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Abstract

Purpose—Translocation renal cell carcinoma (tRCC) is a rare, aggressive RCC subtype. There is 

currently limited understanding on the role of molecular alterations in the pathogenesis and 

progression of these tumors. We investigated the association between somatic alterations and 

clinical outcomes in two independent cohorts profiled using DNA-sequencing.

Experimental Design—Twenty-two tRCCs underwent targeted sequencing (MSK-IMPACT); a 

subset was profiled using exome-sequencing and combined with exome data from The Cancer 

Genome Atlas (TCGA) for analysis. The prognostic value of specific somatic aberrations, tumor 
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mutation burden (TMB) and fraction of copy-number altered genome (FCNAg) was explored. In 

TCGA cases, neoantigen prediction and immune cell deconvolution were performed using RNA-

seq and exome data. Overall survival estimates were computed using the Kaplan-Meier method; 

time-on-treatment (TOT) was calculated for 14 MSK-IMPACT patients who underwent systemic 

therapy. Associations between molecular features and outcomes were evaluated using non-

parametric testing

Results—Copy-number aberrant tRCCs were associated with poor overall survival (p=0.03). 

Pediatric patients had tumors with lower FCNAg (p=0.01). In one adult case with two 

chronologically distinct tumor samples sequenced, we confirmed that copy-number events 

occurred early during evolution. TERT promoter mutations were found exclusively in high-stage 

tumors. We found that tRCCs displayed distinct angiogenesis and PD-L1 gene expression profiles 

compared to other RCC subtypes.

Conclusions—Tumors molecularly defined by increased CNVs were associated with aggressive 

disease in tRCC. A higher burden of genomic events in adults compared to pediatric cases likely 

reflects a more aggressive clinical course. The unique immunophenotypic characteristics of tRCC 

merit further exploration.

Introduction

Microphthalmia transcription factor (MiTF)-family translocation renal cell carcinoma 

(tRCC) constitutes approximately 4% and 41.5% of renal cell carcinoma (RCC) cases in 

adults and children, respectively, with pediatric cases generally showing more favorable 

outcomes. The pathognomonic event in this disease is a fusion between transcription factors 

TFE3 or TFEB (on chromosomal loci Xp11.2 and 6p21, respectively) to a potentially more 

transcriptionally active locus. MiTF transcription factors are involved in the regulation of 

genes related to cell growth, metabolism, and lysosomal biogenesis, but the specific 

pathways and molecular mechanisms triggering oncogenesis and driving aggressiveness in 

tRCC remain unclear(1–4). There are currently no prognostic biomarkers, nor standard of 

care therapy for advanced disease, in this rare and aggressive RCC subtype.

Prior analyses of recurrent genomic alterations in tRCC have been limited to relatively small 

cohorts and predominantly focused on the analysis of copy number variations (CNVs). In a 

previous report of 16 primary tRCC specimens, distinct somatic CNVs were reported to be 

associated with poor prognosis. The most frequent CNVs in this cohort were 17q gain and 

9p loss, the latter also representing a known prognostic feature of clear cell RCC (ccRCC)

(5),(6). Additionally, only a small number of patients with advanced tRCC have been 

included in clinical trials of systemic therapy for RCC. Therefore, there is currently not 

enough information about the efficacy of different treatments and, as a result, no established 

standard of care (7–9). In a recent retrospective, multi-institutional study of 24 patients 

undergoing immune-checkpoint blockade (ICB) therapy, to date the largest report on 

outcomes to systemic therapy in tRCC, the authors reported a benefit in patients harboring 

mutations in bromodomain-containing genes. However, an evaluation of copy number status 

was not performed (10).
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Here, we investigated the presence of recurrent genomic alterations (mutations and CNVs) 

and their association with prognosis in 22 patients prospectively sequenced at our institution 

using a combination of targeted and exome-wide sequencing. Additionally, we explored the 

frequency of these events in a subset of cases with response to systemic therapy. We 

evaluated the reproducibility of our findings in an independent cohort of 14 tRCC cases 

from the TCGA consortium. We further carried out neoantigen prediction of mutations and 

fusion-generated peptides and investigated the tumor microenvironment using RNA 

sequencing data. All of the underlying mutation and copy number data associated with our 

analysis is provided in the Supplementary Material as a public resource for research into this 

rare entity.

Patients and methods

Patient cohorts

The study was conducted in accordance with the Declaration of Helsinki and was approved 

by an Institutional Review Board. All subjects or subjects’ guardians gave written informed 

consent.

MSK-IMPACT cohort (discovery).—After obtaining Institutional Review Board 

approval, our internal database was queried for patients with a histological diagnosis of 

tRCC. Diagnoses were made by dedicated genitourinary pathologists and were based on 

positive immunohistochemistry (IHC) or the confirmation of an MiTF gene fusion by either 

fluorescence-in-situ hybridization (FISH), anchored multiplex polymerase chain reaction 

assay (ARCHER®) or next-generation sequencing (NGS). Since false-positive and false-

negative results have been reported for IHC-based diagnoses, patients who did not have 

cytogenetic proof of a translocation were excluded from further analysis (Supplementary 

Figure 1) (11).

