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Abstract

Context: Over the past decade there has been increasing interest in the potential of
liquid biopsies and systematic biomarkers in the diagnosis and management of kid-
ney cancer, as they may provide a tool for early detection of disease and monitoring
of treatment response.
Objective: To identify and summarize relevant published data on circulating tumor
DNA (ctDNA) in patients with renal cell carcinoma (RCC).
Evidence acquisition: We performed a systematic review according to the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement of studies identified in PubMed, MEDLINE, EMBASE, and Cochrane
Library up to January 15, 2021. Two reviewers independently screened all articles
and performed the data extraction.
Evidence synthesis: Nineteen studies investigating ctDNA in RCC (1237 patients)
were included and analyzed in the final review. The study size and design varied
widely, and the studies were divided into five groups according to the method used
for ctDNA detection. The outcome data included (1) the sensitivity/specificity if
available; (2) the method used for ctDNA detection; and (3) the main findings in
the studies.
Conclusions: The studies highlight that the level of ctDNA in RCC appears to be low.
Studies using multiple methods for ctDNA detection indicate that tumor-guided
analysis improves the ctDNA detection rate and suggest that cell-free methylated
DNA immunoprecipitation and high-throughput sequencing may be a very sensi-
tive method for ctDNA detection in RCC.
Patient summary: We systematically reviewed the literature to identify all rele-
vant studies investigating circulating tumor DNA in patients with kidney cancer
to investigate its use and potential in this highly malignant disease. We found that
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the level of circulating tumor DNA is low in kidney cancer and that very sensitive
methods have to be used for detection in this disease.

� 2021 The Authors. Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Urological malignancies are an increasing health care prob-
lem worldwide, with more than an estimated 1 million
patients newly diagnosed annually [1]. Renal cell carcinoma
(RCC) is a highly malignant disease and represents 3% of all
malignancies in Western countries, with its incidence
increasing annually [2].

Diagnosis and treatment of patients with RCC present
many challenges. This is mainly because RCC is character-
ized by asymptomatic manifestation in the early stages
and a poor response to radiotherapy and chemotherapy in
metastatic stages [3,4]. Over the past several decades, there
has been increasing interest in research on liquid biopsies
and circulating cancer biomarkers because they might pro-
vide a tool for early detection of disease and for monitoring
of treatment response. Ellinger et al [5] reported that the
presence of cell-free DNA (cfDNA) in the bloodstream was
first detected more than 50 yr ago. cfDNA can easily be
obtained from peripheral blood, and it has been shown that
it is present in patients with multiple solid malignancies [6].
The presence of cfDNA in the bloodstream of patients and
changes in the levels of these circulating nucleic acids are
associated with tumor load and tumor progression. How-
ever, studies differ as to whether they have been able to
show correlation between cfDNA levels and tumor stage
and grade in RCC [7–9]. Circulating tumor DNA (ctDNA) is
cfDNA derived from apoptotic or necrotic tumor cells, secre-
tions from macrophages, or circulating tumor cells (CTCs)
[10]. Analysis of ctDNAmay open the possibility of noninva-
sive detection of the mutational profile of a specific cancer
during tumor progression, and studies have shown that
the presence of ctDNA correlates with advanced disease
and disease progression during treatment [7,11,12]. While
several studies on ctDNA in RCC have been performed, there
are still no clear recommendations or summaries of the
literature.

We report here on a systematic review of all published
data on ctDNA in patients with RCC to investigate the use
and potential of ctDNA in RCC.
2. Evidence acquisition

2.1. Search strategy

This systematic review was performed according to Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [13] (Fig. 1). The review was
registered on the PROSPERO platform under identification
number CRD42020208730. One author (L.G.) and an expert
librarian conducted the search, for which the strategy is
available in the Supplementary material.
The literature search was performed in the PubMed,
MEDLINE, EMBASE, and Cochrane Library databases to iden-
tify relevant studies up to January 15 2021, with sorting and
removal of duplicate articles performed in Covidence.

2.2. Screening and selection criteria

Study selection was performed in three sequential steps:
articles were first assessed by title, second by abstract,
and third by full text. Studies were included if they met
the following inclusion criteria: (1) patients diagnosed with
any stage of RCC; (2) analysis of DNA in plasma/serum; (3)
analysis of mutations at a DNA level or epigenetic changes;
and (4) article written in English. Articles regarding malig-
nancies other than RCC, animal and cell-line studies, studies
published before 2010, and small pilot studies containing
fewer than five patients were excluded.

