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Abstract. The genomic landscape of metastatic renal cell 
carcinoma (RCC) is not well understood, and currently 
available data suggest that it is functionally distinct from 
that of localized tumors. Additionally, the large number of 
approved and trial agents used to treat metastatic RCC likely 
cause selective adaptations in the tumors. Circulating tumor 
DNA (ctDNA) is a platform to non‑invasively determine 
the genomic profiles of these tumors. The objectives of the 
present study were to corroborate previous ctDNA studies 
in metastatic RCC, to identify novel mutations in metastatic 
RCC, and to compare ctDNA profiles obtained from plasma 
and urine in patients with metastatic RCC. ctDNA sequencing 
using the plasma and urine of 50 patients with metastatic RCC 
who received ctDNA profiling as part of routine clinical care 
at a single institution was performed using an investigational 
120‑gene panel. Genomic alterations (GAs) were identi‑
fied in all 50 patients. The genes with the most GAs were 
GNAS, PTEN, MYC, MET and HNF1A and novel mutations 
in additional genes were identified. A significant correlation 
between the number of GAs detected in matched urine and 
plasma samples was also identified, but only 28.1% of GAs 
detected in plasma samples were also detected in matched 
urine samples. The results of the present study were consistent 
with those of the largest previous study of ctDNA from 
patients with metastatic RCC and may help identify additional 
potential targets for the treatment of such patients.

Introduction

Renal cell carcinoma (RCC) is the seventh most common 
type of cancer worldwide, and its incidence in different coun‑
tries, including Canada, Saudi Arabia and Belarus, is on the 
increase (1). The 5‑year overall survival (OS) is ~74%, although 
~30% of patients with RCC who present with evidence of 
distant metastasis upon initial diagnosis have a 5‑year OS of 

only 8% (2). Despite the fact that >10 agents have now been 
approved for the treatment of metastatic RCC, the survival 
rates have not improved drastically. This may be attributed 
to the fact that these agents are often used without guided 
biomarkers that may be used to ensure that the most effective 
treatments are administered to selected patients. Thus, there is 
a need to further elucidate the genomic landscape of metastatic 
RCC and to identify biomarkers for guided therapy.

Due to the valuable contributions of The Cancer Genome 
Atlas (TCGA) and other researchers (3,4), there is currently 
a clear picture of the genomic landscape of several RCCs; 
however, nearly all the samples from these studies were derived 
from primary nephrectomies and from earlier stages of disease. 
It is likely that the genomic landscape of metastatic RCCs 
differs from than that of primary RCCs, as the cancers may 
evolve in more advanced stages and through selective pressures 
from treatment. While repeat biopsies of metastatic lesions are 
challenging due to financial and medical reasons, circulating 
tumor DNA (ctDNA) offers the opportunity to assess genomic 
alterations in metastatic cancers. This approach has been used 
in a number of different malignancies to identify changes in 
tumors over time (5). Indeed, a recent investigation of ctDNA 
from metastatic RCC samples demonstrated clear differences 
from the genomic landscape of primary RCC and an evolution 
of genomic alterations (GAs) under treatment with targeted 
agents (6). In this cohort of 220 patients, high frequencies of 
GAs were identified in TP53, VHL1, EGFR, NF1, as well as 
several other genes. A number of these genes had more frequent 
GAs in samples from patients with multiple lines of therapy 
vs. those receiving only one line of therapy. However, the 
genomics of metastatic ctDNA have yet to be fully elucidated. 
Furthermore, with the plethora of treatment options and the 
presence of rapidly evolving tumors, there is a need to iden‑
tify biomarkers to individualize treatment in order to ensure 
maximum efficacy. Therefore, the aim of the present study was 
to determine whether the patterns of GAs in our cohort were 
consistent with previous findings and to further elucidate the 
genomics of metastatic RCC in patients with varied treatment 
patterns using a more comprehensive ctDNA sequencing panel.

