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H I G H L I G H T S

� EGFR, POLE, and PB1 genes had high mutated frequency in the patients with relapse and metastatic cancer.

� PBRM1, BAP1, KDM5C, and BAP1 genes were critical for the overall survival.

� Wild-type PBRM1 and mutated BAP1 were key indications for the predication of OS.

A R T I C L E I N F O A B S T R A C T

Objectives: The pathological mechanisms of patients with Renal Cell Carcinoma (RCC) remain defined. This study

aimed to evaluate relationships between the landscape of gene mutations and their clinical significance in RCC

patients.

Methods: Tissue and peripheral blood samples of 42 patients with RCC were collected and performed for the Next

Generation Sequencing (NGS) with Geneseeq PrimeTM 425-gene panel probes. Their landscapes of gene mutation

were analyzed. We also carried out an evaluation of Tumor-Node-Metastasis (TNM) staging, RENAL nephelometry

score, surgery, and targeted drug treatment of patients. Then we compared the correlations of landscape in gene

mutations and the prognosis.

Results: The most common gene alternations, including BAP1, PBRM1, SETD2, CSF1R, NPM1, EGFR, POLE, RB1,

and VHL genes, were identified in tissue and blood samples of 75% of patients. EGFR, POLE, and RB1 gene muta-

tions frequently occurred in relapsed and metastatic patients. BAP1, CCND2, KRAS, PTPN11, ERBB2/3, JAK2,

and POLE were presented in the patients with > 9 RENAL nephelometry score. Univariable analysis indicated

that SETD2, BAP1, and PBRM1 genes were key factors for Disease-Free Survival (DFS). Multivariable analysis con-

firmed that mutated SETD1, NPM1, and CSF1R were critical factors for the Progression Free Survival (PFS) of RCC

patients with target therapy.

Conclusions: Wild-type PBRM1 and mutated BAP1 in patients with RCC were strongly associated with the out-

comes of the patient. The PFS of the patients with SETD2, NPM1, and CSF1R mutations were significantly shorter

than those patients without variants.
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Introduction

Globally, Renal Cell Carcinoma (RCC) is the most common type of

kidney cancer, which accounts for 90%‒95% of all cases.1 Incidence of

RCC in men is significantly higher than that in women. RCC is originally

from the malignant transformation of epithelial cells in the proximal

convoluted tubule of the kidney. The treatments of RCC include sur-

gery,2 targeted therapy,3 and immunotherapy,4 etc. The outcomes of

patients with RCC have obtained great improvements in the past

decades because of these new therapies. The risk factors for RCC devel-

opment include smoking, obesity, hypertension, and genetics.5,6 Like

other cancers, RCC patients harbor many gene mutations including K-

ras, BIRC5, XIAP, MCL-1, HIF1 alpha, HIF2 alpha, and AKT.7 Especially,

the mutation of Von Hippel-Lindau (VHL) gene in chromosome 3 is fre-

quently associated with RCC.8 VHL gene mutation caused the initial

occurrence of the tumor, then real carcinoma progressed with the loss of
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large fragment in the chromosome 3p region. The most common patho-

logical subtype of RCC is clear cell Renal Cell Carcinoma (ccRCC), which

accounts for nearly 85% of metastatic (mRCC).8

The VHL gene was originally cloned from a patient with VHL disease

in 1993.9 The function of the VHL gene is as a tumor suppressor gene,

which plays critical roles in regulating cell proliferation, differentiation,

and apoptosis.10 Interestingly, it was found that at least one allele of the

VHL gene in more than 90% of ccRCC patients was lost.11 In addition to

VHL gene mutation, SETD2, BAP1, MTOR, PTEN, KDM5C, and PBRM1

gene mutations were also frequently identified in chromosome 3p

regions of most ccRCC patients.12 These findings indicated that VHL

mutation is not only a critical biomarker of ccRCC but also a key factor

for the pathogenesis of ccRCC. Therefore, VHL gene mutation became a

major target for the therapy of ccRCC. Indeed, since the VHL gene muta-

tion was cloned in ccRCC patients, a few key drugs that targeted the

VHL gene have developed.13−16 For example, HIF-2α inhibitor PT2385

targeting VHL gene mutation has obtained 66% overall Disease Control

Rate (DCR) in 51 RCC patients.17 In addition, belzutifan treatment for

RCC patients has achieved 91.8% (56/61) tumor size reduction. It was

also shown that this drug can treat Central Nervous System (CNS)