Two authors (L.G. and K.M.K.) independently screened
the titles and abstracts and selected potentially eligible
studies. The full text of potentially eligible studies was then
screened. The authors discussed any disagreements until
consensus was reached.

2.3. Data extraction

A data extraction sheet was developed and prespecified out-
comes of interest were collected. Two reviewers (L.G. and
K.M.K.) independently extracted data from the studies
included. Disagreements were resolved via consensus.

The trial characteristics extracted included: (1) first
author’s name and year of publication; (2) method applied
for detection of ctDNA; (3) number of patients/cases; and
(4) number of controls. The outcome data included: (1) sen-
sitivity and specificity when available; (2) method used for
ctDNA detection; and (3) key findings in the particular
studies.

Quality assessment was not performed according to pre-
defined criteria because of the variation in study design and
methods in the studies included. The quality of the studies
was assessed by one author (K.M.K.) with wide experience
with methods used for ctDNA detection.

3. Evidence synthesis

3.1. Studies included

According to our search criteria, 3439 potentially relevant
papers were identified and screened in the primary search.
All papers were added into EndNote and duplicates were
removed, leaving 1670 studies. The titles, abstracts, and full
texts were screened manually, and 19 studies met the inclu-
sion criteria [9,14–31]. All studies included were published
between 2010 and 2020. They were published in full, but
the size and design of the studies varied widely, and
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Fig. 1 – Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart of study selection.
therefore they were divided into five groups according to
the method used for ctDNA detection: (1) tumor-guided
analysis of plasma; (2) targeted sequencing of plasma; (3)
global sequencing of plasma; (4) targeted methylation anal-
ysis of plasma; and (5) global methylation analysis of
plasma.

To cover the use of ctDNA in RCC, we screened the stud-
ies in each of the ctDNA detection groups to find the ctDNA
detection rate and the sensitivity and specificity if available.
Furthermore, we identified studies investigating the con-
cordance between ctDNA samples and tumor tissue from
the same patient, and studies investigating the potential
of ctDNA for prognosis and disease monitoring. Finally, we
summarized the methods used for ctDNA detection and
which method to choose on the basis of our findings.
3.2. ctDNA detection rates

3.2.1. Tumor-guided analysis of plasma
Five studies [14–18] applied tumor-guided analysis of
plasma (Table 1). This type of analysis is based on identifi-
cation of mutations in tumor tissue DNA and subsequent
analysis of these mutations in cfDNA. The advantage of this
method is that very high technical sensitivity can be
achieved when the mutations of the tumor are known.
The downside is that the analysis does not identify newly
acquired mutations. The five studies included between five
and 24 RCC patients and the ctDNA detection rate ranged
from 17% to 54%.

In an early ctDNA landmark study, Bettegowda et al [14]
investigated the presence of ctDNA in 640 patients with
various cancer types, including five patients with metastatic
RCC. Detection of ctDNA in plasma was via polymerase
chain reaction (PCR)- or sequencing-based analysis of a
mutation identified in the tumor. ctDNA was detected in
40% of RCC patients with metastatic disease, which led to
classification of RCC as a low-ctDNA malignancy. Although
the classification was based on a very low number of
patients, it has been supported by multiple studies per-
formed since then [15–18].

The studies by Corrò et al [15] and Lasseter et al [18]
both used targeted deep sequencing of one or a few muta-
tions identified in tumor tissue and had a ctDNA detection
rate of 17% and 52%, respectively. The patients in the study
by Corrò et al had nonmetastatic disease, whereas the
patients in the study by Lasseter et al had metastatic RCC.



Table 1 – Tumor-guided analysis of plasma.

Study Cases Stage Method ctDNA
detection
rate (%)

Findings

Bettegowda
2014
[14]

5 mRCC PCR or targeted amplicon sequencing of mutations
identified in tumor tissue using sequencing.

40 ctDNA detected in only 2 of 5 patients with mRCC
leading to the conclusion that RCC is a low-ctDNA
cancer type.

Corrò 2017
[15]

9 nmRCC Targeted sequencing of VHL (tumor and plasma
samples), depth 7880� to 10 895� in plasma.
Mutation-specific PCR in a single patient.