MSK-exome cohort.—A subset of the MSK-IMPACT cohort (n=10) underwent 

additional whole-exome sequencing (WES). Sequencing methods are detailed in the relevant 

section below. An additional tumor sample, derived from the same patient as TCGA sample 

BQ-5887, was also submitted for exome sequencing.

TCGA-exome cohort (validation).—Non-MSK patients with tRCC were identified from 

The Cancer Genome Atlas pan-kidney (TCGA-KIPAN) cohort, with available RNA 

sequencing (RNA-seq) and exome sequencing data. Clinical information for these cases was 

obtained from a publicly available dataset (www.firebrowse.org, TCGA data version 

2016_01_28). MiTF gene fusion was confirmed using two independent datasets of transcript 

fusions across TCGA samples (12,13). Baseline characteristics of these patients and sample 

metadata are available in Supplementary Tables S1 and S2.

MSK-IMPACT Targeted Sequencing

Tumor and matched-normal specimens were sent for targeted next-generation sequencing 

(NGS) using our previously-validated sequencing panel (MSK-IMPACT®), which targets 

341, 410, or 468 actionable genes based on the platform version(14). In brief, DNA from 
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tumor and matched blood normal specimens from each patient were extracted and sheared to 

create barcoded DNA libraries. Using captured DNA, all coding exons of cancer genes and a 

subset of polymorphic loci (for copy number analysis) were sequenced. Deep sequencing 

was performed at an average of 500 to 1,000X coverage. After alignment to the reference 

human genome, somatic alterations (missense mutations, small insertions and deletions, 

structural rearrangements, and DNA copy number changes) were identified using a 

bioinformatics pipeline described in detail previously (14). To assess oncogenicity, 

mutations were annotated using the oncology knowledge database OncoKB® (15).

Whole-Exome Sequencing, Processing, and Mutation Analysis

Alignment of FASTQ-formatted raw sequencing data to the human reference genome (b37) 

was performed using the Burrows–Wheeler aligner (BWA v.0.7.10). The Genome Analysis 

Toolkit was used to perform local realignment (GATK v4.1.4.1(16)). Duplicate reads were 

excluded using Picard v.2.13. Four different variant calling tools were used for mutation 

calling: MuTect2 (part of GATKv4.1.4.1(16)), Strelka2 v2.9.10 (17), Varscan v2.4.3 (18) 

and Platypus (19). To pass filtering, mutations were required to be detected by at least two 

caller algorithms. To obtain highly accurate variant calls, ancillary filters were used. These 

filters included a base coverage of a minimum of 10 reads in the tumor, at least 5 reads 

supporting the mutation and an allelic frequency below 2% in the matched-blood sample. 

Furthermore, single-nucleotide variants (SNVs) identified at a frequency higher than 1% in 

dbSNP (20) or 1000Genomes project (21) were excluded. Mutation calls from both MSK-

IMPACT and exome sequencing have been provided (Supplementary Table S3).

Allele-specific copy number analysis

Allele-specific copy number analysis (ASCN) was performed using our institutional 

bioinformatics algorithm FACETS (22). After genome segmentation, each segment was 

categorized as being diploid or non-diploid according to its CN integer values (i.e. segments 

with a total copy number ≠ 2 or minor copy number ≠ 1, according to the FACETS outputs). 

In cases where FACETS failed to produce any estimates, the values from the closest adjacent 

segment (on the same chromosomal arm) were used instead. In order to compute the fraction 

of copy number-altered genome (FCNAg), the length of each autosomal genomic segment 

(in base pairs) was determined. FCNAg was then calculated by adding the non-diploid 

segments and comparing their total length to the sum of all segments. Copy-neutral 

segments showing allelic imbalance were also considered to be aberrant (i.e. total CN = 2 

and lower CN = 0). Gains were called if the total copy number of a segment was greater than 

2 (diploid). Losses were called if the minor copy number of an arm segment was equal to 0 

(corresponding to loss-of-heterozygosity [LOH]), regardless of the total number of copies. 

No arm-level CNVs were found to have both LOH and a total copy number greater than 2 

(Supplementary Table 4). Arm-level events were defined as any gain or loss occurring in an 

autosome that involved at least 10% of the arm. We used this relatively low arm fraction 

threshold both to remove potential artifacts from the assay, such as drops in coverage around 

centromeric or telomeric regions (which could be captured as losses), and at the same time 

capture any somatic copy number events regardless of their breadth. In general, very few 

focal CN events were observed, except for some focal losses in 9p21.3 involving 

CDKN2A/2B loci (which were considered 9p losses in the analysis). Copy number-aberrant 
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tumors were classified as such when they satisfied at least one of the following criteria: (1) 

9p loss/focal loss of CDKN2A/2B, (2) 17q gain, (3) FCNAg greater than the median in the 

relevant cohort. All 9p and 17q calls were manually reviewed using the raw FACETS output, 

and in cases where it was clear that FACETS had misclassified a subclonal gain/loss at these 

loci, this was corrected and recorded. All copy number calls, including notation of manual 

review, are available in Supplementary Table S4.