hemangioblastoma, retinal hemangioblastoma, and pNET disease.14,18

Although these great accomplishments have been achieved, the other

gene mutations and the prognosis significances of gene mutations in

mRCC patients remain defined. Here, we collected tumor tissues and

peripheral blood samples from 42 patients with renal cell carcinoma and

performed Next-Generation Sequencing (NGS) for these patients, which

can detect a large number of gene mutations in a short time.19,20 In the

past decades, NGS was widely used to apply diagnosis, treatment, and

drug resistance to disease.21,22 This study aimed to monitor gene muta-

tion profiling and evaluate relationships between landscapes of gene

mutation and the prognosis significances of renal cancer patients.

Materials and methods

Patients and samples

A total of 42 tumor tissues and peripheral blood samples were col-

lected from urinary system diseases after biopsy, including 26 ccRCCs, 4

Eosinophilic Variant Clear Cell Carcinomas (evRCC), 4 papillary Renal

Cell Carcinomas (pRCC), 4 chromophobe Renal Cell Carcinomas

(chRCC), and 4 Mit family translocations RCC for gene mutation analysis

in our department from January 2018 to April 2021. The criteria of

enrolled patients were the following: (i) Patient’s age was > 18 years

old; (ii) No treatments before tumor and blood samples collection; (iii)

Pathological subtypes were based on World Health Organization (WHO)

recommended criteria;23 (iv) The stages of RCC patients were following

the 8th edition of AJCC.24 At the same time, we also isolated DNA from

the peripheral blood of patients as a control. The clinical characteristics

of 42 patients were shown in Table 1. This study protocol was reviewed

and approved by the Ethics Committee of the affiliated Southwest Hospi-

tal of Army Medical University (Approval nº KY2020121). Written

informed consent has obtained from all participants before the study.

DNA preparation and the next generation sequence (NGS)

DNA isolation from tumor and peripheral blood samples was

described in as previous publication.25 Briefly, Formalin-Fixed and Par-

affin-Embedded (FFPE) tumor samples before treatment were collected

and shipped to the core facility of Nanjing Shihe Jiyin Biotechnology Inc

(Nanjing, China) for gene mutation analysis. Around 5 to 10 milliliters

(mL) of peripheral blood was drawn from the patient and transferred

into EDTA-coated tubes (BD Biosciences), then peripheral blood was

loaded into 50 mL tube with Ficoll-Paque Plus solution (GE, USA) and

spin 30 minutes at 961g in Eppendorf Centrifuge 5810R with A-4-62

swing bucket rotor. Taking a middle white layer cell and processing for

DNA isolation. Genomic DNA preparation was performed with DNeasy

Blood & Tissue kit (QIAGEN). The DNA quality was assessed by Nano-

drop2000 (Thermo Fisher Scientific), and the quantity was measured by

dsDNA HS Assay Kit (Life Technologies) on Qubit 2.0.

Targeted NGS and gene mutation analysis

After the above DNA extraction from tumor tissue and peripheral

blood samples, sequencing libraries were constructed using the KAPA

Hyper Prep Kit (KAPA Biosystems) following to manufacturer’s instruc-

tions and were hybridized with probes targeting 425 cancer-relevant

gene probes (Geneseeq Technology Inc). These probes can specifically

bind 425 key biomarkers, including Tumor Mutation Burden (TMB) and

Microsatellite Instability (MSI).26 The capture reactive conditions were

carried out with Dynabeads M-270 (Life Technologies) and xGen Lock-

down hybridization. The library quantification assessment by qPCR was

performed with the KAPA Library Quantification kit (KAPA Biosystems).

All interested fragment were sequenced on the HiSeq4000 NGS platform

(Illumina, USA).