17 Mutation only identified in one patient where
mutants-specific PCR was performed. No mutations
identified by sequencing.

Smith 2020
[16]

29 Various Customized sequencing targeting on average 297
variants per each patient identified by exome
sequencing of tumor tissue; > 20 000 informative
reads for a sample to pass quality control.

54 RCC has low levels of ctDNA compared to other types
of cancer.Targeted, personalized approach improved
ctDNA detection compared to untargeted approach.
Heterogeneity analysis in two patients with multiple
spatially distinct tumor tissue samples: ctDNA
analysis may overcome tumor heterogeneity.

Wan 2020
[17]

24a Various Exome sequencing of tumor tissue and subsequent
custom panel sequencing of plasma targeting
identified mutations. Approximate sensitivity of 10�5.

42 (at
specificity
of 90%)

RCC has low levels of ctDNA compared to other types
of cancer. ctDNA fraction of approximately 10-4 in RCC
patients.

Lasseter
2020
[18]

23 mRCC Tumor-guided amplicon sequencing of 47 variants
identified in tumor tissue using panel sequencing of
27 genes. Depth of 122 035� for plasma samples.

52 Validation of tumor variants detected 16 variants in
plasma that had already been detected by initial panel
sequencing, and an additional 9 tumor-variants
present at low frequency in plasma. Thus, tumor-
guided analysis increased the sensitivity of ctDNA
detection. VAF correlated with response to treatment
in 5 patients with serial samples.

ctDNA = circulating tumor DNA; mRCC = metastatic renal cell carcinoma; nmRCC = nonmetastatic RCC; PCR = polymerase chain reaction; VAF = variant allele
frequency.
a Subgroup of patients investigated in study by Smith et al [16].
The difference in detection rate may result from the differ-
ent patient cohorts; however, the relatively low detection
rates in these studies are surprising, since the tumor-
informed strategy has the potential to be one of the most
technically sensitive methods. The study by Lasseter et al
also showed that sequencing of cfDNA to an extremely high
depth (122 035�) improved ctDNA detection because it
increases the detection of variants present at very low
frequencies.

Two very recent studies with mixed patient cohorts
(nonmetastatic and metastatic RCC) [16,17] applied ctDNA
analysis of a large number of variants identified in tumor
tissue. In the study by Smith et al [16], 91 patients were
investigated using a variety of methods (Tables 1–3). The
authors found that a personalized approach targeting an
average of 297 tumor-specific variants per patient using
custom panel sequencing of mutations identified via exome
sequencing of tumor tissue improved ctDNA detection com-
pared to an untargeted approach. Tumor-guided analysis of
plasma was performed for 29 patients and identified ctDNA
in 54% of the patients for whom the analysis passed quality
control. Wan et al [17] applied a similar methodological
approach to 24 patients and found that the fraction of
ctDNA in RCC patients was approximately 10�4. This finding
highlights that extremely sensitive methods are required
for ctDNA analysis in RCC.

3.2.2. Targeted sequencing of plasma
Eight studies [16,18–24] (Table 2) applied targeted panel
sequencing of DNA from plasma without prior analysis of
tumor tissue DNA. The advantage of this strategy is that it
does not require a tissue sample (ie, it is less invasive)
and allows for identification of newly acquired mutations.
However, the analysis may be less sensitive than tumor-
guided analysis. In general, the studies included a larger
number of patients, ranging from 19 to 220, and the detec-
tion rate was considerably better, ranging from 19% to 100%.
Most of the studies were performed among patients with
metastatic disease; only 14 patients in the study by Yama-
moto et al [22] and two patients in the study by Smith
et al [16] had nonmetastatic RCC (detection rates of 30%
and 19%, respectively). The high detection rates may thus
reflect a high tumor load in many of these patients. The
findings in the study by Maia et al [20] support this hypoth-
esis. The authors found that ctDNA detection correlated
with tumor burden; tumor burden was significantly higher
in patients with detectable ctDNA than in patients without
ctDNA. Furthermore, the number of mutations in ctDNA
was also significantly correlated with tumor burden.

