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Abstract

Background—Next-generation sequencing (NGS) studies of matched pairs of primary and 

metastatic tumors in renal cell carcinoma (RCC) have been limited to small cohorts.

Objective—To evaluate the discordance in somatic mutations between matched primary and 

metastatic RCC tumors.

Design, setting, and participants—Primary tumor (P), metastasis (M), and germline DNA 

from 60 patients with RCC was subjected to NGS with a targeted exon capture–based assay of 341 

cancer-associated genes. Somatic mutations were called using a validated pipeline.

Outcome measurements and statistical analysis—Mutations were classified as shared (S) 

or private (Pr) in relation to each other within individual P-M pairs. The concordance score was 

calculated as (S − Pr)/(S + Pr). To calculate enrichment of Pr/S mutations for a particular gene, we 

calculated a two-sided p value from a binomial model for each gene with at least ten somatic 

mutation events, and implemented a separate permutation test procedure. We adjusted p values for 

multiple hypothesis testing using the Benjamini-Hochberg procedure. The mutation discordance 

was calculated using Mann-Whitney U tests according to gene mutations or metastatic sites.

Results and limitations—Twenty-one pairs (35%) showed Pr mutations in both P and M 

samples. Of the remaining 39 pairs (65%), 14 (23%) had Pr mutations specific to P samples, 12 

(20%) had Pr mutations to M samples, and 13 (22%) had identical somatic mutations. No 

individual gene mutation was preferentially enriched in either P or M samples. P-M pairs with 

SETD2 mutations demonstrated higher discordance than pairs with wild-type SETD2. We 

observed that patients who received therapy before sampling of the P or M tissue had higher 

concordance of mutations for P-M pairs than patients who did not (Mann-Whitney p = 0.088).

Conclusions—Our data show mutation discordance within matched P-M RCC tumor pairs. As 

most contemporary precision medicine trials do not differentiate mutations detected in P and M 

tumors, the prognostic and predictive value of mutations in P versus M tumors warrants further 

investigation.

Patient summary—In this study we evaluated the concordance of mutations between matched 

primary and metastatic tumors for 60 kidney cancer patients using a panel of 341 cancer genes. 

Forty-seven patients carried nonidentical cancer gene mutations within their matched primary-

metastatic pair. The mutation profile of the primary tumor alone could compromise precision in 

selecting effective targeted therapies and result in suboptimal clinical outcomes.

Keywords

Renal cell carcinoma; Metastasis; Primary-metastasis tumor pairs; Genomics; Next-generation 
sequencing; Discordance; Convergent evolution; Spatiotemporal divergence

Becerra et al. Page 2

Eur Urol Focus. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

The prognosis for renal cell carcinoma (RCC) is directly related to histology, and survival is 

dictated by clinical stage. Metastatic disease is present in 25–30% of patients at the time of 

diagnosis, and 20–40% of patients who initially present with localized disease develop local 

or distant recurrence following resection of the primary tumor [1]. Advances in surgical and 

medical management over the past decade have improved the 5-yr survival for patients with 

metastatic RCC (mRCC). However, most mRCC patients eventually succumb to their 

disease [2].

The main cause of cancer-related morbidity and mortality in RCC is distant metastasis, but 

most of the molecular profiling undertaken to characterize genetic events driving RCC has 

been performed on primary tumor tissues. Landmark papers by The Cancer Genome Atlas 

consortium, which exclusively utilizes primary tumors, have detailed the molecular 

landscape, including somatic mutations, copy number alterations, mRNA expression, 

miRNA expression, and methylation changes for the top three prevalent RCC subtypes, clear 

cell RCC (ccRCC), papillary RCC (pRCC), and chromophobe RCC (chRCC) [3–5]. ccRCC 

is characterized by nearly ubiquitous biallelic loss of the tumor suppressor gene VHL, 

frequent concomitant loss or mutation of several other tumor suppressors on chromosome 

3p, including PBRM1, BAP1, and SETD2 [6], and clustered mutations of the oncogene 

MTOR [7]. Similarly, distinct critical genetic driver events have been identified for pRCC, 

chRCC, and unclassified RCCs, which are often grouped clinically as non–clear cell RCC 

(nccRCC) [1,8–11].