Sequence alignment and processing

Read bases were aligned via bcl2fastq v2.16.0.10 software (Illumina,

Inc.) to generate sequence results in FASTQ format (Illumina 1.8+

encoding). Huge base-pairs were aligned to the human genome (hg19,

GRCh37 Genome Reference Consortium Human Reference 37) using the

BWA aligner 0.7.12 with BWA-MEM algorithm and default parameters

to create SAM files, which convert to compressed BAM files.

SNVs / Indels / CNVs detections

Single Nucleotide Variants (SNVs) and short insertions/deletions

(indels) mutants were confirmed by VarScan2 2.3.9 with minimum vari-

ant allele frequency threshold set at 0.01, and p-value threshold for call-

ing variants set at 0.05 to generate Variant Call Format (VCF) files. Each

SNV/indel was manually checked on the Integrative Genomics Viewer

(IGV). Protein and amino acid sequence changes caused by gene muta-

tions were checked using ANNOVAR software,27 Copy Number Varia-

tions (CNVs) were detected via SIFT28 and PolyPhen29 software.

Table 1

The clinical features of 42 patients with renal clear cell cancer.

Number of Cases χ2 p-values

Age 1.32 0.87

> 60-year-old 20 (47.6%)

≤ 60-year-old 22 (52.4%)

Gender 0.04 0.02

Female 14 (33.3%)

Male 28 (66.7%)

Pathological subtype 12.53 0.001

ccRCC 26 (61.9%)

pRCC 4 (9.5%)

chRCC 4 (9.5%)

evRCC 4 (9.5%)

RCC with Mit family translocation 4 (9.5%)

Renal Score 10.25 0.001

> 9 15 (35.7%)

≤ 9 27 (64.3%)

Surgery 13.25 0.002

Yes 30 (71.4%)

No 12 (28.6%)

Targeted drug use 1.54 0.97

Ye 21 (50%)

No 21 (50%)

ccRCC, Clear Cell Renal Cell Carcinoma; evRCC, Eosinophilic Variant

Clear Cell Carcinoma, pRCC, Papillary Renal Cell Carcinoma, chRCC,

Chromophobe Clear Cell Carcinoma.
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Statistical analysis

Categorical variables were presented as percentage and frequencies.

Chi-Square test was used to compare categorical variables. For Progression

Free Survival (PFS) and Disease-Free Survival (DFS) analysis, Kaplan-Meier

curves were used via a log-rank test. Statistical analysis was performed

with GraphPad Prism software, version 9.0 (GraphPad software Inc) and R

software, version 3.5.0 (R Foundation for Statistical Computing). The cut-

off of p-values (< 0.05) was considered as a significant difference.

Results

Clinical characteristics

To investigate relationships between gene mutations and the out-

comes of RCC patient, we recruited 42 patients with renal cell carcinoma

as our study objective. Their clinical characteristics show in Table 1.

These patients included 14 female (33.3%) and 28 male patients

(66.7%). The number of female patients were significant less than that

of male patients (p < 0.05). The number of patient with > 60 year-old

20 (47.6%) was almost equal to patients with ≤ 60 year-old 22 (52.4%).

The patients were divided into ccRCC 26 (61.9%), eosinophilic variant

clear cell carcinoma (evRCC,4, 9.5%, papillary renal cell carcinoma

(pRCC,4, 9.5%), chromophobe RCC (chRCC,4, 9.5%), and RCC with Mit

family translocation (4, 9.5%) according to H&E staining and cell mor-

phology, respectively. The ccRCC patients were dramatically higher

than other pathological subtypes (p = 0.001). The patient number with

≤ 9 renal score 27 (64.3%) was dramatically more than patient number

with > 9 renal score 15 (35.7%) (p = 0.001). Among 42 patients, 30

cases (71.4%) were performed surgery and 21 cases (50%) were carried

out targeted drug treatment.