Materials and methods

Sample collection and processing. As part of the IRB‑approved 
study 17089, patients included in the present series had a 
diagnosis of metastatic RCC and consented to blood and urine 
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collection for ctDNA assessment as a part of routine clinical 
care at City of Hope Medical Center (Duarte, USA). Urine 
was collected in a standard collection cup and frozen within 
2 h. Blood was collected in Cell‑Free DNA BCT collection 
tubes (Streck). To separate plasma, whole blood was centri‑
fuged at 300 x g for 20 min at room temperature. The upper 
plasma layer was removed and transferred to a new conical 
tube which was then centrifuged at 5,000 x g for 10 min at 
20˚C. Cell‑free DNA (cfDNA) was isolated using the QIAamp 
Circulating Nucleic Acid Kit (Qiagen, Inc.); the median collec‑
tion amount was 359.7 ng (range, 222.4‑1,329.7 ng) for plasma 
and 2,111.4 ng (range, 456.9‑3,101.8 ng) for urine. cfDNA was 
shipped on dry ice to Beijing Scisoon Biotechnology Ltd., Co. 
for analysis. The concentration of cfDNA was determined 
using Qubit fluorometer 3.0 (Thermo Fisher Scientific, Inc.), 
KAPA Hyper Prep Kit (KK8504, Roche Diagnostics) was 
used for library construction. Library quality control was 
measured using 2100 Bioanalyzer (Agilent Technologies, Inc.) 
and then 150 base pair‑end sequencing was performed on 
Illumina Novaseq 6000 (Illumina, Inc.). Reads were aligned 
to human reference genome GRCh37/hg19 using BWA 
(v0.7.17; https://github.com/lh3/bwa) and single‑nucleotide 
variants were determined by VarScan (v2.4.1; https://github.
com/dkoboldt/varscan). The sequenced genes are shown 
in Table SI.

Statistical analysis. The mean depth of sequencing coverage 
by sample had a mean ± SD of 2,979.514x±1,420.744 (range, 
1,008.54‑6,353.28x) for plasma and 2,756.0±3,338.112 (range, 
361.4‑14,180.0) for urine. The frequency of GAs was assessed 
in the overall cohort and compared across line of therapy and 
histology (when available). Multivariable regression was used 
to evaluate the associations among clinical variables and GAs. 
The frequencies of individual GAs in subgroup analyses were 
compared using χ2 tests. P<0.05 was considered to indicate 
statistically significant differences.

Results

Patient characteristics and association with distribution of 
GAs. ctDNA was collected from the urine and plasma from 
a total of 50 patients with mRCC between June 2018 and 
December 2018 (Table I). The median age of the cohort was 
65 years (range, 36‑89 years), and the patients included 40 
men and 10 women. Samples were collected from patients 
with varying therapies, lines of treatment and histological 
subtypes (Tables I and SII). Using an investigational ctDNA 
panel that covers part or the entirety of 120 genes (Table SI), 
it was observed that all 50 plasma samples contained GAs 
compared to the consensus sequences at these loci (median 
GA no. 2; range, 1‑6). The number of GAs was significantly 
associated with the number of lines of therapy, both on 
univariate regression analysis (P=0.038) and on multivari‑
able regression analysis (P=0.047), which included age, sex, 
T stage, Fuhrman grade, and histological subtype; no other 
variables were associated with the number of GAs (Tables SIII 
and SIV).

The genes with the most frequent GAs were GNAS, PTEN, 
MYC, MET and HNF1A (Fig. 1A). Full lists of GAs found in 
plasma samples are in provided in Table SV. Our findings bear 

some similarities to the largest published analysis of ctDNA 
from mRCC patients to date (6), despite using different 
sequencing panels (Table II). A similar high frequency of GAs 
was observed in MET and MYC, and a similar low frequency 
of GAs in RET, JAK3, IDH1 and AKT1. Pal et al (6) reported 
a higher frequency of GAs in TP53 compared with that of 
the present study, while we identified a higher frequency of 
GAs in GNAS and PTEN. Additional GAs were identified in 
RICTOR, FGFR4, AURKA, MYD88 and FLT1, none of which 
were sequenced by Pal et al.

Pal et al (6) also observed significant increases in the 
number of patients with GAs in TP53, VHL, EGFR, NF1 
and PIK3CA among patients who had received multiple 
lines of therapy vs. those receiving only first‑line therapy. 
We searched for increased GAs in patients who had multiple 
lines of therapy (n=22) vs. those with only first‑line therapy 
(n=28); however, the only significant difference identified by 
χ2 analysis was an increased frequency of GAs in GNAS in 
patients with only first‑line therapy (P=0.025). Site of metas‑
tasis data were available on 43/50 patients in our database. A 
total of 7 patients had multiple metastatic sites, and the overall 
involvement included 21 lymph node, 31 lung, 2 brain, 4 liver, 
7 bone and 9 ‘other soft tissue’ lesions. Subgroup analysis 
by metastatic site for enrichment in GAs in PTEN, MYC, 
GNAS or MET did not identify any significant differences by 
χ2 analyses (Table SVI).

Table I. Patient characteristics.

Clinical variables  Patient no.