Owing to the paucity of direct genomic analysis of RCC metastasis, somatic alterations 

driving RCC metastasis and therapeutic responses to targeted therapies are largely inferred 

from knowledge obtained from studying primary tumors [12]. Thus far, evaluation of genetic 

divergence among primary and metastatic tumors in RCC remains limited to small or 

unmatched cohorts [13–15]. In spite of limitations in sample size, Gerlinger and colleagues 

[13] provided a seminal description of parallel, convergent evolution involving loss-of-

function mutations to SETD2, KDM5C, and PTEN within the same tumor. In a distinct but 

equally important study, Gerlinger and colleagues[14] described the stark prevalence of 

subclonal driver mutations in RCC tumors, emphasizing the importance of comprehensive 

multiregion sequencing of these cancers. Such intratumoral heterogeneity is particularly 

important for metastatic studies, as a rare but particularly aggressive subclone in a primary 

tumor may be the most likely to seed distant metastases. Hence, understanding mutation 

differences between paired primary and metastatic RCC tumors may provide further 

molecular and therapeutic insights.

In this study we used targeted, deep sequencing of 341 cancer genes to profile matched 

primary and metastatic kidney tumors from 60 mRCC patients. We sought to evaluate 

mutational differences and infer clonal relationships between paired primary and metastatic 

RCC tumors. To the best of our knowledge, this study represents the largest primary tumor-

metastatic tumor (P-M) RCC pair cohort reported to date.
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2. Patients and methods

2.1. Patients and DNA samples

This study was conducted following approval by the institutional review board of the 

Memorial Sloan Kettering Cancer Center (MSKCC). All specimens were obtained from 

patients evaluated at MSKCC. Patients with mRCC were eligible if they provided informed 

consent for tumor molecular characterization and had histologically confirmed RCC. 

Patients who had both their primary and metastatic tumors sequenced at our institution were 

included in the study. Demographic and clinical characteristics were reviewed for all 

patients. Metastases were classified as synchronous when they were detected via 

preoperative radiograph screening or within 3 mo of the initial RCC diagnosis; otherwise, 

tumors were judged as metachronous. The size of the metastatic tumors was obtained by 

reviewing pathology reports; for cases for which the size was not available, radiologic 

studies were reviewed. All tumor samples were reviewed and classified by an MSKCC 

genitourinary pathologist upon DNA extraction for sequencing. Out of the 60 primary 

tumors, 58 sample (96.7%) were obtained from surgically resected specimens; the reminding 

samples were obtained from core needle biopsies. For metastases, 47 samples (78.3%) were 

obtained from surgically resected specimens and the rest were core needle biopsies. Core 

needle biopsies of primary tumors were performed only in patients unfit for surgery.

2.2. Next-generation sequencing (NGS)

Genomic profiling of DNA from tumors and matched normal tissue was carried out via 

analysis on NGS platforms using our custom Integrated Mutation Profiling of Actionable 

Cancer Targets (MSK-IMPACT) assay, a targeted-exon capture assay with ultra-deep 

sequencing coverage (median, 570) on an Illumina HiSeq 2000 system. Target-specific 

probes were used for hybrid selection to capture all protein-coding exons and selected 

introns for 341 oncogenes (Supplementary Table 1). Details of our genomic pipeline have 

been published elsewhere [16].

2.3. Statistical analysis

A measure of concordance/discordance was determined for each tumor pair by first counting 

the number of shared (S) and private (Pr) mutations, and the concordance score was 

calculated as (S − Pr)/(S + Pr). When primary and metastatic tumors have an identical 

mutation profile, the score is 1. When primary and metastatic tumors have no shared 

mutations, the score is −1.

