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Traditionally, clear cell papillary renal cell carcinoma (ccpRCC) was considered to share similar molecular and histological characteristics with clear cell renal cell carcinoma (ccRCC) and papillary renal cell carcinoma (pRCC). Here we aimed to identify somatic and germline variants of ccpRCC. For this purpose, we conducted whole-exome sequencing to detect somatic variants in the tissues of 18 patients with pathologically confirmed ccpRCC, who underwent surgical treatment at Fudan University Shanghai Cancer Center. Targeted sequencing was conducted to detect germline variants in paired tumor or normal tissues or blood. Somatic and germline variants of ccRCC and Renal cell carcinoma included in The Cancer Genome Atlas data and other published data were analyzed as well. The molecular profiles of ccpRCC, ccRCC and pRCC were compared. Among the 387 somatic variants identified, TCEB1 (3/18) and VHL (3/18) variants occurred at the highest frequencies. Germline mutation detection showed that nine variants associated with Fanconi anemia (VAFAs) pathway (FANCA, 6/18; FANCI, 3/18) were identified in 18 ccpRCC patients. Among ccpRCC patients with VAFAs, five out of eight patients had second primary malignancy or family history of cancer. Somatic variants characteristics may distinguish ccpRCC from ccRCC or pRCC and germline VAFAs may be a molecular characterization of ccpRCC. Compared with ccRCC or pRCC, ccpRCC patients may be significantly correlated with higher risk of developing second primary malignancy.
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INTRODUCTION
Renal cell carcinoma (RCC) is the third most common malignant tumor of the genitourinary system. In 2019, 431,288 renal tumors were newly diagnosed and179,368 patients were dead of kidney cancer[1]. Clear cell renal cell carcinoma (ccRCC) accounts for approximately 70% of adult RCC[2], and papillary renal cell carcinoma (pRCC) is the most common non-clear cell RCC, accounting for 10–15% of RCC[3]. Other subtypes of RCC include chromophobe RCC and collecting duct carcinomas. These pathological types differ in prognosis and may require different treatment strategies; therefore, they must be definitively diagnosed. Unfortunately, it may be difficult to distinguish between subtypes using histological and immunohistochemical analyses[2].
Clear cell papillary RCC (ccpRCC), initially described in 2006 in association with end-stage renal disease, was classified in 2016 as a discrete renal neoplasm by the World Health Organization. ccpRCC is characterized by unique as well as common morphological and molecular characteristics compared with those of ccRCC and pRCC[3]. In particular, ccpRCC, which rarely occurs, typically comprises a mixture of cystic and papillary components circumscribed with a fibrous capsule[4]. Furthermore, ccpRCC tumor cells express characteristic immunohistochemical (IHC) markers, and most ccpRCC cells express cytokeratin (CK)-7 and carbonic anhydrase (CA)-IX, but typically not membrane metalloendopeptidase (CD10)[5-7]. Evidence indicates that ccpRCCs are indolent tumors with low malignant potential[8, 9]. In contrast, morphological, immunohistochemical, and molecular genetic analyses indicate that at least one case of a metastatic renal tumor may represent ccpRCC[10]. Thus, the genotypic and phenotypic properties of ccpRCC may be more complex than previously demonstrated.
To pursue this possibility, here we conducted next-generation sequencing (NGS), which has profoundly contributed to our understanding of oncogenesis [11]. For example, a targeted NGS analysis of 50 genes in ccpRCC cells identified somatic variants in the MET proto-oncogene, which is associated with the epithelial-to-mesenchymal transition, which may play a key role in ccpRCC[12]. Another NGS study of 90 genes (combined with analysis of single-nucleotide polymorphisms) of ccpRCC cells revealed significant genotypic heterogeneity and a molecular profile similar to that of ccRCC[3]. Our analysis here aims to find potential characteristic germline and somatic variants of ccpRCC.