Sex
  Male  40
  Female 10
Lines of therapy
  0 1
  1 28
  2 9
  3 6
  4+ 6
T stage
  1 9
  2 12
  3 22
  4 2
  Unknown 5
Fuhrman grade
  1 0
  2 7
  3 19
  4 18
  Unknown 6
Histology
  Clear cell 40
  Papillary 7
  Chromophobe 3
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Matched urine samples were also obtained from the 
patients, 45 of which yielded ctDNA sequencing results that 
passed quality control filters. All 45 samples had at least one 
GA (median, 3; range, 1‑8). Regression analysis demonstrated a 
significant association between the number of GAs detected in 
matched plasma and urine samples (P=0.047). While several 
GAs were unique to urine samples (Fig. 1B), 28.1% (16/57) 
of the GAs detected in plasma samples were also detected in 
matched urine samples.

Discussion

In the largest assessment of ctDNA from metastatic RCC 
patients to date, Pal et al (6) reported high rates of GAs in 
several genes, including TP53, VHL, EGFR, PIK3CA and NF1, 
and that the rate of GAs in these genes was higher in patients 
receiving multiple lines of therapy vs. first‑line therapy. The 
present study, although from a smaller cohort, identified 
several similarities to this previous study, with high frequen‑
cies of mutations in MET and MYC. There were also several 
differences, including higher GA frequencies in the GNAS 
and PTEN genes, and several GAs we identified in genes that 
were not sequenced in the previous study, including RICTOR, 
FGFR4, AURKA, MYD88 and FLT1.

GNAS was the most frequently mutated gene in our cohort, 
with the majority of mutations occurring at two residues. The 
A448D mutation has been previously identified in prostate 
and pancreatic adenocarcinomas (7), while, to the best of our 
knowledge, the mutation at aa 371 has not been previously 
identified. The GNAS gene is located on chromosome 20q13.3 
and encodes the α subunit of the heterotrimeric G protein 
complex (Gsα), which couples seven‑transmembrane recep‑
tors to the cAMP‑generating enzyme adenylyl cyclase (8). 
Activating or inactivating mutations and epigenetic changes 
at the GNAS locus have been described in a number of 
cancers (9), but little is known regarding GNAS mutations 
in RCC. The findings of the present study must be replicated 
in a larger cohort and the mutations confirmed by additional 
methods. However, our data warrant further investigation into 
the role of GNAS mutation in RCC.

A recurrent mutation at Y55 was identified in the PTEN 
gene. Mutation of this residue has been previously identified 
in chromophobe RCC, uterine endometrioid carcinoma, glio‑

blastoma multiforme, breast invasive ductal carcinoma (IDC) 
and cervical squamous cell carcinoma (SCC), and is predicted 
to be oncogenic (7). It is well established that PTEN is a 
frequently mutated gene in RCC, particularly clear cell 
RCC (10). Moreover, several studies have demonstrated that 
mutations in PTEN are associated with worse overall survival 
in patients with RCC (10,11). Therefore, it was not surprising 
to find a relatively high frequency of PTEN mutation in our 
cohort.

The RICTOR A3V mutation has been identified in breast 
IDC, and while the R8H mutation has not been previously 
identified, the R8C mutation has been identified in adenoid 
cystic carcinoma and hepatocellular carcinoma. RICTOR is 
the mTOR partner in the mTORC2 complex, which has been 
shown to serve an important function in the development and 
progression of RCC (12); thus, the identification of mutations 
in this gene are expected in RCC. None of the FGFR4 muta‑
tions have been previously identified in cancer, but the FGFR 
pathway is involved in driving VEGF‑independent tumor 
angiogenesis as a mechanism to escape VEGF‑targeted treat‑
ment (13). As several patients in our cohort had received such 
treatment, it is possible that these mutations arose in response 
to this treatment. The same may be the case for the muta‑
tion identified in FLT1, the gene that encodes VEGFR1. The 
AURKA mutation also has not been previously identified in 
cancer, but the role of Aurora kinase A has been described in 
advanced RCC (14), which may also be of relevance.