Enrichment of Pr/S mutations was calculated separately for ccRCC and nccRCC samples, as 

well as for the whole cohort. To calculate enrichment of Pr/S mutations for a particular gene, 

we first calculated the proportion of all mutations in our data set that were private (PPr = 

0.41). For a null model, we parametrized a binomial model with the probability of success 

equal to PPr, the number of trials equal to the total number of mutations in a gene (counting 

each shared mutation once), and the number of successes equal to the number of Pr 

mutations. We calculated a two-sided p value from this binomial model for each gene with at 

least ten mutations. We adjusted p values for multiple hypothesis testing using the 

Benjamini-Hochberg procedure and reported as q values.
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We also developed a separate permutation test procedure to determine enrichment of Pr/S 

mutations for a particular gene. For each patient, we identified a list of mutation events and 

labeled them as either Pr or S, so that each S mutation was counted once (because it occurs 

in the ancestral tumor cell) and each Pr mutation was also counted once. To generate a 

reference/null distribution, we randomly shuffled the Pr and S labels for mutation events 

within each patient. After shuffling the labels for all patients, we counted the total number of 

Pr mutation events for the gene of interest. This procedure was repeated for n = 2000 distinct 

permutations. For a gene for which we observed P Pr mutations, left-sided p values were 

calculated by counting the number of permutations with less than or equal to the true 

number P of Pr mutations observed. Similarly, for right-sided p values, we counted the 

number of permutations with greater than or equal to P Pr mutations. These one-sided p 
values were converted to two-sided p values by taking their minimum and then multiplying 

by two. We then adjusted p values for multiple hypothesis testing using the Benjamini-

Hochberg procedure. Association between mutation discordance and a specific gene or 

metastatic site was determined using a Mann-Whitney U test.

3. Results

3.1. Patient demographics and mutation landscapes of the paired P-M cohort

Targeted NGS sequencing (MSK-IMPACT) was performed on 60 pairs of P-M RCC tumor 

samples (a total of 120 tumor samples) along with their matched normal samples (blood; 

Supplementary Table 2). Patient demographics and tumor characteristics are listed in Table 

1. Forty-nine pairs (82%) were ccRCC and 11 (18%) were nccRCC, including four chRCC, 

four pRCC, and three epithelioid angiomyolipomas. Metastatic tissues for profiling were 

obtained from various sites: retroperitoneal lymph nodes (n = 14), lung (n = 13), bone (n = 

12), adrenal gland (n = 7), liver (n = 3), distant lymph nodes (n = 3), brain (n = 2), muscle (n 
= 2), pleura (n = 2), stomach (n = 1), and thyroid (n = 1). A total of 558 nonsynonymous 

somatic mutations were identified with a mean (SD, standard deviation) of 4.6 (2.5) and 4.7 

(2.8) mutations per primary and metastatic tumor, respectively. Gene mutation frequencies 

are shown in Figure 1. Of the 558 total mutations, 206 (37%) were shared mutations present 

in both the primary and the metastatic sample, and 352 (63%) were private mutations (Fig. 

2). In ccRCC samples only, 132/312 (42%) mutations were Pr, whereas in nccRCC samples, 

14/40 (35%) mutations were Pr.

3.2. Mutations enriched in metastatic samples

In other disease settings it has been found that specific genes are mutated at higher rates in 

metastatic compared to primary samples (eg, androgen receptor mutations in metastatic 

prostate cancers) [16]. Using our matched-pair data set, we evaluated whether such 

enrichment was evident in RCC. No single gene mutation exhibited significant enrichment 

(q value <0.05) in either primary or metastatic samples, which could be because of the 

known low mutation burden of RCC, the cancer gene panel used, and the size of our cohort. 

Nevertheless, ATM (2 mutations in primary samples, 5 in metastatic samples) and PTEN (3 

mutations in primary samples, 7 mutations in metastatic samples) mutations were enriched 

more than twofold in metastatic samples. Furthermore, no significant enrichment/depletion 
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of mutations in metastases was identified when restricting the analysis to ccRCC or nccRCC 

samples.

3.2. Enrichment of Pr or S mutations in P-M pairs

We next evaluated whether specific gene mutations were enriched for Pr or S mutations in 

our cohort using two complementary models, a binomial model and a permutation model. In 

brief, for the binomial model we empirically determined the probability of a Pr mutation in 

our data set (PPr = 0.41), and used this to parameterize a null model. For the permutation 

model, we shuffled the labels for Pr and S mutation events within each patient, and used the 

frequency of private mutations within these permuted samples to generate a null reference 

distribution. We then investigated whether genes with at least ten mutations exhibited more 

Pr or S mutations than expected by chance. Consistent with its role as a truncal, founding 

mutation in ccRCC, we found that nearly all VHL mutations were shared between primary 

and metastatic samples (44/46 mutations shared, binomial q < 10−8, permutation q < 10−3).

