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SUMMARY

Pediatric renal cell carcinomas (RCC) differ from their adult counterparts not only
in histologic subtypes but also in clinical characteristics and outcome. However,
the underlying biology is still largely unclear. For this reason, we performed
whole-exome and transcriptome sequencing analyses on a cohort of 25 pediatric
RCC patients with various histologic subtypes, including 10 MiT family transloca-
tion (MiT) and 10 papillary RCCs. In this cohort of pediatric RCC, we find only
limited genomic overlapwith adult RCC, evenwithin the same histologic subtype.
Recurrent somatic mutations in genes not previously reported in RCC were
detected, such as in CCDC168, PLEKHA1, VWF, and MAP3K9. Our papillary pe-
diatric RCCs, which represent the largest cohort to date with comprehensive mo-
lecular profiling in this age group, appeared as a distinct genomic subtype
differing in terms of gene mutations and gene expression patterns not only
from MiT-RCC but also from their adult counterparts.
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INTRODUCTION

Pediatric renal cell carcinomas (pRCC) are rare tumors, which still represent the secondmost common renal

cancer in children and adolescents after Wilms tumors, accounting for 3.5% of all renal tumors in children

aged 0–14 years, rising to 50%–70% in adolescents aged 14–19 years (van der Beek et al., 2020). They differ

from their adult counterparts both in histopathologic features and clinical behavior (Cajaiba et al., 2018;

Geller et al., 2015; Selle et al., 2006). Approximately half of pRCCs (41%–59%) are MiT family translocation

(MiT) RCCs (Cajaiba et al., 2018; Geller et al., 2020; van der Beek et al., 2021), whereas this subtype repre-

sents only 1%–4% of adult cases (Calio et al., 2019). In contrast, clear-cell RCC (ccRCC) represents the pre-

dominant subtype in adults (>75%) but rarely occurs in children. Affecting 16%–29% of pRCC cases, the

papillary subtype represents the second most common pRCC histology (Cajaiba et al., 2018; van der

Beek et al., 2020). Regional lymph node metastases occur more frequently associated with smaller primary

tumors in pRCC than in adults (Geller et al., 2015). Further, the prognosis of RCC with regional lymph node

metastases is apparently more favorable in children with an overall survival (OS) over 70%, in contrast to

<30% in adults (Geller et al., 2020; Geller and Dome, 2004). The outcome of MiT-RCC also seems to be

associated with age, showing a significantly better OS in younger patients in some studies (Ellis et al.,

2014). The biological and molecular background of this different clinical behavior of pediatric and adult

RCC is still largely unclear.

In contrast to the ever-growing body of data regarding the molecular genetics of adult RCC using next-gener-

ation sequencing (NGS) over thepast fewyears, our understandingof thedistinct genomic backgroundofpRCC

is still limited. As a result, a molecularly tailored, mechanism-of-action-based therapy in more advanced pRCC

remains to be determined. The goal of this study was to analyze a representative cohort of pRCC from different

histological subtypes by applying whole-exome sequencing (WES) and RNA sequencing (RNAseq), aiming to

reveal more specific genomic characteristics of pRCC in comparison to their adult counterparts.

Furthermore, we focused on discovering differences between the histological and clinical subgroups of

pRCC, especially aiming for potential specific genomic features in the metastatic and high-risk cases.

This may impact the development of more effective treatment approaches for these patients, which is ur-

gently needed in distant metastatic pRCC with a 5-year overall survival (OS) below 50% (Geller et al., 2020;
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Figure 1. Genomic aberrations in pediatric renal cell carcinomas (pRCC, n = 25)

Tumor mutational burden, number of SNV/Indels in WES, genes affected by recurrent nonsynonymous somatic aberrations# and canonical adult RCC-

associated genes bearing somatic aberrations, as well as gene fusions and germline predisposition genes in different histologic and clinical subgroups of

the pRCC cohort.

# Only the most important recurrent somatic aberrations are selected; in total 39 recurrent SNV/Indels were detected after exclusion of RCC987; complete

list in Table S3.

* Cases without control blood DNA.

x RCC380: initially histologically classified as ‘‘unclassified’’ subtype, but after sequencing data analysis recognized as harboring a germline FH-mutation with

bi-allelic FH-inactivation, i.e., as a FH-deficient RCC subtype.

- Gray shaded bar: RCC987 is probably highly biased by FFPE artefacts. For this sample, all SNV/Indels shown in the somatic aberrations have been

manually verified in IGV. A slightly higher SNV/Indel count is expectable, as this was the only case of a primarily localized papillary RCC with a fatal disease

course following a disseminated metastatic relapse within 2 years (plus initial high LDH [3.047 U/l] and high ferritin/CrP level).

For patients with more than one tumor sample taken from different locations of the tumor piece of the same disease episode, the mean of the SNV and indel

number of these tumor samples was calculated for each patient and used for calculation of tumor mutational burden (TMB) and in this figure.
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Figure 1. Continued

RCC544_I/RCC_544_II: tumor Samples from the same patient with 10 years in between (RCC544_I from initial phase abdominal tumor material; RCC544_II

from lung metastasis after 10 years).

* Acyl-CoA-related genes: ACSBG2 (3 SNVs) in RCC544_I, ACSM3 in RCC751, ACSM2B in RCC419, ACSL5 in RCC1230, ACBD7 in RCC987, ACOT13 and

ACOX1 in RCC1230, ACADSB in RCC 419.

*CHD: CHD1 in RCC1230, CHD4 in RCC751, CHD5 in RCC987, CHD6 in RCC419.

* MAPK: MAP3K9 in RCC996 und RCC1230, MAP2K5 in RCC1230, MAP2K7 in RCC419, MAP4K1 in RCC544_I, MAP4K3 in RCC751* SWI/SNF: SMARCA4 in

RCC987, SMARCA2 in RCC419, SMARCC1 and SMARCC2 in RCC1230.
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van der Beek et al., 2021). Through the integration of these analyses, we provide an in-depth overview of the

genomic landscape of pediatric RCC.
RESULTS

Cohort characteristics

In this retrospective study, the genomic characteristics of RCC in 25 children and adolescents (15 boys, 10 girls;

median age: 12.2 years [range 1.2–17]) were investigated, including 10/25 (40%) MiT-pRCC, 10/25 papillary

pRCC (ppRCC), one ALK-rearranged RCC, one chromophobe RCC, one postneuroblastoma (NB)-RCC, and

two histologically unclassified RCCs (Table S1). One of these initially histologically unclassified RCCs

(RCC380) was recognized as harboring a germline FH mutation with bi-allelic FH inactivation after the

sequencing data analysis presented here, i.e., as the FH-deficient RCC subtype. In two patients, the RCC

occurred as a secondary malignancy after an earlier different malignant tumor, in one case neuroblastoma

and in the other case ependymoma, treated with alkylating chemotherapy 6.8 and 10 years prior to the RCC

diagnosis, respectively. One patient had a known tumor predisposition syndrome, i.e., a PTEN hamartoma tu-

mor syndrome (RCC1430). Fifty-two percent of pRCC patients in this cohort had localized disease (11/25: T1/2,

2/25: T3N0M0), 4/25 (16%) patients had regional lymph node metastases (N1M0), and another 4/25 (16%) pa-

tients had distant metastases (N0-1M1). In four cases the regional lymph node or distant metastases status

was unclear. All distant metastatic (M1) pRCC cases were MiT-RCCs. Twenty out of twenty-five patients were

alive and disease free after a median follow-up of 3.75 years (range: 0.4–20.7 years), and 5/25 patients died

due to RCC 1–11 years after diagnosis (3/5 M1, 1/5 T2N1M0, 1/5 T3N0M0 at diagnosis).
Somatic gene aberrations

Overall, we found 2,930 nonsynonymous somatic single-nucleotide variations (SNVs) and small insertions/

deletions (indels) in 32 tumor samples from 22 patients with patient-matched controls (Table S2). The two sec-

ondary-malignancy-RCC cases RCC1230 and RCC419 harbored the highest numbers of mutations, with 786

(22.9 mutations/Mb) and 356 (10.6 mutations/Mb), respectively. Compared with all nonmetastatic and nonse-

condary-malignancy cases, the three distant metastatic (M1) RCC cases (3/4; one case without matching control

sample) displayed a higher tumor mutational burden (median TMB 0.66 mutations/Mb [range 0.52–2.56]; me-

dian SNV count 21 [range 16–62]; median indel count 2 [range 0–22]). In the remaining 16 nonmetastatic and

nonsecondary-malignancy pRCC cases, we found very low TMB (median 0.12mutations/Mb [range 0–0.36]; me-

dian SNV count 3.5 [range 0–11.5]; median indel count 0 [range 0–1.5]), independent of the histological subtype

(Figure 1). One thousand five hundred twenty-six SNV/Indels were detected in RCC987, most likely including a

substantial fraction of FFPE artefacts that could not be filtered further. RCC987 was nevertheless included into

the cohort despite poor-quality FFPE tumor material, as this was the only case of an initially localized ppRCC

with fatal disease course, but subsequently excluded from mutational burden analysis.