To further characterize the molecular genetic basis for these findings, we conducted whole-exome sequencing as well as targeted sequencing of 63 genes, selected by the National Comprehensive Cancer Network (NCCN) guidelines (https://www.nccn.org/guidelines/guidelines-detail?category = 1&id = 1440), to identify somatic and germline variants. Moreover, we analyzed The Cancer Genome Atlas (TCGA) data to further compare the molecular genetic features of ccpRCC, ccRCC, and pRCC to develop specific diagnostic tests and tumor markers. To our knowledge, this study employed the largest sample size among published studies using WES to identify somatic variants in patients with ccpRCC. Furthermore, the present study is the first to our knowledge to search for germline variants in such patients.
MATERIALS AND METHODS
Clear Cell Papillary Renal Cell Carcinoma Samples
This study included 18 patients (age-range, 25–77 years) with histopathologically confirmed ccpRCC who underwent surgery at FUSCC between 2010 and 2019. Tumor specimens were obtained with patients’ informed consent. The 4-μm-thick sections from the formalin-fixed paraffin-embedded representative ccpRCC tissue blocks were deparaffinized. Antigen retrieval was performed with 10 mM citrate buffer solution (pH 6.0) in a pressure cooker (20 psi for 10 min). Endogenous peroxidase was quenched in 3% hydrogen peroxide for 15 min at 37°C and nonspecific binding was blocked with 10% normal goat serum for 1 h at room temperature. Sections were then incubated with the primary antibody at 4°C overnight. Chromogenic detection was carried out and DAB reagents were provided in the Envision detection kit (Dako). Tissue sections were counterstained with Meyer’s Haematoxylin (Thermo Fisher Scientific, Waltham, MA, United States). Omission of the primary antibody with phosphate-buffered saline served as a negative control. Primary antibodies used in this research were listed in Table 1. The diagnosis was established following standard morphological and immunohistochemical (IHC) criteria as follows: IHC detection of CK7 and CAIX and predominantly undetectable IHC detection of CD10. After reviewing hematoxylin and eosin-stained slides and IHC data, formalin-fixed paraffin-embedded tissue blocks were selected from each case for molecular analysis. Patients’ clinicopathological characteristics are listed in Table 2.
TABLE 1 | Primary antibody used in this study.
[image: Table 1]TABLE 2 | Clinicopathological characteristics of 18 ccpRCC patients (Fudan University Shanghai Cancer Center cohort).
[image: Table 2]Next Generation of Sequencing Analysis
WES was used to detect somatic variants, and targeted sequencing of 63 genes, selected per the NCCN guidelines (Table 3), was applied to detect germline variants in ccpRCC samples and paired normal tissues or blood (performed by Origi-Med (Shanghai, China). DNA was extracted using a QIAamp DNeasy blood and tissue kit (Qiagen, Valencia, CA, United States). BWA-MEM aligner was used to align raw reads with the reference genome (hg19), and Assembly Based ReAligner[13] was used for further remapping and recalibration. Quality control included correcting sequencing errors, coverage distribution, and insert size estimates. Picard software was used to remove polymerase chain reaction duplications. BAM files were analyzed for variants and genomic alterations (amplification, deletions). An SNP cut-off rate of 0.95, the minimum allele frequency of 0.05 were implemented in the analysis and functional annotation was performed by ANNOVAR.
TABLE 3 | 63 genes for germline testing (NCCN guideline-recommended).
[image: Table 3]Comparison of Genotypes of Clear Cell Papillary Renal Cell Carcinoma, Clear Cell Renal Cell Carcinoma and Papillary Renal Cell Carcinoma
Somatic variants of ccRCC and pRCC included in TCGA data were obtained from the UCSC genome browser (https://xenabrowser.net/datapages/). Germline variants of ccRCC and pRCC were obtained from a previous study[14]. The 20 genes with the highest frequencies of somatic and germline variants were displayed using the ComplexHeatmap package[15]. Somatic variants characteristic of ccRCC included those of PBRM1, VHL, BAP1, and SETD2, which are associated with the monoallelic loss of chromosome 3p, as well as genes encoding components of the PI3K signaling pathway (PIK3CA, mTOR, PTEN)[16]. Somatic variants of pRCC include variants in MET, hippo pathway-associated genes (WWC1, SAV1, NF2), chromatin modification-associated genes (SETD2, KDM4B, KDM6A), and NRF2 pathway-associated genes (CUL3, KEAP1, NFE2L2)[17]. We compared the frequencies of somatic variants in these genes among ccpRCC, ccRCC, and pRCC.