By contrast, SETD2 mutations were enriched for Pr mutations under the binomial model, 

but not the permutation model (16/25 mutations private, binomial q = 0.077, permutation p = 

0.25; Fig. 3), which requires a larger sample size and higher statistical power to more 

accurately determine statistical significance. Notably, when repeating the analysis separately 

for ccRCC and nccRCC samples, PTEN was found to be enriched in Pr (binomial q = 0.02, 

permutation p = 0.047). In particular, all six PTEN mutations in ccRCC samples were Pr (1 

in a primary tumor and 5 in metastatic tumors). By contrast, PTEN mutations in nccRCC 

samples were S mutations.

While mutations in a gene may be preferentially Pr or S, it is also possible that certain gene 

mutations might result in a propensity for developing additional mutations, thereby 

manifesting with higher P-M discordance. Accordingly, we tested whether samples with 

mutations of an individual gene were more discordant than samples with wild-type alleles. 

We found that tumors with either SETD2 or KDM5C mutations demonstrated higher 

discordance between primary and metastatic tumors than tumors with wild-type SETD2 (q = 

0.068) or KDM5C (q = 0.078). When restricting the analysis to either ccRCC or nccRCC 

histology, the findings became marginally stronger for enrichment of SETD2 (q = 0.048) 

and KDM5C (q = 0.062) mutations in discordant samples. These findings for SETD2 
mutations are consistent with prior studies demonstrating that spatially separated regions of 

RCC tumors tend to harbor distinct SETD2 mutations [14] and promote ccRCC progression 

[17].

3.3. Discordance of mutations between P-M RCC tumor pairs

When evaluating the mutation concordance of 60 matched P-M pairs, we noted that 13 pairs 

(22%) exhibited identical mutation profiles. By contrast, 21 pairs (35%) showed Pr 

mutations in both the primary and metastatic samples, suggesting that both primary and 

metastatic clones further evolved, with addition of new mutations after the initial spread to 

the metastatic site tested. Two of these samples (P-0007981 and P-0005409) showed no 

common mutations between the primary and metastasis samples, suggesting that metastasis 

arose from a primary tumor clone that was not captured by our sequencing. Both primary 
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and metastatic tissues for sample P-0007981 were obtained via core needle biopsy, 

suggesting that the comparatively small volume of tissue obtained in this way may have led 

to the discrepancy in mutations between the primary and metastatic samples. To evaluate 

whether the method of tissue acquisition (surgical excision vs core needle biopsy) affected 

P-M mutational differences, we tested whether levels of discordance varied between patients 

who did and did not have tissue acquired via core needle biopsy. Notably, we observed no 

significant difference in discordance between the two groups (Mann-Whitney p = 0.77, 

Supplementary Fig. 2).

Of the remaining samples, we found 14 pairs (24%) with Pr mutations restricted to the 

primary tumor, and 12 (20%) with Pr mutations restricted to the metastatic site. Patient 

tumors with a lower mutation burden exhibited significantly higher mutation concordance 

(Spearman correlation −0.41, p = 0.001). There was no significant difference in mutation 

concordance when comparing synchronous and metachronous metastases (Supplementary 

Fig. 1). Interestingly, tumor size was positively correlated with concordance (Spearman 

correlation 0.31, p = 0.02), indicating that larger metastases were likely to have a larger 

proportion of shared mutations in comparison to smaller metastases.

3.4. Mutation discordance between regional and distant lymph node metastasis

Metastatic spread of RCC can occur at regional and distant lymph nodes and has prognostic 

significance [1]. We evaluated whether gene mutations detected in regional (retroperitoneal) 

and distant lymph nodes exhibited different degrees of concordance when compared to the 

corresponding primary tumors. We observed a trend towards higher concordance in samples 

obtained from local lymph node metastases (p = 0.052), which probably corresponds to the 

chronological sequence of lymphatic spread and favors the regional to distant lymphatic 

dissemination of RCC.