Gene mutation landscape of ccRCC by NGS

To investigate the landscape of gene mutations in 26 patients with

ccRCC, we collected the tumor tissues from biopsy and peripheral blood

from patients before treatment and carried out NGS test. The results are

shown in Fig. 1. The most common mutated genes were BAP1 (74.1%),

PBRM1 (74.1%), SETD2 (74.1%), and VHL (74.1%), which are slightly

higher that data in the Cancer Genome Atlas (TCGA).30 Except those fre-

quent mutated genes in urinary system cancers, we also identified other

less frequent mutated genes, including CSF1R (37%), NPM1 (37%),

EGFR (25.9%), and NOTCH1 (22.2%). Each gene mutation had different

alternation styles, which hold differential CNV and SNV ratios. BAP1,

PBRM1, SETD2, CSF1R, and NPM1 mainly had Copy Number Variation

(CNV) mutations. In contrast, VHL gene mutation was mixed with CNV

and Single Nucleotide Variants (SNV). Interestingly, we found that

CSF1R, NPM1, and EGFR in our top 50 mutations list didn’t show in

TCGA database. These results indicated that CSF1R, NPM1, and EGFR

gene mutations may be also involved in the pathogenesis of ccRCC

except frequent BAP1, PBRM1, SETD, and VHL gene mutations.

Gene mutation style of the other subtype RCC

In addition to above gene mutations landscape of ccRCC patients, we

also identified top 10 gene mutations profiles of other subtype RCC.

Fig. 1. Landscape of gene mutations from patients with clear cell renal cell carcinoma (ccRCC): Left Y-axis shows frequent mutated genes identified by MutSig CV and

Lauren classification. Right Y-axis shows gene names. X-axis shows abbreviation of patient name. t, tumor; b, blood; CNV, Copy Number Variation; SNV, Single Nucleo-

tide Variation.
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Compared to ccRCC (Fig. 2) BAP1, CHEK2, IRS1, PBRM1, SETD2, TERT,

and VHL in evRCC patients, PAX8, CDKN2A, CDKN2B, FANCC, FGFR4,

PIK3C, PTPRS, SMARCB1, TERT in pRCC ASXL2, BRCA1, CDH1,

CDKN2A, CDKN2B, CDKN2C, DNMT1, and EP300 mutations in chRCC

patients were mainly found. This result indicated that different subtype

RCC had its own mutation style. Especially, there were distinctive differ-

ences between evRCC and pRCC or chRCC. These differentiated gene

mutation profiles may play critical role in the occurrence of different

subtype RCC. Of course, limited sample sized may cause bias of gene

mutations landscape.

Gene mutation profiles of in different clinical feature groups

To validate the prognostic impacts of different clinical feature

groups, we compared the gene mutation landscapes of the patients with

and without recurrence or metastasis (Fig. 3). We found that there were

BAP1, PBRM1, SETD2, VHL1, CSF1R, NPM1, BRCA2, CCND2, ATM,

FAT1, FGFR4, KRAS, MSH2, MSH6, PTPN11, and ERBB3 in non-relapse

(Fig. 3A, light blue group) or without metastatic patients (Fig. 3B, light

blue group). In contrast, EGFR, POLE, and RB1 gene mutations fre-

quently occurred in recurrence (Fig. 3A, red color group) and metastatic

patients (Fig. 3 B, red color group).

We also compared gene mutation profiles in patients with or without

recurrences and different RENAL Nephrometry Score (Fig. 4). The

results indicated that BAP1/PBRM1/SETD2/CSF1R/ATM mutations in

non-recurrence patients were higher than that in recurrence patents.

CCND2, ERBB2, and POLE gene mutations usually existed in RENAL

Score > 9. In contrast, there were frequently FAT1, MSH2/6, ATM, and

FGFR4 gene mutations in RENAL Score < 9. PBRM1, CSF1R, NPM1,

MSH2/6, CCND2, FAT1, KRAS, PTPN11, and TSC2 gene mutations fre-

quently occurred in patient with TNM stage I. In contrast, EGFR, POLE,

and ERBB2 existed in patients with stage IV.