Calculation of TMB

All non-silent exonic mutations were considered for computation of TMB and this number 

was corrected for the total genomic length covered in the hybridization assay (1 Mb and 1.1 

Mb for cases of MSK-IMPACT® versions 5 and 6). Since the MSK and TCGA whole-

exome assays covered different lengths of the genome, appropriate corrections were made 

(38.9 Mb for MSK-exome and 36.8 Mb for TCGA-exome. Mutation calling was not 

completed on 2 TCGA samples sequenced with the SOLiD sequencing platform, and 

therefore tumor mutation burden for these samples was determined using public TCGA 

mutation calls.

Cancer cell fraction analysis

Mutations with a cancer cell fraction (CCF) of ≥ 0.9 were defined as clonal, and all other 

mutations were considered subclonal. Using these definitions, an intratumoral heterogeneity 

(ITH) index (range 0, +∞) was computed by dividing the number of subclonal and clonal 

mutations (#subclonal / #clonal).

Neoantigen prediction and immune cell deconvolution

We used INTEGRATE, as described by Zhang et al(23), for identifying gene fusions from 

RNA-seq data. HLA alleles were identified using POLYSOLVER(24). For the neoantigen 

prediction of the fusion proteins called by INTEGRATE, we used the INTEGRATE-neo 

pipeline(23) which reports any fusion-derived peptides found with binding affinity less than 

500 nM (default setting) for the given HLA allele through NetMHC v4.0(25).

We further assessed differences in the expression of signatures associated with angiogenesis, 

PD1, PD-L1 and CTLA4 between tRCC cases and other RCC histologies. To do this, we 

performed Gene Set Enrichment Analysis (ssGSEA) using previously described gene 

signatures in single-sample RNA-seq data (26)(27)(28). We used the ssGSEA algorithm 

implementation through the R package ‘gsva’(29) to calculate the relative overexpression of 

gene sets of interest in each of the samples (30). Expression data was downloaded from the 

TCGA firebrowse website.

Statistical analysis

Cases with complete genomic information were included in the analysis (n=22). Patient age 

was recorded at the time of diagnosis and pediatric cases were defined as patients diagnosed 

before 18 years of age. The association between FCNAg and clinicopathological variables at 

baseline (i.e. clinical stage and age) was tested using the Mann-Whitney U test. The same 

approach was used to perform pairwise TMB comparisons between the tRCC cohorts and 

other RCC subtypes in the TCGA (KIRC, KIRP, KICH), as well as when assessing 
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differences in FCNAg between two groups. Differences in PD-L1 gene expression were 

tested between tRCCs and other tumors within the corresponding TCGA subgroup (KIRC, 

KIRP).

The primary outcome was overall survival (OS), which was calculated from the time of 

pathologic diagnosis to the date of death or last follow-up. Survival estimates were 

computed using the Kaplan-Meier method and estimates were compared using the log-rank 

test. Two TCGA samples sequenced with SOLiD sequencing were excluded from survival 

analysis due to absence of copy number data (Supplementary Table 2). In order to assess the 

response to systemic therapy, we measured time-to-treatment (TTT) and time-on-treatment 

(TOT). TTT was defined as the time interval from diagnosis to systemic therapy start; TOT 

was specified as the time from treatment start to discontinuation, either due to therapy-

related toxicity or disease progression. A TOT > 12 months was used as a surrogate for 

response. All hypothesis tests were two-sided and statistical significance was defined as 

p<0.05. All analyses were performed using the R platform v3.5.3.

Results

Patient characteristics

We identified 37 patients treated for tRCC at our center between 1997 and 2019, with the 

diagnosis based on immunohistochemistry, FISH analysis, anchored multiplex polymerase 

chain reaction or NGS. We excluded 15 samples from further analysis due to lack of consent 

to sequencing or negative cytogenetic proof (i.e. FISH, ARCHER® or NGS) of gene 

rearrangement (Supplementary Figure 1). An overview of the clinicopathological and 

molecular features of the Memorial Sloan Kettering Cancer Center (MSK) cohort who 

underwent NGS (n=22) is provided in Supplementary Tables 1 and 2. A summary of the 

clinical and genomic features of the MSK-IMPACT cohort (n=22) is also shown (Figure 1). 

Gene fusions were found in both TFE3 (n=20) and TFEB (n=2). Additionally, we identified 

an independent cohort from the pan-kidney (KIPAN) TCGA cohort of 14 primary tumors 

with a confirmed MiTF gene fusion and WES data (Supplementary Table 2), TFE3 and 

TFEB rearrangements were identified in 13 and 1 cases, respectively. Only 12 of the TCGA 

samples were included in most analyses, as two of them could not be processed due to our 

pipeline not being compatible with SOLiD sequencing (see Methods). The median follow-up 

time in the MSK-IMPACT and TCGA cohorts was 27.1 and 41.4 months, respectively.