In total, 1,307 protein-coding genes harbored nonsynonymous somatic mutations (SNVs and/or indels) among

the 31 samples from 21 pRCCs (without RCC987). After excluding both secondary-malignancy-RCCs, only 243

unique genes were found to be affected by a nonsynonymous somatic mutation at least once. Focusing solely

on the 16 nonmetastatic and nonsecondarymalignant RCCs, only 107 genes affected by somatic SNVs or indels

remained. Among the nonsynonymous somatic mutations found in the pRCCs, 39 genes were affected recur-

rently (after excluding RCC987), mostly only twice (Table S3). Only one gene, namely CCDC168, harbored so-

matic nonsynonymous SNVs in the tumor samples of three different patients (Figure 1). CCDC168 is a protein-

coding gene with poorly understood function and has also been found to be mutated in colorectal cancers

(Wang et al., 2018a).

Among the other recurrently (i.e., in two different patients) mutated genes in our cohort, only TP53 is also

frequently mutated in adult RCC. Other well-known somatic alterations in adult RCC affecting MTOR,
iScience 25, 104167, April 15, 2022 3
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DLEC1, ERCC2, PIK3CA, LRP2, SMARCA4, SMARCC2, PTEN, and TSC2were only found in one case each in

this pRCC cohort (5/9 of them in the same secondary-malignancy case; Figure 1). Additional mutations

discovered in chromatin-remodeling genes in adult MiT-RCC (Malouf et al., 2014) were only found nonre-

currently in a few pRCC cases. Nonsynonymous SNVs in CHD4 and CHD5 were detected in one metastatic

MiT-pRCC case and in the only relapsed papillary RCC case, respectively. The two secondary-malignancy

(non-MiT) RCC cases harbored nonsynonymous SNVs in SMARCA2, SMARCC1, CHD1, and CHD6 and a

splice-site affecting SNV in SMARCC2. In summary, only a minority (4/22 = 18%, 1/7 MiT-pRCC) of pRCCs

carried a somatic mutation in the SWI/SNF gene complex or in other chromatin-remodeling genes,

involving only metastatic or relapsed and fatal cases, as well as secondary-malignancy cases.

Among the remaining recurrently mutated genes in our cohort, somatic mutations affecting mitogen-activated

protein kinases (MAPK) weredetected.Nonframeshift deletions andanonsynonymousSNV in theMAP3K9gene

were found in three samples from twopatients. Furthermore, one frameshift deletion inMAP4K1, one nonframe-

shift deletion inMAP4K3, and nonsynonymous SNVs inMAP2K5 andMAP2K7were detected. In summary, 23%

(5/22) of pRCC cases carried a somatic mutation in aMAPK gene including 2/4 metastatic MiT-RCC cases (Fig-

ure 1, Table1).MAP3K9mutationshave recentlybeen identified in lungcancer cells (Fawdaretal., 2013),MAP3K9

and MAP3K5mutations in melanomas (Stark et al., 2011), and MAP3K1mutations in breast cancer and ccRCC

(Kandoth et al., 2013), but none or very few mutations in the other MAPK genes detected in our pRCC cohort

have been observed in adult RCC (https://www.cbioportal.org/, in n = 186 adult RCCs selected). Notably, we

found one splicing indel and one nonsynonymous SNV in the leucine-rich repeat kinase 2 (LRRK2) in two meta-

staticMiT-pRCCs. LRRK2 somaticmutations havebeendetectedacrossdifferent cancer types, anddiversealter-

ations have been found to be associated with a worse prognosis compared with wild type (Lopez et al., 2020).

Furthermore, we detected nonsynonymous SNVs in the VWF (Von Willebrand Factor) gene in two different

MiT-pRCCs, including one metastatic case. VWF gene mutations have been previously reported in gliomas

(Lehrer et al., 2019b) and breast cancer, and this gene has been found to influence cancer angiogenesis and

apoptosis (Lehrer et al., 2019a). In addition, one frameshift deletion and one nonsynonymous SNV in PLEKHA1

occurred in two ppRCC cases. PLEKHA1 polymorphisms have been reported to be associated with chronic kid-

ney diseases within genome-wide association studies (Chasman et al., 2012), and renal insufficiency has been

demonstrated as risk factor for RCC (Tsuzuki et al., 2018), especially for papillary RCC (Woldu et al., 2014).

Interestingly, somatic mutations were found in several genes coding for acyl-CoA metabolism-linked en-

zymes, which play a critical role in lipid metabolism like fatty acids supply in cancer cells. Two metastatic

cases and two secondary malignancy pRCCs harbored mutations in acyl-CoA synthetase genes. In addi-

tion, two secondary malignancy cases and RCC987 nonsynonymous SNVs in other acyl-CoA-enzyme genes

were detected (Figure 1). Acyl-CoA synthetase and thioesterase have been reported to be deregulated in

different cancer diseases, and acyl-CoA-synthetases are considered potential druggable targets (Chen

et al., 2016; Jung et al., 2017; Rossi Sebastiano and Konstantinidou, 2019).

Besides somatic SNVs and indels, we found chromosomal deletions on chr1p leading to CDK11A/B loss in

two patients (Figure 1). CDK11 belongs to the cyclin-dependent kinases (CDK) family of serine/threonine

protein kinases. CDK11 loss and/or downregulation have been reported in some tumors, such as in mela-

nomas (Chandramouli et al., 2007), but to our knowledge not yet in RCC.

Gene pathway analysis of somatic SNVs and indels found in the pRCC cohort using the KEGG pathways

revealed the FOCAL_ADHESION and the extracellular matrix (ECM)_RECEPTOR_INTERACTION path-

ways as significantly affected (Table S4), which are both reported to be involved in adult RCC pathogenesis

(Wala et al., 2015).

Basedonmutational signatureanalysis (singlebase substitution [SBS] signatures,COSMICSignatures v3.2) (Alex-

androv et al., 2020) for the secondary-malignancy-RCC samples, we found alkylating agent and platinum-treat-

ment related signatures (SBS11/31) consistentwithprevious treatment andadefectiveDNA-repair-related signa-

ture (SBS30_Defective BER) (Figure S1). The remaining RCC cases harbored too few

somatic mutations for signature analysis.

Interestingly, in the secondary-malignancy-RCC case after ependymoma (RCC1230) exome analysis revealed

two inactivating somaticmutations inTSC2: a stop-gain SNV and a small frameshift deletion (Figure 1). Recently,

in a morphologically distinct group of histologically unclassified adult RCCs, somatic inactivating mutations in
4 iScience 25, 104167, April 15, 2022
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Table 1. Clinical and genomic characteristics of metastatic pediatric MiT-RCC
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Age at diagnosis

(years)
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gains

Immune-gene

expression

Possible drug

targets
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Drug treatment/

response, time to
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% 2 chr No PD-L1+, PD-1++,

CTLA4+++,

TiM3/LAG3+++
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Sorafenib//PR/SD 6 years,

Axitinib/Nivolumab/PD

RCC4039 3 16/1 LRRK2, FIG4 Not

evaluable

Not

evaluable

No RNA

available

Alive

NED (248)

INFa/IL2/capecitabine//PR /

Surgery / CR

RCC450 10 No matched

DNA

TP53 R8 chr. 1p, 3p, 4q, 9p, 11,

14, 15, 17p, 18//gain 17q

No RNA

available

DOD (12) sunitinib//MR

TTP 3 months,

–> everolimus / PD

RCC751 16 62/22 LRRK2, VWF,

CCDC168,

UGGT1, COL18A1,

GLDN, MAP4K3,

ACSM3

R8 chr. 1p, 3p, 4, 9p, q, 11,
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CTLA4�, TiM3�,
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Figure 2. Fusion genes found for the first time in pediatric RCC and discovery of a new germline FH mutation

(A) A complex gene fusion involving 3 different genes: TFE3, ASPSCR1, and SNX8 in RCC751.