A subgroup analysis of patients who had been exposed to 
any MET inhibitor (n=29) vs. those who had not (n=21) was 
performed, and revealed that only patients who had been 
exposed to these agents had GAs in MET (n=6) and RET 
(n=1); these GAs were not identified in any patients who 
had not received MET inhibitor treatment. The two tyrosine 
kinase‑encoding genes RET and MET are targets of cabozan‑
tinib and other MET inhibitors (15), and RET mutations have 
been shown experimentally to cause resistance to cabozantinib 
in model systems (16), as have mutations in MET (17). Of the 
mutations in our cohort, the RET E366X mutation has been 
found in head and neck SCC and lung SCC. Mutation at aa63 
has been found in uterine endometrioid carcinoma and muta‑
tion at aa375 has been found in prostate cancer, while the 
V1220I mutation has not been previously identified in cancer. It 
is possible that these mutations arose in response to treatment 

Figure 1. (A) Number of plasmid samples (n=50) with GAs in the indicated genes. (B) Venn diagram showing GAs detected in matched plasma and urine 
samples. GAs, genomic alterations.
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with the MET inhibitors; however, we did not identify signifi‑
cant differences in response or time‑to‑progression in MET 
inhibitor‑treated patients with or without mutations in MET and 
RET, which may be attributed to the small sample size.

The present study was unable to confirm the findings of 
Pal et al (6), which demonstrated that GAs in several genes 
were more common among patients treated with multiple lines 
of treatment vs. those receiving only one line of treatment, but 
this was likely due to the smaller cohort and smaller number of 
mutations identified in the present study. Of note, GAs in GNAS 
were not found to be more frequent in patients receiving only 
one line of therapy, but the relevance of this finding is unclear.

Although the majority of studies extract ctDNA from 
plasma for sequencing, other body fluids, including the urine, 
also contain ctDNA. Urine has several advantages compared 
to blood, as it is a non‑invasive sample source, which is ideal 
for patients who require repeated sampling to monitor cancer 
progression or therapeutic efficacy, and the collection of urine 
does not require specialized facilities or expensive equip‑
ment (18). Several studies have demonstrated that there is a high 
degree of correlation between the detection of specific GAs in 
the urine and plasma ctDNA (19,20). We herein observed that, 
while there was a significant correlation between the number 
of GAs detected in matched urine and plasma samples, only 
28.1% of GAs detected in plasma samples were also detected 
in matched urine samples. This may be due to technical 
complications from isolating ctDNA from urine (18), or it may 
reflect different subsets or clones of cancers that preferentially 
shed DNA into these fluids. Further research is needed to 
determine the association between ctDNA isolated from 
urine and plasma before urine ctDNA can reliably be used to 
monitor metastatic RCC.

Certain differences from the study of Pal et al (6) were to 
be expected, as a different sequencing platform was used and 
the patient population was also different. The present study 
included fewer patients, and they were all from a single institu‑
tion. Furthermore, the treatment differed significantly between 
the two studies, as the patients in the Pal et al study received 
primarily VEGF‑targeted therapies, while the treatments 
received by patients in the present study varied widely. The 
ctDNA sequencing platform used in the present study detected 
only mutations, not amplifications, which may partially explain 
why fewer GAs we identified in certain genes compared with 
the Pal et al study.

There were certain limitations to the present study. First, 
including only 50 patients from a single institution precludes 
wide generalizations of the findings, and it also limits 
subgroup analysis between different treatments and histolog‑
ical subtypes. The present study did not have primary tumor 
tissue to compare ctDNA samples, and serial samples were not 
collected, so it was not feasible to directly assess tumor evolu‑
tion in individual patients. Furthermore, DNA from normal 
cells was not available for comparing ctDNA results; therefore, 
GAs were determined by comparison to a reference database. 
In addition, the investigational ctDNA sequencing panel used 
is marketed in China, but has not undergone testing as rigorous 
as that of its US‑approved counterparts, such as those from 
Guardant or Foundation Medicine. Several of the GAs identi‑
fied in the present study are variants of unknown significance 
and must be further investigated to determine whether they are 
truly oncogenic.

In conclusion, despite its limitations, the present study 
largely supports the findings of Pal et al and has identified 
potential new targets in metastatic RCC.

Table II. Comparison of mutation frequency across datasets.

 Samples with genomic alterations (%)
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene Present study Pal et al TCGA clear cell TCGA papillary

MET 12 9.5 0.7 13
MYC 16 7.7 1.2 0
PTEN 20 3.6 5 2.9
TP53 4 35 2.1 2.5
GNAS 28 3.2 0.7 0
HNF1A 8 0 0 1.5
FGFR4 6 N/S 0.7 0.7
RICTOR 4 N/S 1 1.1
MTOR 2 0 5.4 1.4
AKT1 2 0.5 0.5 0
RET 2 0.9 0.2 0
FLT1 2 N/S 1.4 1.4
JAK3 2 0.9 1 0.4
AURKA 2 N/S 0 0
IDH1 2 1.4 1.2 0.7
MYD88 2 N/S 3 0

TCGA, The Cancer Genome Atlas; N/S, not sequenced.
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