The early disease-free survival (DFS) evaluation of the patients in different

gene mutations

To assess the relationships between mRCC patients with different

gene mutations and DFS, we followed up the outcomes of 26 recurrence

patients. The data showed that the DFS of the ccRCC patients with

SETD2 (Fig. 5A), BAP1 (Fig. 5B), PBRM1 (Fig. 5C), NPM1 (Fig. 6A),

Fig. 2. Landscape of mutations from patients with clear cell renal cell carcinoma

(ccRCC) subtype: Left Y-axis shows frequent mutated genes identified by MutSig

CV and Lauren classification. Right Y-axis shows gene names. X-axis shows

abbreviation of patient name. t, tumor; b, blood; CNV, Copy Number Variation;

SNV, Single Nucleotide Variation.

Fig. 3. Landscape of mutations from RCC patients with and without recurrence or metastasis. (A) Landscapes of gene mutations from recurrence and non-recurrence.

(B) Gene mutations frequently occurred in metastasis (transfer) and non-metastasis (transfer) patients. Left Y-axis shows frequent mutated genes identified by MutSig

CV and Lauren classification. Right Y-axis shows gene names. Top x-axis shows abbreviation of patient name. Bottom X-axis shows that either non-recurrence and non-

transfer (light blue color) groups or recurrence and transfer (red color) groups. t, tumor; b, blood; CNV, Copy Number Variation; SNV, Single Nucleotide Variation; NR,

Non-Recurrence; R, Recurrence; T, Transfer; NT, Non-Transfer.
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ERBB2 (Fig. 6B), CSFR1 (Fig. 6C), and ERBB3 (Fig. 6D) gene mutations

were significant shorter than that of wild type patients over time. This

result indicated that SETD2/BAP1/PBRM1/NPM1/CSFR1, and ERBB2/

3 gene mutations dramatically affect the progression of RCC patients.

Characterization of gene mutations with PFS of targeted therapy

To further assess critical factors with prognosis of patients with tar-

geted therapy, we reviewed PFS of 10 patients with target therapy and

analyzed their gene mutant styles (Table 2). We found that patients with

male, SETD2-_SNV, NPM1_CNV, and CSF1R_CNV mutations had signifi-

cant poorer PFS than patients with wild type. In addition, multiple fac-

tors analysis also showed that BRCA1, FAT1, CCND1, PTPN11, and

ARID1A gene mutations are key genes to determine prognosis in RCC

patients (Fig. 7). All together, these data confirmed that NPM1, SETD2,

CSF1R, and ERBB2/3 are important gene in predicting the prognosis of

RCC patients.

Discussion

Here, we performed NGS for the detection of individual gene muta-

tion from 42 RCC patients. Our results showed that the most frequent

mutations included BAP1 (74.1%), PBRM1 (74.1%), SETD2 (74.1%),

and VHL (74.91%), respectively. These findings are consistent with

previous reports.8,12 Interestingly, in addition to these common

mutations in ccRCC patients, we also found some unreported gene

mutations like CSF1R, NPM1, and EGFR in TCGA data base. Different

subtypes of RCC patients had distinctive gene mutation profiles.

SETD2, BAP1, PBRM1, NPM1, CSFR-1, and ERBB2/3 genes were criti-

cal factors to determine the outcomes and response to targeted therapy

in RCC patients.

In this study, we identified 50 frequently mutated genes in 42 RCC

patients. Like other reports, BAP1, PBRM1, SETD2, and VHL are always

the most frequently mutated genes.31−33 Among these gene mutations,

VHL play a critical role in ccRCC because at least one allele loss of VHL

gene was identified in over 90% ccRCC patients.8,11,34 VHL gene is

located in chromosome 3p short arm34 and loss of 3p usually occurs first

through chromothripis, with VHL inactivation as a second event duo to

the hypermethylation of the VHL promoter region.32 The loss of 3p as

the first event typically occurs 5‒20 years before tumor diagnosis.

PBRM1, BAP1, and SETD2, which are commonly observed in other

mutated genes in sporadic ccRCC are coincidentally located on chromo-

some 3p. This confers the probability that the inactivation of PBRM1,

BAP1, or SETD2 can also occur during the tumorgenesis of ccRCC, simi-

lar to VHL. Consequently, although VHL is the main player in the patho-

logical biology of ccRCC, these other tumor suppressor clusters are also

likely to be involved. In fact, recent studies have shown that VHL inacti-

vation alone is not sufficient for the development of ccRCC. As previous

descriptions, VHL is not only tumor suppressor genes, but also play other

functions.33

Fig. 4. Gene mutation comparison of RCC patients with Recurrence (R) or non-recurrence (NR). This graph was comparison of chance non-recurrence and recurrence

patients with different gene mutations.