Somatic driver mutations, tumor mutation burden, intratumoral heterogeneity and 
immunogenicity of fusion peptides in tRCC

Previous analyses of tRCC tumors were limited to comparatively small cohorts, and 

therefore were limited in their power to detect recurrent somatic mutations. We therefore 

first focused on the analysis of somatic mutations in the MSK-IMPACT cohort. After 

excluding TFE fusions and copy number alterations, 15/22 (68.2%) patients demonstrated 

somatic single nucleotide variations or indels, with putatively oncogenic driver mutations in 

SWI/SNF and DNA damage repair (DDR) pathways in 5/22 (22.7%) samples. We identified 

activating TERT promoter mutations (C228T) in three patients, all of which occurred in high 

AJCC stages, suggesting that activation of TERT may be a novel marker of aggressive 
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tRCC. Where possible, we quantitatively determined the clonality of putatively oncogenic 

mutations using allele-specific copy number analysis. We determined that 1/2 ATM 
mutations and 1/1 of the SMARCA4 mutations for which allele-specific copy number data 

was available were clonal (Supplementary Table 3). Of these, only the clonal ATM mutation 

was accompanied by loss-of-heterozygosity of the complementary allele, suggesting that this 

lesion may be a truncal driving event in the pathogenesis of the tumor.

High tumor mutational burden (TMB) has been used as a biomarker of favorable response to 

ICB in many solid cancers(31),(32). Because accurate quantification of TMB in low 

mutation burden tumors is difficult using targeted NGS panels, we assessed TMB from 

exome sequencing of 10 patients in the MSK-exome and 12 patients from the TCGA-exome 

cohort, for which single nucleotide variations were available from the public repository (see 

Methods). We computed a median TMB of 0.80 mut/Mb for tRCCs, different from all other 

TCGA-RCC cohorts (Figure 1). TMB was consistent between the TCGA and MSK-exome 

cohorts (net difference −0.12, Mann-Whitney U, p=0.47). Furthermore, the TMB of tRCC 

was characteristically different than that of other RCC subtypes: lower compared to clear 

cell (TCGA KIRC, −0.76 [−0.49, −1.02], Mann-Whitney U, p<0.001) and papillary (KIRP, 

−1.17 [−0.77, −1.54], Mann-Whitney U, p<0.001), but higher compared to chromophobe 

RCC (KICH, 0.16 [0.02, 0.34], Mann-Whitney U, p=0.03). No putatively explanatory 

mutations were identified in the outlier tRCC cases of exceptionally high TMB (Figure 1). 

We summarized the clonality of somatic mutations using a metric for overall intratumoral 

heterogeneity (ITH-index, see Methods). The median ITH-index across all tRCC exome 

samples considering all mutations was 0.82 (IQR 0.55-1.36), indicating a higher rate of 

clonal events relative to subclonal events. This is consistent with a model for the evolution of 

tRCC whereby early somatic mutations occur which are succeeded later by a small number 

of subclonal mutations. Taken together, these results indicate that, from a mutational 

perspective, tRCC tumors exhibit (1) relatively low mutation burden, (2) relatively few 

canonically oncogenic mutational events aside from MiTF translocation, and (3) in cases 

with loss-of-function mutations to tumor suppressors, the wild-type allele infrequently 

undergoes concomitant loss-of-heterozygosity (LOH). Mutation annotation files for the 

MSK-IMPACT and TCGA-exome cohorts are provided in Supplementary Table 3.

Given the recent report of immunogenic fusion-derived neoantigens in metastatic head and 

neck cancer (33) and the concept of immunogenicity in tumors with relatively low 

mutational burden, we assessed immunogenicity and the composition of the tumor 

microenvironment in TCGA-tRCC samples for which exome and RNA-seq data was 

available. We identified a significant HLA-epitope binding affinity of fusion-derived 

peptides in 8/14 (57.1%) cases, with a median affinity of 98.5 nM (range 58.6-496.8). The 

relevant data, including the HLA type as well as the epitope peptide sequence, are provided 

in Supplementary Table 2. We also used immune deconvolution techniques to test for 

differences in gene signatures for angiogenesis and three immunotherapeutic targets in 

ccRCC: PD1, PD-L1, and CTLA4. The angiogenesis gene expression signature was higher 

in tRCCs compared to papillary RCC (Mann-Whitney U, p=0.007) and lower but almost 

equivalent with respect to clear cell tumors (Mann-Whitney U, p=0.053). tRCCs also 

showed a higher PD-L1 expression signature compared to the KIRC (p=0.01) and KIRP 

cohorts (p=0.002). However, we found no significant differences in CTLA4 (p=0.2 and 
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p=0.71, respectively) or PD1 signatures (p=0.74 and p=0.7, respectively, Supplementary 

Figure 2).