3.5. Association between mutation discordance and therapy

It is known that the mutational landscape of a tumor changes in response to therapy. Given 

the limited treatment information available for patients, we evaluated whether administration 

of systemic therapy before sampling of either primary or metastatic tissue affected 

mutational concordance. We observed that patients who received therapy before sampling of 

the primary or metastatic tissue (n = 15) had higher P-M mutation concordance (Mann-

Whitney p = 0.088) when compared to patients who did not (n = 41). Four patients were 

excluded from the analysis because of incomplete treatment information. All available 

information on treatment is provided in the Supplementary material. Because of the 

relatively small sample size, the heterogeneity in treatment received, and the intratumoral 

heterogeneity of RCC in general, we would caution that this finding remains preliminary and 

should be evaluated in an independent cohort. Nevertheless, the observation that of higher 

mutation concordance for specimens from patients who received treatment before 

sequencing suggests that systemic therapy may induce a contraction of the mutational 

landscape in a patient.
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3.6. Convergent evolution of mutations in a spatiotemporally divergent manner in RCC

The convergent evolution of gene mutations and pathway activation reported for ccRCC was 

interrogated using our P-M cohort. We examined this phenomenon and identified convergent 

evolution of the same individual genes between primary and metastatic tumors in 15 P-M 

pairs (Fig. 4). Of these, eight were ccRCC and one was chRCC. Furthermore, three different 

spatiotemporally divergent patterns of convergent evolution were observed. Six pairs showed 

Pr mutations on the same gene in both the primary and metastatic samples, suggesting 

parallel convergent evolution. Nine pairs carried the same mutation of an individual gene, 

yet six had additional Pr mutations of the same gene in the primary tumor (typical cases of 

convergent evolution on key tumor genes seen on multiregion sequencing) and three had 

additional Pr mutations of the same gene in the metastatic tumor, implying subclone 

reseeding. Of note, these cases were highly enriched for mutations in SETD2 (n = 4) and 

PBRM1 (n = 4), all in ccRCC.

4. Discussion

Molecular profiling of primary tumors has dramatically increased our understanding of the 

biological mechanisms driving cancer, and has become a bona fide diagnostic and 

prognostic tool, has influenced the therapeutic course in several cancer types, and has 

facilitated precision medicine [18]. In the RCC setting, studies of somatic alterations in 

hundreds of primary RCC tumors by TCGA and others [19–21] have transformed our 

understanding of the molecular landscape of RCC. Furthermore, tumor genomic profiling of 

exceptional responders to and randomized clinical trial patients on targeted therapies have 

shed light on the how we might use genomic mutations as prognostic or predictive 

biomarkers [22–25]. However, much improvement is needed to fulfill the promise of 

precision RCC cancer treatment. The known high tumor heterogeneity in RCC represents a 

hurdle [14,26], especially in the area of patient-matched primary-metastatic tumor pairs 

[12].

The design of our study has several limitations. The cohort was relatively small in size, and 

metastatic specimens were collected at various time points throughout the disease course. 

The samples were collected as standard practice and therefore the patients were undergoing 

different courses of therapy. Our sequencing technology was targeted at identification of 

somatic alterations in a panel of known cancer-associated genes. Furthermore, difficulties 

with sequencing low-purity metastatic samples prevented us from evaluating differences in 

copy-number alterations between primary and metastatic samples. Perhaps most importantly, 

only a single region of each tumor was genetically profiled, which could significantly 

confound our estimates of concordance between primary and metastatic tumors. With 

limited resources, we elected to boost statistical power (and trade off some confidence in 

discordant mutation calls) by sequencing samples from more patients at a single site per 

tumor sample rather than completing multiregional sequencing for a smaller cohort of 

patients. As demonstrated by Gerlinger et al [14] and others, RCC tumors exhibit a high 

degree of intratumoral heterogeneity, and each subclone within a tumor has the potential to 

seed a distant metastasis. By evaluating concordance between a metastasis and only a single 

site in a tumor, we are ignoring the possibility that the metastasis was seeded from a distinct 

Becerra et al. Page 8

Eur Urol Focus. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(but related) subclone of the primary tumor. Therefore, further efforts, perhaps using 

multiregional profiling (which could be carried out in a cost-effective way by multiplexing 

samples), exome sequencing, and larger sample sizes, are needed to identify genomic 

differences between primary and metastatic tumors.