Germline variants in MET and FH are strongly associated with pRCC, and germline variants in BAP1 and VHL contribute to the oncogenesis of ccRCC[14]. In the present study, we detected a high percentage of the Fanconi anemia (FA) mutation in patients with ccpRCC. Thus, pathogenic variants and variants of uncertain significance (VUSes) of MET, FH, BAP1, VHL, and FA-associated genes (FANCM, FANCI, FANCC, FANCA) were included in the analyses of germline variants. The clinical significance of a mutation was obtained from ClinVar (httpfs://www.ncbi.nlm.nih.gov/clinvar/). The functional prediction of VUSs was performed using PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/).
RESULTS
Clear Cell Papillary Renal Cell Carcinoma Patients Have Unusually High Rates of a Family History of Cancer and Second Primary Cancers
The 18 patients included in the present study were diagnosed with stage-I ccpRCC. We were surprised to find a relatively high rate of family history of cancer (7/18, 38.9%) and second primary cancers (5/18, 27.8%) in ccpRCC. Although a previous study[18] indicated higher rates of family history of cancer in renal cell carcinoma patients (62.96%), it was still unexpected to find nearly 40% rates of family history of cancer in this neoplasm which is usually considered benign. Studies have reported incidences of second primary malignancy in renal cell carcinoma patients to range from 10%[19], 13%[20] and 16%[21], while patients with ccpRCC have a relatively higher incidence of second primary cancers. Thus, we hypothesized that patients with ccpRCC may harbor characteristic germline variants. All patients were alive at the last follow-up (median follow-up, 42.5 months; range, 11–120 months).
Distinct Histological and Immunohistochemical Features of Clear Cell Papillary Renal Cell Carcinoma
The ccpRCCs exhibited a distinct papillary architecture and low nuclear grade. A histological feature of ccpRCC is the luminal polarity of the nucleus (Figures 1A–C). IHC analyses revealed that CD117, CD10, TFE3, and Ki67 (Figures 1D–G) were infrequently expressed in ccpRCC tissues that expressed readily detectable levels of CK7, CAIX, and vimentin (Figures 1H–J).
[image: Figure 1]FIGURE 1 | (A-C), characteristic HE staining images of ccpRCC (arrangement of the nucleus is consistent with luminal polarity). (D-G), negative for CD117, CD10, TFE3, and Ki67 in ccpRCC. (H-J), positive for CK7, CAIX and Vimentin in ccpRCC.
Somatic Variants in Clear Cell Papillary Renal Cell Carcinoma
We identified 387 somatic variants in tissues of the 18 patients with ccpRCC. Detailed variants information was listed in Supplementary Table S1. And we compared the variants of ccpRCC with both ccRCC and pRCC from TCGA cohort. The 20 most frequently detected variants are displayed in Figure 2A. Among them, TCEB1 (3/18) and VHL (3/18) were detected at the highest frequencies. In ccRCC, the most frequently mutated genes, which are associated with loss of chromosome 3p, encode components of the PI3K pathway. Only VHL (3p loss-associated) was mutated at a relatively high frequency in ccpRCC (Figure 2B). MET had the highest mutation frequency in pRCC, and the other most frequently mutated genes were associated with genes encoding the components of the Hippo pathway, chromatin modification, and the NRF2 pathway. In contrast, few of these variants were detected in ccpRCC tissues (Figure 2C). While the overall mutation rate for ccpRCC was found to be significantly less than either ccRCC (p < 0.0001) or pRCC (p < 0.0001), the detailed information of the overall mutation rate was listed in Supplementary Table S2. In summary, the overall somatic mutational characteristics of ccpRCC were distinct from those of ccRCC and pRCC.