(B) Discovery of gene fusion CRK-PITPNA in papillary pediatric RCC (RCC1176), associated with the second highest CRK expression across all pRCC.

(C) Germline structural variant within the FH gene (RCC380): duplication and intrachromosomal fusion of exon 1-7 with exon 2-10 and ‘‘second hit’’ copy-

neutral LOH of the wild-type FH allele resulting in the lowest FH gene expression compared with all other pRCCs.
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TSC2were reported, including cases harboring two independentmutations, whichmight indicate bi-allelic inac-

tivation (Chen et al., 2019).
Germline predisposition genes

In the 22 patients with matching normal tissue, five (likely) pathogenic germline mutations were identified

(Figure 1). Only in a single case a preexisting disease was known prior to the RCC manifestation, namely a

clinical history of a phosphatase and tensin homolog (PTEN) hamartoma tumor syndrome (RCC1430).

Through additional whole-genome sequencing (WGS), we verified a germline deletion of exons 2-9 span-

ning over 150 Kb in the PTEN gene locus and a second hit in the wild-type (wt) PTEN allele in the tumor.

In RCC380, a germline structural variation in the form of a duplication of exons 2-7 spanning approximately

16 Kb within the FH gene (Figure 2C) was detected and verified with additional WGS data. In the tumor

genome, the wt-FH allele was lost due to copy-neutral loss of heterozygosity (LOH). Furthermore, in this
6 iScience 25, 104167, April 15, 2022
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case we detected the lowest FH gene expression level across the whole pRCC cohort, implying potential

functional relevance and a driver role. Germline FHmutations characterize hereditary leiomyomatosis and

RCC syndrome (HLRCC) known to predispose to RCC (Ho and Jonasch, 2014; Schmidt and Linehan, 2016).

However, to the best of our knowledge, the germline FH alteration described here represents a new finding

not yet reported in ClinVar or other sources (Hol et al., 2020).

In the youngest patient (1.2 years at diagnosis) of our pRCC cohort (RCC544), a heterozygous germline

frameshift insertion in BRCA2 (c.8323dupA) was found (Table S5), for which pathogenic relevance has

been documented in ClinVar (rs276174904, ClinVar ID 126174). However, no additional second (somatic)

hit in BRCA2 was detected in the tumor. Although germline mutations of BRCA2 have been related to

an increased familial risk for breast and ovarian cancer and possibly a wider spectrum of cancers, the asso-

ciation with RCC remains unclear (Mersch et al., 2015). Nevertheless, heterozygous germline mutations in

BRCA2 have already been reported in adult RCC cases (Carlo et al., 2018; Souza et al., 2018).

Furthermore, in one case (RCC1176) we found a heterozygous germline missense mutation in the folliculin

(FLCN) gene with uncertain significance in ClinVar (NP_659434.2: p.Gln408His; https://www.ncbi.nlm.nih.

gov/clinvar/variation/579468/). This patient was a 12-year-old boy without skin lesions and without a sec-

ond hit in the wt-FLCN allele in the tumor sample. Mostly protein truncating but also missense mutations

in FLCN are known to cause autosomal dominant Birt-Hogg-Dubé (BHD) syndrome (Ho and Jonasch, 2014;

Schmidt and Linehan, 2016), which is usually clinically characterized by skin fibrofolliculomas and early

onset of RCC. However, a similar RCC case in an adolescent girl with absence of skin lesions and a newly

described inherited FLCNmutation has been published (Schneider et al., 2018). Interestingly, in the tumor

of RCC1176 we also discovered a previously unreported CRK-PITPNA translocation (Figure 2B), as

described below.

Finally, a heterozygous POLE germline mutation (c.1337G>A [p.Arg446Gln]) assessed as variant of uncer-

tain significance (VUS) was found in a 16-year-old male suffering from a highly aggressive metastatic RCC

(RCC751). The tumor sample showed a remarkably higher mutation rate (TMB 2.56 mutations/Mb, 84 SNV/

indels) compared with most other pRCCs, despite no second hit. Germline POLE mutations have been

described as a dominant cancer predisposition syndrome for colorectal cancers (CRC) (Valle et al.,

2019), but an association with RCC is not known so far.

Gene fusions and translocations

In this pRCC cohort, 10 MiT-pRCCs were detected based on TFE3-IHC, TFE3-FISH, and/or RNA-seq data.

In 8/10 cases, the exact gene fusion could be identified by bioinformatics analyses tools usingWES or RNA-

seq data (or by RT-PCR in one case (Macher-Goeppinger et al., 2012)) as TFE3-ASPSCR1 in 5 cases and

TFE3-NONO, TFE3-SFPQ, and TFEB-CLTC in one case each (Figure 1 and S2). In the other two MiT-

pRCC cases, the TFE3 fusion gene could not be discovered using WES data only. Beyond these previously

known TFE3/TFEB fusion genes (Cajaiba et al., 2018; Durinck et al., 2015), we found an unreported complex

TFE3-ASPSCR1-SNX8 fusion gene in one particularly aggressive metastatic case (RCC751) (Figure 2A).

Furthermore, we found one ALK-rearranged pRCC harboring a TPM3-ALK gene fusion (Figure S2), as

also reported by (Cajaiba et al., 2018).

Beyond that, in a pRCC, which was histologically classified as papillary RCC, we detected a CRK-PITPNA

gene fusion (Figure 2B), which has so far not been described. Furthermore, in this RCC case, the second

highest CRK gene expression within our whole cohort could be verified in the RNA-seq data, suggesting

a biological role of this newly discovered CRK-PITPNA fusion gene.

Somatic copy number alterations

The frequency of copy number alterations (CNAs) in the pRCC cohort differed depending on the histologic

RCC subtype. In contrast to the papillary pRCC (ppRCC), we found a comparatively low frequency of CNAs

in most MiT-pRCC cases (Figures 3A and S3).

Five of nine MiT-pRCC patients in our cohort (RCC4039 was excluded because of poor DNA quality due to

FFPE tumor material) showed low CNA frequency, having CNAs affecting two or less chromosomes.

Among these five samples, there were 4/6 localized MiT-pRCC patients who survived long-term and one

initially distant metastatic RCC patient who died due to RCC 11 years after diagnosis (RCC544). In contrast,
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Figure 3. Copy-number profiles of the pediatric RCC cohort

(A) Copy-number profiles of the papillary pediatric RCC (ppRCC, n = 10) and theMiT-family translocation pediatric RCC (MiT-pRCC, n = 9#) shown as average

CNA per group. #RCC4039 was excluded due to poor DNA quality. ppRCC displayed high CNA frequency affecting predominantly gains of chr. 2, 7, 12, 16,

17, and 20. MiT-pRCC showed mostly a low CNA frequency; a high CNA count was predominantly restricted to metastatic/progredient (=poor prognosis-)

RCC in older patients including losses of 1p, 3p, chr.4 or 4q, 9p, chr.11 or 11q, chr.18 and, partially, gains of 17q.

(B) Two metastatic MiT-pRCC cases selected from 3a displayed higher CNA frequency including losses of 3p, 9p, and chr.11 or 11q.

(C) Copy-number profiles of the chromophobe-RCC (RCC1348), the ALK-rearrangement-associated RCC (RCC1429), the post-neuroblastoma RCC

(RCC419), and a secondary-malignancy, histologically unclassified RCC (RCC1230), each presented as a single case (copy-number profile of RCC380 see

Figure 2C).
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in the high-CNA group comprising 4/9 MiT-pRCC cases, two patients had an initially metastatic disease

and died within two years (RCC450 and RCC751) (Figure 3B) and one additional patient with locally

advanced disease (T3) died due to relapses (RCC786) (Figure S3B), supporting the association between

high CNA frequency and poor OS in MiT-RCC as reported previously (Marcon et al., 2020). Moreover,

the median age in the high-CNA-group was higher compared with the low-CNA-group of MiT-pRCC pa-

tients (12.3 versus 10 years, n.s.). The most common CNA observed across the whole MiT-pRCC cohort was

the loss of chromosome 1p, which has been observed in 5/9 patients and has also been reported in adult

MiT-RCC (Liu et al., 2020). The high-CNA group showed CNAs affecting six or more chromosomes,

including losses of 1p (4/4), 3p (2/4), 4 or 4q (2/4), 11 or 11q (3/4), 18 (3/4), and in particular exclusively in

fatal cases losses of 9p (3/4), which is known as a poor-prognostic marker and preferentially found in older

patients (Liu et al., 2020; Marcon et al., 2020) as well as 17q gains (2/4). Beyond that, in one of these met-

astatic MiT-pRCC patients (RCC450), chr17p loss was detected in addition to the TP53mutation on the re-

maining 17p allele (Figure S3B).