Prognostic implications of copy number alterations

In prior analyses of tRCC, loss of chromosome arm 9p and gain of arm 17q were identified 

as common and, in the case of 17q gain, potential prognostic biomarkers(5). In contrast to 

earlier studies, our approach used allele-specific copy number analysis that could more 

sensitively detect small gains and copy number-neutral loss-of-heterozygosity events (see 

Methods). We therefore set out to evaluate the association between gross copy number 

events and both clinical features and OS in tRCC. We began by calculating the fraction of 

the genome exhibiting any copy number alteration (FCNAg). The median FCNAg was 0.16 

(IQR: 0.09-0.32) in the MSK-IMPACT cohort and 0.09 (IQR: 0.04-0.33) in the TCGA 

cohort. High AJCC stage (III/IV) was found to be associated with higher FCNAg in the 

TCGA cohort (Mann-Whitney U, p=0.006) but this finding did not reach statistical 

significance in the MSK-IMPACT cohort (p=0.09, Figure 2).

We next examined copy number alterations in the MSK-IMPACT cohort at a more granular 

level. The most common arm-level copy number alterations observed in the MSK-IMPACT 

cohort were loss of 9p in 9/22 (41%) patients, gain of 17q in 8/22 (36%) patients, and gain 

of 6p in 8/22 (36%) patients. No single copy number event was significantly associated with 

overall survival in the MSK-IMPACT cohort (Supplementary Table 5). However, we did 

note that 3/3 TERT mutations were identified in tumors harboring 9p loss, and that the 

presence of 9p loss was significantly associated with higher FCNAg in both cohorts (Figure 

3, Mann-Whitney U, p=0.008 and 0.042 in the MSK and TCGA cohorts, respectively).

Based on the relatively low TMB of tRCC and the comparatively high frequency of copy 

number alterations, we sought to evaluate the association between clinical outcomes and a 

summary measure of copy number changes. We defined a copy number-aberrant cohort of 

patients which harbored either 9p loss, 17q gain, or an FCNAg higher than the within-cohort 

median. In the MSK-IMPACT cohort, the 15 patients with copy number-aberrant (CNA) 

tumors demonstrated worse overall survival (5-year OS 34.9% vs 100%, log-rank p=0.03). 

In the TCGA cohort, this analysis was not statistically significant (log-rank, 0.18), however, 

the point survival estimates were very similar (5-year OS 57.1% vs 100%) suggesting that 

the analysis in the TCGA data may have been underpowered (with only n=10 samples). Two 

tumors in the MSK-IMPACT cohort and two tumors in the TCGA cohort exhibited bi-allelic 

loss of CDKN2A/B; treating these tumors as a separate group for the purposes of survival 

analysis did not meaningfully affect our findings, suggesting that bi-allelic loss of this gene 

is not the sole driver of poor prognosis in CNA tumors. Therefore, we performed a meta-

analysis on the results with the two cohorts which demonstrated a statistically significant 

association between copy number-aberrant tumor status and poor survival (p=0.03, Fisher’s 

combined probability test).

Temporal Evolution of a metastatic tRCC tumor

We retrospectively identified an additional tRCC tumor derived from a patient treated at our 

institution who had an earlier tRCC tumor sample sequenced as part of the TCGA 
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consortium (only a single such overlapping patient was identified). This patient initially 

underwent a partial nephrectomy (at our institution, sample unavailable) approximately 20 

years ago for a 4.5 cm renal mass that was diagnosed as a high-grade papillary RCC. After 8 

years, a local recurrence developed in the same kidney where the original tumor was 

removed, leading the patient to undergo a completion radical nephrectomy with 

retroperitoneal lymph node dissection (TCGA sample BQ-5887). To note, all the lymph 

nodes obtained during this procedure were found to be free of tumor. This local kidney 

recurrence was found to have concordant morphologic features when compared to the 

previous specimen, as well as a TFE3 gene rearrangement; prompting a change in the 

original diagnosis to MiTF-family tRCC. The patient remained disease-free for about 8 more 

years, after which he developed severe abdominal and back pain due to extensive disease 

spread in the upper abdomen and retroperitoneum. One of the retroperitoneal nodes was 

biopsied and also found to bear a PRCC-TFE3 fusion (MSK-RP-5887 sample). At this point 

the patient was diagnosed with metastatic disease and started on systemic therapy (Figure 4). 

After an initial period of partial response to everolimus/bevacizumab, the abdominal lesions 

became stable and subsequently grew again (with a new disease site also evidenced in the 

thorax). At this point, the treatment was stopped and the patient was administered two 

additional lines of therapy, which resulted in mixed responses (i.e. shrinkage of some lesions 

but progression in others). After progression on the third-line of therapy (plus significant 

TKI-related toxicity), the patient refused additional treatments and decided to undergo 

hospice care instead.

The newly identified tumor was a pathologically confirmed lymph node metastasis with 

evidence of a PRCC-TFE3 fusion (confirmed by IHC and FISH, as well as MSK-IMPACT 

sequencing). To understand the clonal relatedness of these tumors, we completed exome 

sequencing on the nodal metastasis, and compared copy number aberrations and mutations 

between MSK-RP-5887 and TCGA-BQ-5887. Interestingly, we noted that both samples 

exhibited whole-genome doubling (WGD) and extensive copy number alterations across the 

entire genome and therefore an aberrantly high FCNAg compared to other tRCC tumors. In 

fact, the vast majority of arm-level events (78%) were shared between the two tumors. 