[image: Figure 2]FIGURE 2 | (A), Top 20 somatic variants detected in ccpRCC (FUSCC cohort), various color represents corresponding various types of mutation as the figure shows. (B), Comparison of somatic variants of ccpRCC and ccRCC (TCGA Cohorts). (C), Comparison of somatic variants of ccpRCC and pRCC (TCGA Cohorts). (D), Detected germline variants of ccpRCC. (E), Comparison of germline variants of ccpRCC and ccRCC pRCC (TCGA cohort).
Germline Variants in Genes Encoding Components of the Fanconi Anemia Pathway (VAFAs) May Contribute to the Mechanism of Oncogenesis of Clear Cell Papillary Renal Cell Carcinoma
We detected germline variants in genes associated with Fanconi anemia in eight patients with ccpRCC (FANCA, 6/18; FANCI, 3/18) (Figure 2D). Furthermore, most of these patients (8/18) carried these VAFAs, among which five out of eight patients had second primary malignancy or family history of cancer. ccRCC and pRCC has very few VAFAs, while FH, MET (germline pathogenic variants of pRCC), BAP1, and VHL (germline pathogenic variants of ccRCC) were not detected in patients with ccpRCC (Figure 2E). The seven VAFA variants of uncertain significance were as follows (Table 4): FANCA c.2097A > G, FANCA c.3921G > C, FANCA c.3184G > A, FANCA c.3727G > A (potential pathogenic variants according to the prediction of PolyPhen-2). The FANCA mutation (c.2779–2A > T) is a known pathogenic variant. Germline VAFAs may be a molecular characterization of ccpRCC.
TABLE 4 | Function prediction of the germline variants of genes associated with Fanconi anemia.
[image: Table 4]DISCUSSION
To our knowledge, the present study employed the largest sample size among studies that used WES to identify somatic variants in patients with ccpRCC. Furthermore, it is the first study to identify germline variants in such patients with ccpRCC. Here we identified 387 somatic variants in ccpRCC tissues of 18 patients. Moreover, our analyses reveal that the overall mutational characteristics of ccpRCC are distinct from those of ccRCC and pRCC. But VHL mutation frequency is also relatively high in ccpRCC, which implicates that this subtype may share some similarity with ccRCC. In ccpRCC patients, eight out of eighteen were found carrying VAFAs and 62.5% of the patients with VAFAs have second primary malignancy or family history of cancer. We discovered that germline VAFAs may play a key role in the oncogenesis of ccpRCC and may distinguish ccpRCC from ccRCC and pRCC.
Previous studies argue that VHL variants are undetectable in ccpRCC and that one criterion that precludes the diagnosis of ccpRCC is a VHL abnormality[22-25]. Conversely, a few studies claim that VHL variants may not distinguish ccpRCC from ccRCC. For example, a study of 15 tumors found that they are morphologically identical to ccpRCC and that most express CK7; however, molecular profiling indicates that a subgroup of these tumors carries VHL abnormalities [26]. Thus, this group is defined as “clear cell papillary-like RCC”[26]. Due to the rarity of this kind of renal carcinoma, previous studies did not find variants in common. Furthermore, histological analysis and immunophenotyping detected VHL variants among three patients diagnosed with ccpRCC. Similarly, we found here that three patients harbored a VHL mutation, although they did not exhibit symptoms of VHL syndrome. Furthermore, CK7 and CAIX exhibited diffuse IHC staining, whereas CD10 was undetectable. Thus, we conclude that VHL abnormalities may not distinguish ccpRCC from ccRCC.