All ppRCC in the cohort revealed uniformly high numbers of CNAs. Each sample harbored CNAs at least

affecting eight chromosomes, whereas in 6/10 cases CNAs were found in ten or more chromosomes. We

observed predominantly gains of whole chromosomes, most frequently found for chromosomes 2 (9/10),

7 (8/10), 12 (9/10), 16 (8/10), 17 (10/10), and 20 (8/10) and a smaller number of chromosome losses, mostly

of chr21 (4/10) (Figure 3A and S3A).

In the single NB-associated RCC case in the cohort, we found a higher number of CNAs with losses of chro-

mosomes 19, 21, and 22 and focal losses in 1p, 2q, and 6q, supporting the hypothesis of distinct underlying

biological processes in the NB-associated RCC in comparison to the only other second-malignancy-RCC

case in the cohort, which occurred after an anaplastic ependymoma and did not show any CNAs in the

RCC tumor genome (Figure 3C). The single case of chromophobe RCC of the cohort showed only loss

of chromosome 1. However, in contrast to the adult counterparts, no concurrent pathognomonic losses

of further chromosomes additionally to the chr1 loss were detected (Huang and Hsieh, 2020). In the one

ALK-rearrangement-associated pRCC case, we found losses in chromosomes 14 and 22 (Figure 3C).
Tumor heterogeneity and evolution

In 4/8 pRCC cases with more than one tumor sample from the same disease time point, we found a highly

different SNV pattern without or with only minimal SNV overlap (Figure S1), whereas in one case only the

CNA profile varied clearly between the different tumor samples (Figure S3). Interestingly, in one of these

eight cases, a somatic TP53 stopgain SNV was only detected in one out of three tumor samples from

the same disease time point. In this tumor, clearly different histological features between the samples

were also noticed. In contrast, the TFE3/TFEB fusion genes, the well-known driver mutations, were present

in all samples from the same patient.

In one patient suffering from a metastatic MiT-pRCC harboring a TFE3-ASPSCR1 fusion, we could analyze

two sequential samples (RCC544_I/II; Figure 1, Table1) taken frommetastatic lesions with a 10-year interval

in between within the course of persisting disease. Despite many different treatment lines, the girl never

achieved a complete tumor remission, but survived 11 years with metastatic lesions. Besides the TFE3

fusion, both analyzed samples shared a common somatic SNV in VWDE (von Willebrand factor D and

EGF domains), which has functions still largely unclear in human biology (Leigh et al., 2020). Overall, we

did not find a significant increase in the number of somatic SNV/indels in the later sample (RCC544_II) (Fig-

ure S1B), but only few shared coding SNVs between the two samples as well as different mutational signa-

tures, obviously remarkably influenced by the treatment of the later sample (Figure S1A). For example,
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Figure 4. Gene expression analysis (RNA-seq data) of pediatric RCC (pRCC; n = 18). Among the 18/25 pRCC cases with available RNA, 6 MiT-pRCC

cases (4 with ASPSCR1-TFE3 fusion, 1 with TFE3-SFPQ fusion, and 1 with TFEB-CLTC fusion), 8 papillary pRCC (6/8 histologically papillary type 1),

one chromophobe, one ALK-rearranged, one post-NB, and one FH-deficient RCC were included

(A) Unsupervised hierarchical clustering of pRCC samples based on the top 1,000 most differentially expressed genes (DEGs).

(B) Volcano-plot illustration of the significantly DEGs in MiT-pRCC versus papillary pRCC.

(C) Volcano-plot illustration of the significantly DEGs in metastatic fatal MiT-pRCC versus nonmetastatic surviving MiT-pRCC.

(D) MET and RET gene expression in MiT-pRCC and papillary pRCC (ppRCC) compared with Wilms tumor relapses (INFORM), primary Wilms tumors, and

normal pediatric kidney (TARGET) as well as adult clear cell RCC, adult papillary RCC, and adult normal kidney (TCGA). MET gene expression significantly

higher in ppRCC versus MiT-pRCC, log2FC = 1.6, p < 0.0001, q < 0.01 (Wald test). RET gene expression significantly higher in MiT-pRCC versus ppRCC,

log2FC = 1.15, p = 0.013, q = 0.056 (Wald test).
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SNVs affecting theCHEK2 (check point kinase 2) and theMLH3 (MutL Homolog 3) gene were detected only

in the tumor sample of the later time point.
Transcriptome analysis

Unsupervised hierarchical clustering of the transcriptome data (n = 18 samples with available RNAseq data)

based on the top 1,000most differentially expressed genes showedMiT-pRCC and ppRCC as clearly separated

clusters, suggesting specific gene expression patterns within each subgroup (Figure 4A). The finding of a

distinct MiT-RCC-associated transcriptional signature is consistent with previous results (Camparo et al.,

2008; Malouf et al., 2014). The one chromophobe pRCC case was found to cluster closely with the MiT-pRCC.

Differential gene expression analysis of MiT-pRCC versus ppRCC yielded 1,272 significantly differentially

expressed protein-coding genes (DEGs) at a false discovery rate (FDR) < 0.01 and | log2FoldChange |

>2. We identified NMRK2, DPP6, BRINP2, CHRM4, NROB2, MLPH, NTSR2, GDNF, HSD17B6, HHATL,

SV2B, FSTL4, PTGER3, and CYP17A1 as the most significantly overexpressed genes in MiT-pRCC. In

ppRCC, we detected DNAAF1, ZMYND10, DNAI1, FHL1, and SHH as being most significantly higher ex-

pressed than in MiT-pRCC (Figure 4B; Table S6).
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Gene set enrichment analysis (GSEA) of these DEGs using the KEGG pathway database revealed the

‘‘Neuroactive ligand-receptor interaction’’ gene set as most significantly upregulated in the MiT-pRCC,

which includes the above-mentioned NTSR2, CHRM4, and PTGER3 (Table S7). In addition, GDNF,

BRINP2, SV2B, and DPP6 exhibit neurotrophic, neurotransmitter, or other neural-related functions and

are associated with neurological disorders. Beyond that, most of them have been reported to be involved

in different cancers (Chen et al., 2021; Fielder et al., 2018; Millstein et al., 2020; Zhang et al., 2020b). Among

them, we found to be highest upregulated the cell-surface G-protein-coupled receptor, neurotensin re-

ceptor 2 (NTSR2) gene inMiT-pRCC (Figure 4B).NTSR2 is physiologically highly expressed in brain and par-

ticipates in signal transduction of neurotensin (NT), which acts as a neurotransmitter in the central nervous

system as well as a peripheral hormone in the intestine among others. In addition, dysregulation of NT and

NTSR1/2 has been described with oncogenic impact in different types of cancers (Ouyang et al., 2017)

which includes apoptosis regulation (Abbaci et al., 2018) as well as activation of the extracellular signal-

regulated kinases 1/2 (Ayala-Sarmiento et al., 2015).

Applying the Hallmark pathway analysis to the DEGs, the XENOBIOTIC_METABOLISM pathway emerged

as significantly upregulated in pMiT-RCC compared with ppRCC, which includes for example CYP17A1

(Table S7). Moreover, among the above-mentioned significantly overexpressed genes in MiT-pRCC,

NMRK2, NROB2, and HSD17B6 were identified to be related to diverse metabolism functions. The

NMRK2 (nicotinamide riboside kinase 2) gene was most significantly overexpressed in the MiT-pRCC sam-

ples and encodes an enzyme involved in energy metabolism and the oxidative phosphorylation system via

NAD biosynthesis, which is normally highly restricted to muscle (Ratajczak et al., 2016) and could play a role

in the aberrant metabolism in RCC.

The gene expression profile of the MiT-pRCC cohort corresponds well with the results reported (Camparo

et al., 2008; Pflueger et al., 2013) in adult MiT-RCC cases with 25/46 and 23/48 concordantly upregulated

signature genes (i.e., HHATL, CYP17A1, SV2B, NTSR2, and TRIM63).