Notably, loss of chromosome 9p was evident in the two samples and, in both cases, it 

preceded the WGD event. These findings are consistent with CNVs being an early event in 

the development of the tumor. In contrast, only 23% of somatic mutations were shared 

between the two tumors (ITH-index, MSK-RP-5887: 5.3, TCGA-BQ-5887: 16), indicating 

that extensive mutational diversification occurred after divergence of the most recent 

common ancestor (MRCA). Together, this suggests that in this particular tRCC tumor, copy 

number alterations occurred early during tumor evolution, whereas the acquisition of the 

bulk of the somatic mutations occurred later (Figure 4). This result is not in agreement with 

the median ITH-index result reported above (of 0.82), and may reflect different evolutionary 

patterns in metastatic vs. primary tRCC.

Response of tRCC patients to systemic therapies in the MSK-IMPACT cohort

We assessed treatment response in 14 patients of the MSK-IMPACT cohort who underwent, 

in their majority, multiple lines of systemic treatment. Five out of fourteen (35.7%) patients 

showed a prolonged TOT (>12 months) in the first- or second-line of therapy. We observed 
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no difference in the median FCNAg when comparing responders to non-responders (Mann-

Whitney U, p=0.55). We did not find any association between response to any therapy and 

genomic features. Notably, a patient with a prolonged response to ICB therapy harbored 

missense mutations in two genes of the PBAF chromatin-remodeling complex, SMARCA4 
and PBRM1; variants in both genes have recently been linked to immunogenic features (34),

(35). The treatment course and genomic characteristics of tRCC patients who showed 

prolonged responses to first- or second-line systemic therapy are shown in Figure 5.

Pediatric tRCC cases in MSK-IMPACT cohort

Finally, we assessed the presence of molecular alterations in patients under 18 years of age 

(n=3). Their sites of disease and their therapeutic course are displayed in Figure 6. Two 

patients had undergone prior chemotherapy: one for retinoblastoma, who also had evidence 

of a germline RB1 mutation (P-0025629-T02-IM6, germline status identified from 

sequencing of matched normal blood per standard MSK-IMPACT sequencing), and the other 

for neuroblastoma (P-0024809-T02-IM6). None of the pediatric cases showed 9p loss or 17q 

gain and, consistently, they were also found to have a significantly lower FCNAg when 

compared to their older counterparts (Mann-Whitney U, p=0.02) (see Supplementary Table 

3).

Discussion

We present a comprehensive genomic analysis of 22 tRCC patients utilizing high-depth 

targeted sequencing and high-breadth exome sequencing, combining the results with 

additional exome sequencing data from 14 TCGA tRCC cases. To serve as a resource for 

future studies, we report the genomic and clinical features found in each tumor in both 

cohorts. Our results suggest that tRCCs are driven primarily by copy number aberrations, 

rather than by somatic mutations in tumor suppressors and oncogenes. We observed distinct 

RNA-seq deconvolution scores for angiogenesis and PD-L1 in TCGA-exome cases 

compared to clear cell and papillary tumors from the TCGA; as well as, a prediction of 

significant HLA-binding affinity in 57.1% of the fusion-derived neoantigens, suggesting that 

perhaps influencing the immune system to direct it against these clonal antigens may 

represent a viable treatment strategy for tRCC. The smaller proportion of non-diploid 

genome in pediatric tRCC cases, compared to adults, is in line with a less aggressive tumor 

biology. However, these results must be viewed with caution due to the small patient 

numbers.

Gene rearrangements are the key oncogenic event in tRCC, and prior work has associated 

certain fusion partners with worse outcomes (36). Additionally, recurrent somatic mutations 

and CNVs in tRCC have previously been explored. An earlier genomic study in 16 patients 

with tRCC found heterogeneous molecular profiles, with 17q gain and 9p loss identified as 

the most frequent CNVs. In that study, 17q gain was an essential feature of poor outcome, 

but presence of 9p loss was not significantly associated with poor OS(5). These results are 

partially consistent with our own findings, which, however, showed a significant association 

in the MSK-IMPACT cohort between poor outcome in a copy number-aberrant group of 

tumors defined by the presence of either 9p loss, 17q gain, or elevated FCNAg. 9p loss was 
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previously associated with a worse outcome in ccRCC and papillary RCC(6,37),(38),(39). 

Although the processes underlying this association are unclear, it is notable that CDKN2A 
and CDKN2B, important cell-cycle regulators which have been shown to interact with 

HIF-1ɑ and cause VEGF upregulation (40), are located on 9p21 and were lost (sometimes 

focally) in a significant percentage of cases.