Using high-resolution NGS for a small cohort (n = 4), Gerlinger et al [13] established that 

intratumoral heterogeneity drives substantial mutational differences between primary and 

metastatic RCC tissues. Thus far, evaluation of genetic divergence between primary and 

metastatic tumors in RCC using NGS platforms has remained limited to small or unmatched 

cohorts. These studies demonstrated that clonal evolution is prevalent in RCC, supporting a 

branched rather than linear model of tumor evolution [27]. However, when protein 

expression of PBRM1 and BAP1 was examined using immunohistochemistry for 97 

matched P-M ccRCC pairs, high concordance for loss of PBRM1 (90%) and BAP1 (98%) 

was observed [28].

Our study confirms that at coarse resolution, RCC metastases are genomically quite distinct 

from matched primary tumors. Overall, 41% of the mutations we identified in our cohort 

were Pr mutations in the primary or metastatic tumor. As shown in prostate cancer, potential 

mechanisms include (1) parallel genetic evolution of primary and metastatic tumors and (2) 

seeding of metastases by additional subclones from the primary tumor or other metastases 

[29]. In some cases, we were able to identify evolutionary convergence in the form of 

parallel acquisition of distinct, independent mutations to genes in the primary and metastatic 

samples (eg, PBRM1 and SETD2) in various spatiotemporally divergent patterns. 

Furthermore, we found evidence of an association between SETD2 mutations and higher P-

M mutation discordance.

Our results suggest that it could be of clinical value to sequence both primary tumor and 

metastatic tissues for a more comprehensive tally of the genetic alterations in individual 

patients. Such sequencing could reveal the presence of targetable mutations that would 

influence therapeutic decisions for a subset of patients. In fact, two patients in our cohort 

harbored mutations in TSC1 or TSC2 that were evident in the primary but not the matched 

metastatic sample, suggesting that treatment with everolimus might not have been effective 

in the metastatic setting. Furthermore, the primary tumor from patient P-0001232 (labeled 

with asterisk in Fig. 1) harbored mutations in both PBRM1 and BAP1, which predict poor 

clinical outcome; nevertheless, this patient had a relatively indolent clinical course and 

responded to targeted therapies. Sequencing of the metastatic tumor from patient P-0001232 

revealed that it carried only the PBRM1 mutation [12]. Observations such as these 

emphasize the value of additional information gained from comprehensive knowledge of the 

genomic landscape of a patient’s cancer.

Finally, we also observed that treatment with systemic therapy was associated with a 

contraction of the mutational landscape. However, care should be taken in interpreting these 

results. Because our study was based on a relatively limited set of cancer genes (341 in total) 

and a relatively small sample of patients (n = 56 with treatment information), further 

profiling should be completed on an independent, larger cohort of patients at the exome 

scale, and potentially with multiregional profiling to account for intratumoral heterogeneity. 
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Such an effort would not only increase the statistical power for confirming/disaffirming our 

observation but would also add increased resolution for estimating mutational discordance 

and identifying metastasis-specific mutations.

5. Conclusions

Our data suggest low concordance in the mutational profiles of matched primary and 

metastatic RCC samples. Although it is not clear whether these differences correspond to 

intratumoral heterogeneity [13,26] or evolution of the tumors [27,30], discordance is highly 

relevant for personalized medicine approaches, which often rely on molecular profiling of 

archived primary tissue. In summary, study of primary RCC tumors alone is probably 

insufficient for therapeutic decision-making in the treatment of metastatic kidney cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Take Home Message