Focusing on ppRCC, the Hallmark pathway analysis revealed the G2M_CHECKPOINT, E2F_TARGETS, and

MITOTIC_SPINDLE pathways as significantly upregulated in comparison to the MiT-pRCC. Furthermore,

we identified DNAAF1 (Dynein Axonemal Assembly Factor 1), DNAI1 (Dynein Axonemal Intermediate

Chain 1), and ZMYND10 (Zinc finger MYND-type-containing 10) as the three most significantly higher

expressed genes in ppRCC compared with MiT-pRCC. All three genes encode proteins involved in the for-

mation and assembly of the dynein arms and are required for normal motile ciliary ultrastructure and func-

tion, which is consistent with the enriched cilium signature reported in adult papillary RCC transcriptome

(Huang and Hsieh, 2020; Ricketts et al., 2018).

Furthermore, MET emerged as significantly higher expressed in ppRCC compared with MiT-pRCC (Fig-

ure 4D), which was expected based on adult papillary RCC studies (Albiges et al., 2014; Durinck et al.,

2015) and is consistent with the frequent chr7 gains. Among the MiT-pRCCs, only one particularly aggres-

sive metastatic case (RCC751) demonstrated a slightly higherMET expression than the median expression

value in Wilms tumors and adult ccRCC, corresponding to the results of an IHC study in a predominantly

adult MiT-RCC cohort showing a significant correlation between high MET protein expression and clinical

aggressiveness (Calio et al., 2020).

Focusing on additional potential drug targets, we studied the expression of the proto-oncogene RET, a

receptor tyrosine kinase recently detected to be significantly upregulated in a PRCC-TFE3-fusion-bearing

mouse model (Baba et al., 2019) and subsequently verified by IHC-staining in some MiT-RCCs. However,

RET was found to be only borderline significantly overexpressed (log2FC1.15, p = 0.013) in MiT-pRCCs

compared with ppRCCs (Figure 4D).

In addition, we performed differential gene expression analysis between patients who died due to meta-

static MiT-pRCC and nonmetastatic surviving MiT-pRCC patients (Table S8), which revealed 167 protein-

coding DEGs (FDR<0.01, | log2FoldChange | >2). TFAP2A, GBP1, EFEMP1, TBX18, DSC3, GATA4, and

CA3 emerged as the highest significantly overexpressed genes in the fatal cases (Figure 4C). Except for

CA3, all these genes have been reported to be potentially involved in tumorigenesis and their overexpres-

sion have been frequently associated with poor prognosis (Pan et al., 2014; Tapia-Carrillo et al., 2019; Wang

et al., 2018b, 2020; Zhao et al., 2019; Zhou et al., 2018).
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Figure 5. Tumor immune microenvironment (TME) deconvolution and gene expression of immune-regulatory, checkpoint or immunosuppressive

activity-related genes in pediatric RCC (pRCC; n = 18)

(A) Fraction of different immune cell populations in each pRCC case.

(B) Overview of immune cell composition (median value of each cell type) in all pRCC, MiT-pRCC, and papillary pRCC (ppRCC).

(C) Fractions of selected immune cell types in all pRCC, MiT-pRCC, and ppRCC; dendritic cell fraction was significantly different between MiT-pRCC and

ppRCC, p = 0.026 (Welch two sample t test).

(D) Unsupervised hierarchical clustering based on gene expression profiles of 59 immune-regulatory, checkpoint or immunosuppression-associated genes

(Samstein et al., 2020) in pRCC.

(E) Anti-tumoral cytolytic activity (CYTscore) in all pRCC, MiT-pRCC, and ppRCC.

(F) Gene expression of selected immune checkpoint genes in all pRCC, MiT-pRCC, and ppRCC; *PD1 (p < 0.001, Wald test), *PD-L1 (p < 0.001, Wald test),

*CTLA4 (p = 0.01, Wald test), and *TIGIT (p = 0.002, Wald test) significantly different between MiT-pRCC and ppRCC.
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Immune profiling

Besides tumor cell genomics, we investigated the tumor associated immune microenvironment (TME),

which also affects tumor evolution in RCC (Chevrier et al., 2017). Using the quanTIseq immune cell decon-

volution algorithm based on bulk RNA-seq data, we observed macrophages as the predominant immune

cell population, with a mean proportion of 35% of all immune cells (IC) across pRCC samples of all histo-

logic subtypes representing the main IC fraction in 10/18 cases, mostly consisting of M2 macrophages

(26%). Macrophages dominated among the IC in a higher proportion of cases in MiT-pRCC (5/6) compared

with ppRCC (4/8) (Figures 5A–5C). The highest macrophage fractions (except for one case) were found in

the two metastatic MiT-pRCC with fatal course, which is consistent with studies in adult ccRCC (Mier, 2019;

Stenzel et al., 2020). Beyond that, we found substantial differences in the composition of TME in different

histologic subtypes of pRCC. The fraction of dendritic cells (DC) in ppRCC (mean 22.5%) was significantly

higher than in MiT-pRCC (mean 4%) (Welch two sample t test, p = 0.026). A higher CD4-T cell fraction has

also been observed in ppRCC (mean 14%) compared with MiT-pRCC (mean 4%) (Figures 5A–5C). A sub-

stantial fraction of CD8-T cells was found only in one exceptional metastatic MiT-pRCC. The mean fractions

of CD4�, CD8�, Tregs, B cells, natural killer (NK) cells, DC, as well as neutrophils were 8%, 5%, 4%, 3%, 7%,

13%, and 22% of total IC respectively across all pRCC (Table S9).

In addition to tumor immune microenvironment deconvolution, we analyzed the expression of immune

checkpoint-related molecules and calculated the anti-tumoral cytolytic activity score (CYTscore) from

the cytolytic proteins granzyme A and perforin-RNA expression (Rooney et al., 2015). The median gene

expression level of PDCD1 (PD1), PD-L1 (CD274), CTLA4, and TIGIT was significantly higher in MiT-

pRCC compared with ppRCC (Welch two sample t test, p<=0.01). In contrast, VTCN1was higher expressed

in ppRCC. Beyond that, no significant differential gene expression between the MiT-pRCC and ppRCC was

found for HAVCR2 (TIM3), LAG3, B7-H3 (CD276), IDO1, A2AR (ADORA2A), BTLA, and the CYTscore

(Figures 5E, 5F, and S5D and Table S10).

Interestingly, the two metastatic MiT-pRCC patients with contrasting clinical courses (RCC751, RCC544)

(Table 1) exhibited different patterns of immune checkpoint molecule expression. The particularly aggres-

sive case RCC751 had the second highest PD-L1 expression and the highest B7-H3 expression, which both

are known as a poor prognostic marker in adult RCC (Lavacchi et al., 2020). Furthermore, the lowest CYT-

score and gene expression ofCTLA4, TIM3, and TIGIT, as well as the second lowest gene expression of PD1

among all pRCCs was observed in RCC751. In contrast, the highest CYTscore and highest gene expression

of CTLA4, LAG3, and TIGIT as well as the second highest PD1 expression and only moderate PD-L1 expres-

sion (Tables 1 and S10) were found in RCC544, who survived for 11 years.

Finally, we applied unsupervised hierarchical clustering of gene expression values of a gene set consisting

of 59 genes involved in immune-regulatory, checkpoint or immunosuppressive activities published recently

(Samstein et al., 2021). Samples from ppRCC and MiT-pRCC formed distinct subtype-specific clusters (Fig-

ure 5D), suggesting specific TME patterns in each pRCC subtype.
DISCUSSION

We present here the genomic landscape of a broad spectrum of pediatric RCCs and to the best of our

knowledge, the largest RCC cohort in this age group with comprehensive NGS analyses to date.

In 23% (5/22) of the pRCC cases we found germline genemutations in cancer predisposition genes, which is

a remarkably higher frequency compared with other pediatric tumor cohorts (7.6%) (Grobner et al., 2018).
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So far, two of these germline genemutations (POLE and BRCA2) have not been recognized as predisposing

in RCC. In addition, in two cases, RCC appeared as a secondary malignancy after either neuroblastoma or

ependymoma, yet no germline alterations were found in these patients.

Coding somatic mutations were detected at a very low frequency in most pRCC samples, which is consis-

tent with other pediatric cancers (Grobner et al., 2018), but in contrast to adult RCC, in particular to adult

papillary RCC (median 61 or 71 SNV/indels) (Ball et al., 2017; Durinck et al., 2015).