TERT promoter mutations have also previously been associated with an aggressive disease 

course in more common variants of RCC (41), but the implications of these mutations in 

tRCC have not been described. In the MSK-IMPACT cohort, we detected clonal activating 

hotspot mutations in the TERT promoter of three tumors. All of these cases consisted of 

high-stage tRCC, and exhibited 9p loss as well as a high burden of somatic CNVs (Figure 

1). This data collectively suggests that TERT mutations are associated with an aggressive 

phenotype in tRCC, however, it is impossible at this point to determine its role as a driver of 

aggressiveness.

In our cohort a first- or second-line treatment with a TKI led to extended TOT in three cases. 

The response to tyrosine kinase inhibitors (TKI) and mammalian target of rapamycin 

(mTOR) inhibitors was previously evaluated in a retrospective study which included 21 

patients with tRCC. In that study, an objective response rate (ORR) of 33% could be 

observed, similar to ccRCC. Importantly, only 4/21 cases underwent cytogenetic 

confirmation of tRCC(9). The ORR for tRCC patients in a large nccRCC trial was 

comparable (29%)(42). Notably, one patient who underwent a combined mTOR-inhibitor/

anti-VEGF regimen in our cohort showed a prolonged TOT of 37 months.

Our analysis here also provides an initial characterization of the tRCC tumor 

microenvironment, relative to clear cell and papillary RCC. We observed over-expression of 

PD-L1 in tRCC relative to KIRC and KIRP, which is consistent with findings from a large 

study of non-clear cell RCC in which 90% of tRCC cases showed PD-L1 overexpression in 

tumor-infiltrating mononuclear cells(43). Despite these apparent microenvironmental 

phenotypes, tRCC patients demonstrate poor response rates to TKI and immune checkpoint 

blockade, suggesting that emerging biomarkers for response to TKI and immunotherapy in 

ccRCC may not readily translate to tRCC. In this context, it is also notable that our analysis 

of RNA-seq data in the TCGA-exome cohort revealed fusion-derived neoantigens with high 

binding affinity to the HLA class-I molecules in 57% of the cases. In light of recent data 

describing the immunogenicity of fusion-derived neoantigens in head and neck cancers(33), 

this suggests that neoantigens produced by TFE3/TFEB translocation may be clinically 

meaningful. Taken together, these results argue for further exploration of the 

immunogenomic characteristics of tRCC, with special focus on T-cell response to ICB as 

well as potential neoantigen-directed vaccines (44). Furthermore, we observed a notable case 

of prolonged response to ICB harboring SMARCA4 and PBRM1 variants. An immunogenic 

effect of SMARCA4 mutations, via PD-L1 upregulation, has previously been postulated for 

small cell ovarian cancer(34). PBRM1 mutations were recently reported to have an increased 

clinical benefit in metastatic ccRCC patients undergoing ICB(35). We further investigated 

potential genomic biomarkers of response to ICB. Prior literature described an inverse 

association between aneuploidy and response to ICB in cohorts of patients with metastatic 
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melanoma and non-small cell lung cancer (45,46). In our limited cohort, we did not find a 

statistically significant association between FCNAg and treatment response.

Pediatric tRCC cases commonly have better outcomes compared to adult variants, which 

was previously attributed to a smaller percentage of distant metastasis (47). In young 

patients, the disease is often manageable with surgery alone, which we could confirm for our 

three pediatric cases, all of whom were treated with surgery and were disease-free at the 

most recent follow-up. Furthermore, prior chemotherapy has been described as a risk factor 

for the development of tRCC in children(48). Two of our three pediatric patients had prior 

chemotherapy due to retinoblastoma and neuroblastoma. The occurrence of RCC as a 

secondary malignancy following neuroblastoma has been previously reported, with some of 

these tumors identified as tRCCs(49). RCC in neuroblastoma survivors is included as a 

provisional entity in the 2016 WHO classification of renal tumors(49,50). Notably, patient 

P-0025629-T02-IM6 is, to our knowledge, the first described case of an RCC following a 

diagnosis of retinoblastoma, however, the remaining RB1 copy was found to be unaffected 

in the tRCC sample. At the molecular level, fewer genomic events were previously reported 

in patients <18 years old (5). In our cohort, the favorable outcomes in pediatric cases were in 

line with a lower FCNAg and a lack of “high-risk” CN events.

Limitations of our study include the heterogeneous composition of sequenced specimens, 

originating from both primaries and metastatic sites (i.e. not paired). These samples may 

ultimately represent different snapshots of tumor evolution. Comparability with the TCGA 

cohort is limited as well, since TCGA samples were all obtained from untreated primary 

tumors. The rarity of tRCC imposes restrictions on the statistical power of our study; 

although we provided detailed clinical outcomes for all the patients included, another 

drawback is clearly the limited size of our cohort and of the TCGA cohort. However, our 

study only included cytogenetically confirmed tRCC and thus minimized contamination of 

the sample set with non-tRCC cases, which has not been routinely done in prior studies. 