Using next-generation sequencing, we determined mutation discordance for cancer genes 

between matched primary and metastatic tumor samples from patients with renal cell 

carcinoma. As most precision cancer medicine administers targeted agents on the basis of 

mutations detected in primary tumors, further investigation into the genomic discordance 

between primary and metastatic tumor pairs is warranted.
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Fig. 1. 
Distribution of mutations across the cohort for known cancer genes with prevalent mutations 

in renal cell carcinoma (RCC). For each gene, the top row represents a mutation in the 

primary tumor and the bottom row represents a mutation in the metastatic lesion.
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Fig. 2. 
Discordance of mutation patterns between primary and metastatic tumors. Shared mutations 

are in gray and private mutations in the primary tumor and metastasis in red and blue, 

respectively. (A) Shared and private mutations among the paired primary and metastatic 

samples. Every column represents a patient and the overall height of the column depicts the 

number of mutations in that pair. (B) Most commonly mutated genes across our cohort and 

events as shared or private alterations.
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Fig. 3. 
Cases with SETD2 mutations in primary and/or metastatic lesions had lower concordance 

than cases with a wild-type SETD2 pair. The concordance score for each pair, ranging from 

−1 (all mutations were private) to +1 (all mutations were shared for both samples), is shown. 

Every point represents a pair sorted by concordance. To the left of the figure, pairs have 

predominantly private mutations, while predominantly shared mutations are shown to the 

right.
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Fig. 4. 
Three spatiotemporally distinct patterns of convergent evolution through loss of function on 

the same individual genes. Six primary tumor-metastasis pairs carry private mutations on the 

same individual gene in both the primary and metastatic samples (black). Nine pairs not only 

have shared mutations on the same individual genes but also carry private mutations in either 

the primary tumor (n = 6, blue) or the metastatic tumor (n = 3, red).
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Table 1

Baseline patient and tumor characteristics in clear cell renal cell carcinoma (ccRCC) and non–clear cell renal 

cell carcinoma (nccRCC)

ccRCC
(n = 49)

nccRCC
(n = 11) a

Total
(n = 60)

Median a ge, yr (range) 55 (38 – 71) 21 (22 – 66) 55 (22 – 71)

Sex, n (%)

 Male 34 (69) 7 (64) 41 (68)

 Female 15 (31) 4 (36) 19 (32)

Race, n (%)

 White 41 (84) 7 64) 48 (80)

 African American 8 (16) 4 (36) 12 (20)

Histologic subtype, n (%)

 Clear cell 49 (100) – 49 (81)

 Chromophobe – 4 (36) 4 (7)

 Papillary – 4 (36) 4 (7)

 Epithelioid angiomyolipoma – 3 (28) 3 (5)

American Joint Committee on Cancer stage, n (%)

 Stage I 8 (16) – 8 (13)

 Stage II 13 (27) – 13 (22)

 Stage III 6 (12) 3 (27) 9 (15)

 Stage IV 22 (45) 8 (73) 30 (50)

T stage, n (%)

 T1 13 (27) 3 (27) 16 (27)

 T2 14 (29) 1 (9) 15 (25)

 T3 15 (31) 3 (27) 18 (30)

 Not known 7 (14) 4 (36) 11 (18)

Metastasis, n (%)

 Synchronous 24 (49) 4 (36) 28 (470

 Metachronous 25 (51) 7 (64) 32 (53)

Metastatic tissue, n (%)

 Adrenal 7 (14) – 7 (12)

 Bone 12 (24) – 12 (20)

 Brain 2 (4) – 2 (3)

 Liver 1 (2) 2(18) 3 (5)

 Retroperitoneal lymph node 8 (16) 6 (55) 14 (23)

 Lymph node 1 (2) 2 (18) 3 (5)

 Lungs 12 (24) 1 (9) 13 (22)

 Muscle 2 (4) – 2 (3)

 Pleura 2 (4) – 2 (3)
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ccRCC
(n = 49)

nccRCC
(n = 11) a

Total
(n = 60)

 Stomach 1 (2) – 1 (2)

 Thyroid 1 (2) – 1 (2)

Treatment before primary tumor resection, na (%)

 Yes 2 (4) 1 (9) 3 (5)

 No 46 (93) 7 (64) 53 (88)

 Not known 1 (2) 3 (27) 4 (7)

Treatment Before metastatic tumor resection, n (%)b

 Yes 12 (24) 2 (18) 14 (23)

 No 36 (74) 6 (55) 42 (70)

 Not known 1 (2) 3 (27) 4 (7)

a
Systemic therapy before resection/biopsy of the primary tumor from which the sample for sequencing was obtained.

b
Systemic therapy before resection/biopsy of the metastatic tumor from which the sample for sequencing was obtained.
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