CNAs were the most pronounced and common genomic aberrations in ppRCC, which corresponds well

with adult papillary RCC; however, in contrast, gains of chromosome 3 were rare, whereas gains of chromo-

some 2 were more frequently detected in ppRCC (Durinck et al., 2015; Liu et al., 2020). Further, only a

minority of MiT-pRCC, i.e., a smaller proportion compared with adult MiT-RCC, showed an elevated

CNA frequency, affecting predominantly metastatic or regionally advanced poor-prognosis cases. Only

fatal pMiT-RCC exhibited a loss of chr9p, in line with adult data (Marcon et al., 2020), as well as loss of

chr3p and chr11, which to the best of our knowledge has not yet been reported in MiT-RCC as a poor prog-

nosis marker.

Overall, gene fusions were detected in 12 cases of our pRCC cohort, with TFE3 being the most frequent

gene fusion partner (n = 9) as well as the most frequent recurrent somatic alteration detected in this cohort,

as previously described (Cajaiba et al., 2018). However, we also found an unreported TFE3-ASPSCR1-SNX8

gene fusion in one particularly aggressive metastatic case (RCC751). The fusion partner sorting nexin 8

(SNX8), which retained its functional PX protein domain in the SNX8-ASPSCR1 fusion, belongs to the sort-

ing nexin protein family, whose members are involved in endocytosis and endosomal sorting and signaling

(Dyve et al., 2009). Although the underlying mechanisms remain unknown, the complex triple fusion may

have contributed to the particularly fatal clinical course of this pRCC patient.

Furthermore, we discovered aCRK-PITPNA translocation in one sample classified histologically as papillary

RCC, which so far, to the best of our knowledge, has not yet been reported in cancer. The CRK gene en-

codes an adaptor protein that acts as a molecular bridge between tyrosine kinases and their substrates.

The CRK protein has been identified as an oncoprotein involved in the regulation of a wide spectrum of

biological processes including cell motility, invasion, survival, and apoptosis (Kumar et al., 2014). We de-

tected the second highest CRK gene expression level across the whole pRCC cohort in this case, suggest-

ing a potential biological role of the aberrant CRK-PITPNA fusion gene. Interestingly, CRK is higher ex-

pressed in all papillary type 1 pRCCs compared with other subtypes, yet no further CRK fusion has been

detected in this ppRCC cohort. The phosphatidylinositol transfer protein alpha (PITPNA) gene has also

been shown to be involved in oncogenesis as a fusion gene partner of MLL (KMT2A) in pediatric leukemia

(Ney Garcia et al., 2017).

We found only limited overlap between somatic mutations in pediatric and adult RCC, even within the

same histological subtype. Canonical genes mutated in adult papillary RCC including MET, CDKN2A/B,

SETD2, NF2, NFE2L2, SLC5A3, KDM6A, SMARCB1, PBRM1, BAP1, FAT1, PNKD, MLL3, STAG2, CHD3,

CPQ, CRTC1, and SLC9A3R1 (Cancer Genome Atlas Research et al., 2016; Chen et al., 2016; Durinck

et al., 2015; Hsieh et al., 2018; Liu et al., 2020) were not found to be mutated in pediatric papillary RCC

or in other pediatric RCC subtypes. In addition, TERT promotor or ATM mutations, which were previously

described in adult MiT-RCC (Marcon et al., 2020), were not found in pediatric MiT-RCC.

Overall, only a limited number of recurrent somatic mutations were detected in our pediatric RCC samples,

most notably CCDC168, LRRK2, PLEKHA1, VWF, andMAP3K9, with the majority of them being reported in

RCC in general for the first time. Interestingly, LRRK2, VWF, and various MAPK genes (i.e., MAP4K3,

MAP4K1) mutated in metastatic MiT-pRCC cases have been reported as potential drug targets, mostly

in pre-clinical models (Goh et al., 2021; Johnson et al., 2019; Mancini et al., 2020). Furthermore, analysis

of differentially expressed genes revealed a limited number of potential drug targets unreported so far

for MiT-pRCC such as NTSR2, CYP17A1, CHRM4, CA3, and PTGER3, besides VEGFA/HIF1A and RET

with a lower degree of overexpression. For example, CYP17A1 inhibition has been shown to result in sig-

nificant tumor suppression in a ccRCC-mouse xenograft model (Lee et al., 2017). Moreover, in the immune

checkpoint gene expression analysis, the two metastatic MiT-pRCC exhibited either an exceptionally high

PD-L1 expression or a high PD1/LAG3/TiM3+ expression together with the highest CD8-T cell fraction,
14 iScience 25, 104167, April 15, 2022
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suggesting possible benefit of a PD1/PD-L1-directed therapy in these patients (Simonaggio et al., 2021). In

addition, the TIGIT, TIM3, and B7-H3 expression in MiT-pRCC makes them possible drug targets to

consider for future clinical trials (Andrews et al., 2019; Li et al., 2020; Scribner et al., 2020). Further studies

addressing the genomic characteristics of pRCCs are necessary to verify our findings in larger cohorts and

broaden the spectrum of suitable drug targets, particularly focusing on MiT-pRCC patients, who urgently

need substantially improved adjuvant treatment options in metastatic cases.

In conclusion, pediatric RCC represents a particular type of tumor with limited genomic overlap with adult

RCC and other pediatric malignancies, rarely harboring somatic mutations typically known for adult RCC or

other pediatric solid tumors (Ma et al., 2018). The ppRCC emerged as a distinct subtype, with somatic mu-

tations and gene expression profiles being different not only from MiT-pRCC but also from adult papillary

RCC (Durinck et al., 2015; Linehan and Ricketts, 2013). We discovered a CRK-PITPNA gene fusion for the

first time and observed a complex TFE3-ASPSCR1-SNX8 triple gene fusion. Potentially tumor-predisposing

mutations in POLE and BRCA2 were observed in RCC for the first time. Furthermore, several recurrent so-

matic mutations were found, which were not reported in RCC to date. This study sheds light onto the ge-

nomics of pediatric RCC through comprehensive computational analyses and lays the foundation for future

studies to better understand the biology of this rare tumor type.

Limitations of the study

Our pediatric RCC study is restricted by some limitations, first of all by the relatively small sample size and

the retrospective characteristic of the analysis. Furthermore, due to the rarity of pRCC and limited availabil-

ity of tumor material, heterogeneous tumor samples were examined from different sites and time points of

tumor evolution. Apart from that, DNA quality has been limited due to FFPE specimens from cases for

which fresh frozen tumor material was not available. The results of the differential gene expression analyses

may be limited, partly because of the restricted comparisons between MiT-pRCC and ppRCC only, lacking

healthy control tissue from pediatric kidney. Finally, deconvolution of the TME based on the bulk RNA-seq

data lack wet-lab validation.
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Pediatric RCC tumor samples Multiple tissue source sites See Experimental models and subject details

Critical commercial assays

SureSelectXT Human All Exon V5 Library

(without UTRs)

Agilent Cat#5190-6210

TruSeq mRNA Stranded Library Prep Kit Illumina Cat#20020595

Deposited data

Pediatric RCC WES and bulk RNA-seq data This paper EGAS00001006057

The genomic landscape of pediatric

renal cell carcinoma

Processed INFORM RCC cases

(INF_KO_00D and RCC544_II)

bulk RNA-seq data and WES

EGAS00001005112

The INFORM Precision Medicine

Study for High-Risk Pediatric Malignancies

EGAS00001005112

Processed INFORM Wilms Tumor

German cases bulk RNA-seq data

EGAS00001005112

The INFORM Precision Medicine

Study for High-Risk Pediatric Malignancies

EGAS00001005112

Processed TARGET Wilms Tumor and

normal renal tissue bulk RNA-seq data

NCI Genomic Data Commons https://docs.gdc.cancer.gov/

release 13.0 (September 2018)

Processed TCGA KIRC and KIRP projects

bulk RNA-seq data

NCI Genomic Data Commons https://docs.gdc.cancer.gov/

release 13.0 (September 2018)

Software and algorithms

ANNOVAR Wang et al., 2010 http://www.openbioinformatics.org/annovar/

Arriba v1.0.1 Uhrig et al., 2021 https://github.com/suhrig/arriba

BEDTools v2.27.1 Quinlan and Hall, 2010 https://github.com/arq5x/bedtools2

BWA MEM v0.7.15 Li, 2013 https://github.com/lh3/bwa

clusterProfiler v3.16.1 Wu et al., 2021 https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