Moreover, we acknowledge the fact that TFE3- and TFEB-associated tRCCs show distinct 

morphological features. However, due to our limited sample size, both variants were 

included in our tRCC cohorts. Furthermore, we did not have RNA-seq data available for our 

institutional cases, thus a validation of the neoantigen prediction in TCGA cases could not 

be performed. With respect to the systemic therapy data, we used TOT as a surrogate of 

treatment response which has potential interpretation issues. However, since RECIST scores 

were unavailable for these patients, the actual treatment courses were displayed graphically 

to provide an idea of the overall clinical effect.

Due to the low incidence of tRCC, future molecular studies should consider a multi-

institutional pooling of cases to deepen our understanding of these tumors. Additionally, the 

collection of a larger number of patients who underwent systemic therapy could enable the 

evaluation of potential relationships between genomic aberrations and treatment response. 

Additional transcriptomic analyses could shed further light on potential immunogenic or 

angiogenic effects of the aforementioned copy number alterations. This is particularly 

interesting with regards to a recently opened multi-institutional prospective trial of an 

ICB/TKI combination therapy in tRCC patients (NCT03595124), a study of an ICB/anti-
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VEGF combination regimen including tRCC patients (NCT02724878) as well as potential 

trials involving neoantigen vaccines.

Conclusion

CNVs appear to play a key role in the prognosis of tRCC. Copy number aberrations are 

pervasive in tRCC, and appear to condition poor outcomes. The presence of TERT hotspot 

mutations in cases of advanced disease suggests an association with molecular progression 

in tRCC. An increased frequency of oncogenic events (including somatic mutations and 

CNVs) in adult patients could presumably be driving more aggressive disease phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance

Translocation renal cell carcinoma (tRCC) is a rare, aggressive form of kidney cancer. 

Currently, there are no established biomarkers to stratify this disease by aggressiveness or 

to evaluate treatment response. Our study found that certain copy number variations 

(CNVs) were associated with disease aggressiveness in tRCC. By pooling our results and 

previously-published data, we could confirm that tumors bearing 9p loss, 17q gain or a 

generically high burden of CNVs was associated with poor survival in these patients. 

Additionally, three pediatric cases with an indolent disease course were found to have a 

lower copy number burden. The molecular features of patients showing exceptional 

responses to treatment are highlighted. We identified microenvironmental characteristics 

of tRCC tumors distinguishing them from common subtypes of kidney cancer. Finally, 

we explored the genetic evolution of tRCC in a patient with temporally distinct tumor 

samples and observed an early incidence of CNVs with later mutational diversification.
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Figure 1: 
(A) Oncoprint displaying recurrent somatic mutations (genes mutated in >1 sample) and 

frequent copy number variants (CNVs) in the MSK-IMPACT cohort. Copy number variants 

(CNVs) CNVs are mostly found in cases with a high AJCC stage. The most frequent MiTF 

fusion gene was TFE3. (B) TMB in merged MSK-TCGA exomes compared to other TCGA-

RCC cohorts. (C) Tumor mutation burden of tRCC is centered around a median value of 0.8 

non-synonymous mutations per megabase, with two outlier cases. Mann-Whitney U tests 

were used for pairwise TMB comparisons between RCC subtypes.
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Figure 2. 
Association of FCNAg with AJCC stage and 9p loss. The broad line of the boxplots 

illustrate the median FCNAg, upper and lower hinges showing the interquartile ranges (IQR, 

25% and 75% of values) and the whiskers illustrating values within 1.5x the IQR in the 

MSK (A) and TCGA (B) cohorts. Loss of chromosome 9p was found to be associated with 

higher FCNAg in the MSK (C) and TCGA cohorts (D).
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Figure 3: 
Proportion of patients with 9p loss and 17q gain in the MSK (A) and TCGA cohorts (B). 
Kaplan-Meier analysis of overall survival for patients with copy number-aberrant tumors 

(i.e. 9p loss, 17q gain, or high FCNAg [>within-cohort median]) in the MSK-IMPACT (C) 
and TCGA cohorts (D). Log-rank test results from both cohorts were combined in a meta-

analysis using Fisher’s method (Chi-squared [4d.f]=10.52, p=0.03).
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Figure 4: 
Temporal evolution of tRCC in a single patient. (A) Private and shared copy number 

alterations and somatic mutations in two tRCCs tumors from a single patient. (B) Clinical 

course of tRCC patient from which tumor samples were derived. (C) Putative model for 

tRCC evolution in this case. Early loss of 9p and other copy number alterations was 

followed by large-scale whole genome duplication. The majority of somatic mutations were 

acquired in the period following the appearance of the most recent common ancestor 

(MRCA), which bore a high-burden of CNVs.
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Figure 5: 
(A) Swimmer plot displaying a heterogeneous pattern of substances and response, a few 

cases showing an exceptionally prolonged time on treatment, (B) Molecular features 

identified in patients with TOT >12 months.
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Figure 6: 
Three panels with pediatric cases in our MSK-IMPACT cohort displaying a favorable 

disease course after surgery as the only intervention (Created with BioRender.com).
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