A new subtype of kidney neoplasms, called “TCEB1-mutated RCC”, was reported in 2015[27]. Here we detected TCEB1 variants in three patients with ccpRCC. However, the morphologies and immunophenotypes of the tumors reviewed by two experienced expert histopathologists suggested ccpRCC rather than TCEB1-mutated RCC. Thus, definitive differential diagnosis of these tumors requires further study. Furthermore, our comparisons of somatic variants of ccRCC and pRCC from TCGA data indicate that ccpRCC may be characterized by a low frequency of variants that contribute to the pathogenesis of ccRCC or pRCC. Thus, although the VHL mutation frequency was relatively high in ccpRCC, the overall mutational characteristics of ccpRCC were distinct from that of ccRCC and pRCC.
We are unaware of studies focused on the germline variants of ccpRCC. Interestingly, the high percentage of secondary primary malignancies and a family history of cancer were associated with the 18 patients with ccpRCC in this study. Thus, when we used targeted NGS to detect potential germline variants in our ccpRCC cohort, we found a high percentage of VAFAs. Furthermore, germline variants of FH, MET (associated with pRCC), and of BAP1 and VHL (associated with ccRCC) were not detected in ccpRCC, indicating that the germline genotype of ccpRCC differs from those of ccRCC and pRCC.
In 1927, Guido Fanconi[28] treated three brothers suffering from aplastic anemia and was the first to describe the disease eponymously named “Fanconi anemia”. Studies of FA-associated genes and of the mechanism of FA indicate that VAFAs increase the risk of developing various cancers[29] because of defective DNA interstrand crosslink repair mediated by FANCs[30]. Here we identified nine germline VAFAs. In general, germline homozygous VAFAs are closely associated with FA, which increases the risk of developing hematological and non-hematological malignancies[31]. However, patients in our cohort did not show symptoms of FA, indicating that their VAFAs were heterozygous, which may increase the risk of developing ccpRCC. Moreover, although ccpRCC is generally considered an indolent neoplasm, the relatives of patients with ccpRCC are often diagnosed with diverse malignancies such as gastric cancer, breast cancer, and colorectal cancer. While there was no significant difference in the family history of cancer among ccpRCC patients with or without VAFAs. Furthermore, five patients in our present cohort were previously diagnosed with second primary malignancies. It is interesting to find that compared with ccRCC or pRCC, ccpRCC patients may be significantly correlated with a higher risk of developing second primary malignancy (5/18 versus 10–16% [19-21]). This may indicate that patients with ccpRCC should be more vigilant about developing second primary malignancy. These findings suggest that germline variants of VAFAs may be a molecular characterization of ccpRCC and may serve to distinguish ccpRCC from ccRCC and pRCC. This inference need to be validated in kinds of ways including larger population-based study and biological experiments and we have presented this as the main limitation of this research.
None of the patients in the present cohort experienced recurrence or metastasis, suggesting that surgery effectively treats ccpRCC. However, evidence indicates that recurrence and metastases cannot be excluded[10]. Thus, adjuvant chemotherapy should be considered. Although targeted therapy and immunotherapy are effective for treating ccRCC, they may be insufficient for treating ccpRCCs because of their phenotypic heterogeneity. The association of VAFAs with defective DNA repair and oncogenesis indicates that drugs that target proteins that mediate DNA repair, such as olaparib, may effectively treat ccpRCC.
Our research has certain limitations. Targeted NGS may limit the detection of germline variants, and our findings require verification through studies of a larger cohort. Since the VUSes are not evaluated according to standards in a clinical setting, it is hard to define the VAFAs as pathogenic mutations. Thus we just defined the VAFAs as a molecular characterization of ccpRCC. Furthermore, it is critically important to identify the underlying mechanism that generates the germline VAFAs associated with ccpRCC.
CONCLUSION
In this study, we used NGS to explore potential somatic and germline variants in 18 ccpRCC patients. Molecular profiling of ccpRCC indicated that the overall somatic mutation characteristics of ccpRCC may be distinct from that of ccRCC and pRCC, and germline variants of VAFAs may be a molecular characterization of ccpRCC. Compared with ccRCC or pRCC, ccpRCC patients may be significantly correlated with a higher risk of developing second primary malignancy.
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