CNVkit v0.9.3 Talevich et al., 2016 https://github.com/etal./cnvkit

ComBat-seq/sva v3.36.0 Zhang et al., 2020c https://github.com/zhangyuqing/ComBat-seq

ComplexHeatmap Gu et al., 2016 https://jokergoo.github.io/ComplexHeatmap-

reference/book/

dbplyr v2.1.1 n/a https://github.com/tidyverse/dbplyr

Deseq2 v1.18.1 Love et al., 2014 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

DKFZ IndelCallingWorkflow n/a https://github.com/DKFZ-ODCF/

IndelCallingWorkflow

DKFZ SNVCallingWorkflow n/a https://github.com/DKFZ-ODCF/

SNVCallingWorkflow

FeatureCounts Liao et al., 2014 http://subread.sourceforge.net/

ggplot2 v3.3.3 n/a https://ggplot2.tidyverse.org

ggrepel v0.9.1 n/a https://github.com/slowkow/ggrepel

IGV Robinson et al., 2011 https://software.broadinstitute.org/software/igv/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Platypus Rimmer et al., 2014 https://www.well.ox.ac.uk/research/research-groups/

lunter-group/lunter-group/platypus-a-haplotype-

based-variant-caller-for-next-generation-sequence-data

QuanTIseq Finotello et al., 2019 https://icbi.i-med.ac.at/software/quantiseq/doc/

Roddy n/a https://github.com/TheRoddyWMS/Roddy

Sambamba v0.6.5 Tarasov et al., 2015 https://github.com/biod/sambamba

SAMtools v0.1.19 Li et al., 2009 RRID:SCR_002105

http://samtools.sourceforge.net/

SOPHIA n/a https://github.com/DKFZ-ODCF/SophiaWorkflow

STAR v2.5.3a Dobin et al., 2013 RRID:SCR_015899; https://github.com/alexdobin/STAR

TCGA and TARGET RNA-seq data processing n/a https://docs.gdc.cancer.gov/Data/

Bioinformatics_Pipelines/Expression_

mRNA_Pipeline

YAPSA v1.16.0 Hubschmann et al., 2021 https://rdrr.io/bioc/YAPSA/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Natalie Jäger (n.jaeger@kitz-heidelberg.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The published article contains all data sets generated or analyzed during this study. The WES and bulk

RNA sequencing data generated in this study have been deposited in the European Genome-phenome

archive (EGA) under the accession number EGAS00001006057.

d This study did not generate original code.

d Any additional information required to reanalyze the data included in this study will be provided by the

lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Tumor samples of 25 children and adolescents <18 years (15 boys and 10 girls) with RCC diagnosed be-

tween 1999 and 2018 in Germany were analyzed. In 20/25 cases, fresh frozen tumor material was available,

collected sequentially, unselected from patients within the German SIOP93-01/GPOH and SIOP2001/

GPOH studies. For 19 of these 20 cases, we also obtained patient-matched normal tissue (blood). For 8

patients more than one tumor sample from the same disease time-point, but a spatially different tumor

location, was sequenced (Table S1). In addition, for one of these 20 patients, tumor samples from two

sequential/different time-points in the disease course were available and included in the analysis

(RCC544). Tumor samples of five additionally selected patients with particularly interesting features such

as distant metastatic RCC (n = 3) or fatal disease course in primary localized RCC (n = 2) were included.

From four of these five patients we obtained formalin-fixed and paraffin-embedded (FFPE) tumor samples

from the Kiel Paediatric Tumor Registry (KTR), in the other case from the regional pathology (Heidelberg),

and in 3 of these 5 cases matched normal tissue (2/3 blood, 1/3 lymph node) was available. Clinical data

were taken from medical reports and registry forms of the SIOP/GPOH-nephroblastoma trial head office

in Homburg/Germany. For the histologic diagnosis the tumor specimens were reviewed in KTR by I.

Leuschner or CV, including TFE3-immunohistochemistry (IHC)/FISH in 23/25 cases. Tumors were classified

according to the 2016 WHO classification, and in consideration of the International Society of Urological

Pathology (ISUP) consensus conference on molecular pathology of genitourinary tumors in 2019 as well

as the Genitourinary Pathology Society (GUPS), as clear-cell, papillary, chromophobe, MiT family translo-

cation-associated, FH-deficient, unclassified RCC and the emerging, provisional entities ‘‘RCCs associated
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with ALK rearrangement’’ and ‘‘RCCs in neuroblastoma survivors’’ (Moch et al., 2016; Trpkov et al., 2021;

Williamson et al., 2020). The tumor stages were classified according to the TNM-staging system proposed

by the World Health Organization (WHO) in accordance with the 2010 UICC/AJCC standard TNM staging

for RCC (Edge and Compton, 2010). All subjects or their guardians provided informed consent for clinical

data registry and tumor analysis. The SIOP-93-01/GPOH and SIOP 2001/GPOH studies were approved by

the ethics committee of the medical association from Saarland/Germany. The clinical and genetic charac-

teristics of these patients are described in Table S1 in the Supplementary Appendix.

METHOD DETAILS

Whole-exome sequencing (WES) and RNA sequencing data from all 25 patients (including the two INFORM

cases INF_KO_00D and RCC544_II) were sequenced and analysed as described below.

Whole exome sequencing (WES) and RNA sequencing

Libraries for whole-exome sequencing were prepared using the Agilent SureSelect Human All Exon kit v5

(without UTRs) and sequenced on Illumina HiSeq 4000 HiSeq 3000_4000 in paired-end mode. Strand-spe-

cific, polyA+ RNA sequencing libraries were prepared using the Illumina TruSeq protocol and sequenced

on the Illumina HiSeq 4000 HiSeq 3000_4000 in paired-end mode. All samples were submitted to the Ge-

nomics and Proteomics Core Facility (GPCF) of the German Cancer Research Center (DKFZ) for WES and

RNA sequencing and were only included for library preparation after passing all standard quality controls.

Whole exome sequencing (WES) data processing

Alignmentswereperformedaccording to the standardsdefined for ICGCPanCancer (Stein et al., 2015).All reads

werealignedagainst thephase II referenceof the1000GenomesProject includingdecoy sequencesd5 (ftp://ftp.

1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/ phase2_reference_assembly_sequence/hs37d5.fa.gz)

using BWAMEM (v0.7.15 using standard values except for invoking -T 0). The raw BAMfiles were sorted and du-

plicates were marked using sambamba (SAMBAMBAMARKDUP_VERSION = 0.6.5) (Tarasov et al., 2015).

Transcriptome data processing

The STAR aligner was used for alignment (version 2.5.3a) (Dobin et al., 2013). Reads were aligned to a STAR

index generated from the 1000 genomes assembly, gencode 19 gene models and for asjbdOverhang of

200. The tool featureCounts (Liao et al., 2014) was used to perform gene specific read counting over

exon features based on the gencode 19 genemodels. Both reads of a paired fragment were used for count-

ing and the quality threshold was set to 255 (which indicates that STAR found a unique alignment). Strand

unspecific counting was used. A custom script was used to calculate RPKM and TPM expression values. For

total library abundance calculations, all genes on chromosomes X, Y, MT and rRNA and tRNA genes were

omitted as they are likely to introduce library size estimation biases.

Mutation calling of somatic and germline SNVs and indels

Detection of somatic and germline SNVs and insertions or deletions (indels) in theWES data was performed

using the DKFZ in-house pipeline ‘‘Roddy’’. The pipeline is based on SAMtools (v.0.1.19) (Li et al., 2009) mpi-

leup andbcftools usingparameter adjustments allowing for SNV calling evenwith low allele frequency in the

tumor, as previously described in (Jones et al., 2012). In short, variants were first called in the tumour sample

and then queried in thematching control sample. The raw calls were subsequently annotated usingmultiple

publicly available tracks such as 1000Genome variants, single nucleotide polymorphismdatabase (dbSNP),

repeats and other elements. The functional effect of the mutations was annotated using Annovar (Wang

et al., 2010) and the variants were assessed for their confidence (based in read depth, sequence context,

and many more parameters) and split into somatic and germline calls. The workflow is available at

https://github.com/DKFZ-ODCF/SNVCallingWorkflow, SNVCallingWorkflow:1.2.166-1 was used in this

project. The small insertion/deletion (indel) detection workflow is based on Platypus (Rimmer et al., 2014)

with extensive quality control additions for the DKFZ developed workflow management system ‘‘Roddy’’

and is available at https://github.com/DKFZ-ODCF/IndelCallingWorkflow, IndelCallingWorkflow:1.2.177

was used in this project.

