Cell Renal Cell Carcinoma Samples
	Construction and Validation of the Endoplasmic Reticulum Stress-Related Prognostic Risk Model
	Construction and Validation of a Predictive Nomogram
	Gene Functional Enrichment Analysis
	Prediction of the Potential Therapeutic Compounds
	Statistical Analysis

	Results
	Identification of the Two Clear Cell Renal Cell Carcinoma Clusters by Consensus Clustering of the Endoplasmic Reticulum Str ...
	Identification of Immune Cell Infiltration for the Two Clusters
	Evaluation of Drug Response for the Two Clusters
	Functional Enrichment Analysis of the Differentially Expressed Genes Between the Two Clusters
	Construction of an Endoplasmic Reticulum Stress-Related Prognostic Risk Model
	Predictive Performance of the Risk Model
	Correlation Between the Endoplasmic Reticulum-Stress Related Prognostic Risk Model and Clinical Parameters
	Identification of the Independent Prognostic Factors
	Construction and Validation of a Nomogram
	Identification of Novel Therapeutic Compounds

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