Fig. 5. Comparison of disease-free survival in RCC patients with different gene mutations. (A) SETD2; (B) BAP1; (C) PBRM1. CNV-0, no copy number variation; CNV-1,

with copy number variation.
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Here, we also observed that BAP1 gene mutation plus wild type

PBRM1 play a critical role in predicting the outcomes of RCC. Several

studies investigated their prognostic values since 2014.35−38 Some

authors confirmed PBRM1 as an independent predictor PFS, but not

Overall Survival (OS).39 The prognostic value of BAP1 was dependent on

the cellular localization40 and need combine with the expression of

PBRM1. Our results support this hypothesis. In addition, we analyzed

that gene alteration style in patients with targeted therapy and found

Fig 6. Comparison of disease-free survival in RCC patients with NPM1, CSFR1, ERBB2/3. (A) NPM1; (B) ERBB2; (C) CSFR1;(D) ERBB3. CNV-0, no copy number varia-

tion; CNV-1, with copy number variation.

Table 2

Progression free survival (PFS) relevant genes log-rank test values.

Gene names HR (95% CI for HR) Log-rank_ p-value

SEX_ group 0 (0-Inf) 0.008

CSF1R_CNV 3598241712.414 (0-Inf) 0.008

NPM1_CNV 3598241712.414 (0-Inf) 0.008

BRCA2_SNV 4262925654.7 (0-Inf) 0.008

FAT1_SNV 3598241712.414 (0-Inf) 0.008

CCND2_CNV 3598241712.414 (0-Inf) 0.008

PTPN11_CNV 3598241712.414 (0-Inf) 0.008

ARID1A_SNV 3598241712.414 (0-Inf) 0.008

ERBB3_CNV 3598241712.414 (0-Inf) 0.008

KRAS_CNV 3598241712.414 (0-Inf) 0.008

PRDM1_SNV 3598241712.414 (0-Inf) 0.008

SETD2_SNV 3598241712.414 (0-Inf) 0.008

RICTOR_SNV 3598241712.414 (0-Inf) 0.008

AR_SNV 3598241712.414 (0-Inf) 0.008

CDH1_SNV 3598241712.414 (0-Inf) 0.008

CDK6_SNV 3598241712.414 (0-Inf) 0.008

ETV1_SNV 3598241712.414 (0-Inf) 0.008

CNV, Copy Number Variations; SNV, Single Nucleotide Variants; HR, Hazard

Ratio; CI, Confidence Interval.

Fig. 7. Hazard Ratios in 10 RCC patients with target therapy. HR, Hazard Ratio; CI,

Confidence Interval; CNV, Copy Number Variant; SNV, Single Nucleotide Variant.
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SETD2, NPM1, CSF1R, BRCA1, FAT1, CCND1, PTPN11, and ARID1A

gene mutations are key genes to determine prognosis in RCC patients .

Thiesen et al. reported that up to 30% ccRCC patients had CSF1R gene

mutations.41 This data was a little low our finding. The other study

showed EGFR and SGLT1 in RCC patients have high expression,42 but no

EGFR gene mutation is available. Here, our data showed EGFR gene

mutation is up to 25.9%, which clue EGFR is heavily involved in tumor

genesis of RCC patients.

The present findings are very interesting for clinical of RCC patients.

However, this study has some limitations: (i) The present data is cohort

study from 42 patients. This sample size is limit; (ii) Gene mutations in

RCC patients are how to involve in tumorigenesis of patients; (iii) Gene

mutations of RCC patients may be relevant to the efficiency of drug

treatment. These fields will be explored in the future.

Conclusions

Taken together, we performed a comprehensive mutational land-

scape of 42 RCC patients. We showed that BAP1 gene mutation plus

wild type PBRM1 had significant contributions to renal cancer PFS and

DFS. This provided a theoretical foundation for targeting BAP1 gene and

PBRM1 therapy.
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