The analysis of samples without available germline controls was performed using an in-house developed ‘No-

control workflow’ pipeline. Aligned tumor.bam files are softlinked along with the creation of fake-control.bam

files. Using the Roddy version 3.5.8 framework (https://github.com/TheRoddyWMS/Roddy), standard DKFZ
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pipeline SNVCallingWorkflow 1.4.2 (https://github.com/DKFZ-ODCF/SNVCallingWorkflow) was used for analy-

sing single-nucleotide variants(SNVs), while the indels were called using a Platypus (Rimmer et al., 2014) based

workflow (https://github.com/DKFZ-ODCF/IndelCallingWorkflow).Theoutput .vcf fileswere further analysed for

somatic and germline variants.

For patients withmore than one tumor sample taken fromdifferent locations of the tumor piece of the same

disease episode, the mean of the SNV and indel number of these tumor samples was calculated for each

patient and used in the downstream analyses and figures.

Tumor mutational burden (TMB) calculation

TMB was defined as the total number of somatic, non-synonymous mutations (including indels) normalized

to the exonic coverage of the respective whole-exome kit in megabases (mutations per megabase). Only

on-target mutations were counted.

Gene fusion identification

Gene fusions were identified using the Arriba algorithm (version 1.0.1) (Uhrig et al., 2021). The results were

manually curated according to the output value ‘‘SUPPORTING READ COUNT’’, only gene fusions with the

top five highest numbers of supporting reads were considered for further analysis.

Structural variants identification

The structural variants (SVs) were called using the tool SOPHIA (https://github.com/DKFZ-ODCF/

SophiaWorkflow). Particular interesting structural variants were further confirmed and characterized using

IGV (Robinson et al., 2011).

Copy number variation identification

The copy number variations (CNVs) were called using the tool CNVkit v0.9.3 (Talevich et al., 2016). The

average CNV plots for the papillary and MiT family translocation subgroups (Figure 3A) were generated

from Log2 copynumber ratio obtained from the cnr output files from CNVkit. These files were converted

to BED files, concatenated to a single file, sorted and merged using standard Linux commands and

BEDTools v2.27.1 (Quinlan and Hall, 2010). BEDTools merge options were set so that bookended frag-

ments were not merged. Using a custom python script, the resulting merged BED file was tiled into bins

spanning 10000 positions each with the log2ratio of each bin being calculated as weighted average

from the fragments overlapping the bin. The results were plotted using a custom R script. The single sam-

ples were processed the same.

Pathway analysis

Pathway analysis of somatic SNVs and indels (Table S4) as well as pathway analysis of differentially ex-

pressed protein-coding genes between the papillary and MiT family translocation subgroups (Table S7)

was done using the Bioconductor package clusterProfiler v3.16.1 (Wu et al., 2021). Information about

HALLMARK and KEGG pathways was downloaded from MSigDB (Liberzon et al., 2011, 2015; Subramanian

et al., 2005).

Unsupervised hierarchical clustering based on gene expression profiles

Unsupervised hierarchical clustering was performed on the pediatric RCC samples based on expression

profiles. log2(TPMs + 1) transformation of the Transcript per Million (TPM) values was performed and

the top 1000most differentially expressed genes (DEGs) were selected. A ‘‘row-centered’’ expression value

of each of these DE-Gs were then calculated by subtracting the rowmedian value (median expression value

of each gene in the pediatric RCC cohort). These ‘‘row-centered’’ expression values were then used for un-

supervised clustering with the R package ComplexHeatmap (Gu et al., 2016) with the parameters: cluster-

ing_distance_rows = ‘‘pearson’’, clustering_method_rows = ‘‘ward.D’’, clustering_distance_columns =

‘‘pearson’’, clustering_method_columns = ‘‘ward.D’’. Heatmap (Figure 4A) was generated with the package

ComplexHeatmap.

Differential gene expression analysis

Differential gene expression analysis between the MiT family translocation subgroup and papillary sub-

group as well as dead of disease (DOD)/metastasized versus alive/non-metastasized cases within the
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MiT family translocation subgroup were performed using the R package Deseq2 v1.18.1 (Love et al., 2014).

Protein-coding genes were selected for further analysis using a custom python script. The R packages

ggplot2 v3.3.3, ggrepel v0.9.1 and dbplyr v2.1.1 were used to generate the volcano plots (Figures 4B

and 4C). Genes with padjust (q-value) < 0.01 and | log2(FoldChange) | > 2 were defined as significantly

differentially expressed (Tables S6 and S8).
Batch effect correction

Batch effect correction was performed across the pediatric RCC cohort, the INFORM pediatric relapse

Wilms tumor German cases, the TARGET pediatric Wilms tumor and normal pediatric renal tissue, the

TCGA adult clear cell RCC (KIRC project) and adult papillary RCC (KIRP project) and adult normal renal tis-

sue samples (included in KIRC and KIRP projects). The function ‘‘ComBat_seq()’’ built in the R package sva

v3.36.0 (Zhang et al., 2020a) has been applied for batch effect correction. Raw counts of the pediatric RCC,

INFORM, TARGET and TCGA cohorts has been assigned to four batches with the ‘‘batch’’ parameter, no

specific groups were assigned (‘‘group = NULL’’). A custom python script has been used to transform the

batch effect corrected raw counts into TPMs. Comparison of gene expression values across cohorts are

based on the batch effect corrected TPM values (Figures 4D, S4A, S5B, and S5D).
Prediction of tumor-infiltrating immune cell fraction

QuanTIseq (Finotello et al., 2019) was applied on bulk RNAseq data according to developers instructions

(https://icbi.i-med.ac.at/software/quantiseq/doc/index.html) with the following command line options

‘‘–pipelinestart = decon –tumour = TRUE –method = lsei’’ to perform tumor immune microenvironment

(TME) deconvolution for all pediatric RCC samples (Figures 5A and 5C). The median value of cell fractions

in each cell type was calculated for all pediatric RCC samples, the papillary subgroup and the MiT family

translocation subgroup and illustrated in Figure 5B accordingly. No batch effect correction was applied

on the pediatric RCC cohort, the INFORM pediatric relapse Wilms tumor German cases, the TARGET pe-

diatric Wilms tumor and normal pediatric renal tissue, the TCGA adult clear cell RCC (KIRC project) and

adult papillary RCC (KIRP project) and adult normal renal tissue samples (included in KIRC and KIRP pro-

jects) upstream the TME deconvolution pipeline (Figures S5A and S5C), since batch effect correction led

to error-prone deconvolution results.
Gene expression of immune-regulatory, checkpoint or immunosuppressive activity-related

genes

Expression of an immunoregulatory gene set consisting of 59 immune-regulatory, checkpoint or immuno-

suppressive activity-related genes published in (Samstein et al., 2021) has been studied across the pediatric

RCC cohort. Unsupervised hierarchical clustering was performed as described in the section ‘‘Unsuper-

vised hierarchical clustering based on gene expression profiles’’ (Figure 5D).
Mutational signature analysis

Mutational signature analysis was performed with the software YAPSA v1.16.0 (Hubschmann et al., 2021)

based on the COSMIC signatures v3.2. The ‘‘PCAWG_valid_norm’’ signature results were used for the final

figure (Figure S1).
QUANTIFICATION AND STATISTICAL ANALYSIS

Weperformed all statistical tests and analyses with R version R3.6.3. Differential gene expression analysis of

the genes MET (p < 0.0001, Wald test), RET (p = 0.013, Wald test) and selected immune checkpoint genes

including PD1 (p < 0.001,Wald test), PD-L1 (p < 0.001,Wald test),CTLA4 (p = 0.01, Wald test) and TIGIT (p =

0.002, Wald test) between pediatric MiT family translocation RCC (MiT-pRCC) and pediatric papillary RCC

(ppRCC) were performed with DESEq2 v1.18.1. Significant difference between the fractions of dendritic

cells betweenMiT-pRCC and ppRCCwas tested with theWelch Two Sample t-test (p = 0.026). Visualization

has been performed with the R package ‘ggplot2’ with R version R3.6.3.
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