Bacon et al [23] found a relatively low detection rate of
33% in comparison to similar studies. This may be because
in 40 of 55 patients, plasma samples were collected after
surgical removal of the primary tumor. However, in a study
by Hahn et al [19] in which 15 of 19 patients also had their
primary tumor surgically removed before sample collection,
the ctDNA detection rate was 68%. The low detection rate
could also be explained by the technical sensitivity of the
assay, which did not allow for detection of variants present
at a variant allele frequency (VAF) of <1% [23].

There seems to be a trend towards better detection in
studies in which ctDNA analysis was based on a gene panel
covering a high number of genes, very high sequencing
depths, or a combination of these. For example, the studies
by Maia et al [20] and Pal et al [21] both sequenced 73 genes
with 15 000� coverage and had detection rates of 53% and
79%, respectively. By comparison, Smith et al [16]



Table 2 – Targeted sequencing of plasma.

Study Cases Stage Method ctDNA
detection
rate (%)

Findings

Hahn 2017
[19]

19 mRCC Panel sequencing, 72 genes; depth
not stated.

68 Median mutation rate: 1 in ctDNA and 3 in tumor tissue. Concordance
with matched tumor tissue 8.6%.

Maia 2017
[20]

26 mRCC Panel sequencing, 73 genes;
average depth 15 000�.

53 Median mutation rate in ctDNA: 2. Significantly higher tumor burden in
patients with detectable ctDNA. Significant correlation between number
of mutations and tumor burden.

Pal 2017
[21]

220 mRCC Panel sequencing, 73 genes;
average depth 15 000�

79 Median mutation rate in ctDNA: 1. Median VAF 20% in patients receiving
first-line treatment and 24% in later-line treatment. Longitudinal samples
from 13 patients: Increasing discordance between ctDNA profiles with
increasing time between samplings, indicative of clonal evolution of the
tumor.

Yamamoto
2019
[22]

53 Various Panel sequencing, 48 genes;
average depth 204�

30 Median mutation rate in ctDNA: 2. Median VAF 10%. ctDNA dynamics
correlated with tumor burden in 6 patients with longitudinal samples.
Mutant ctDNA fragments tends to be shorter than corresponding wild-
type cfDNA fragments.

Bacon 2020
[23]

55 mRCC Panel sequencing, 982 genes;
median depth 938�, detection
limit 1% VAF

33 Average ctDNA VAF 3.9% for ctDNA-positive patients. Concordance with
matched tumor tissue 77%. ctDNA-positive patients had significantly
shorter survival than ctDNA-negative patients.

Zhang
2020
[24]

50 mRCC Panel sequencing, 120 genes;
median depth 2980�

100 Median mutation rate in ctDNA: 2. Significant correlation between
number of aberrations in plasma and number of lines of therapy.

Smith 2020
[16]

43 Mostly
mRCC

Panel sequencing, 10 genes;
median raw depth 9688�

19 Longitudinal samples from 37 patients: ctDNA levels fluctuate in
accordance with clinical response to treatment.

Lasseter
2020
[18]

40 mRCC Panel sequencing, 27 genes;
median depth 989�

28 Analysis also identified 2 germline variants and 6 variants resulting from
clonal hematopoiesis. Amplicon sequencing of an additional 31 variants
identified in tumor tissue detected 9 of these at low frequency in plasma,
ie, tumor-guided analysis increased the sensitivity of ctDNA detection.
VAF correlated with response to treatment in 5 patients with serial
samples.

cfDNA = cell-free DNA; ctDNA = circulating tumor DNA; mRCC = metastatic renal cell carcinoma; VAF = variant allele frequency.

Table 3 – Global sequencing of plasma.

Study Cases Controls Stage Method ctDNA
detection
rate (%)

Findings

Mouliere
2018
[25]

33 65 Not
stated

sWGS, depth 0.4�. 65a (at
specificity
of 95%)

Large study of 344 plasma samples from 200 cancer
patients. Enrichment of fragments of 90–150 bp
improved ctDNA detection. RCC is a low-ctDNA cancer.

Smith
2020
[16]

48 70 Various sWGS on average 16.4 million reads per
sample. Predicted limit of detection: 0.3%
ctDNA fraction

23 (at
specificity
of 95%b)

RCC has low levels of ctDNA compared to other
cancers. Targeted, personalized approach improved
ctDNA detection compared to untargeted approach.

43 42 Mostly
mRCC

Modified fast aneuploidy screening test-
sequencing system and ichorCNA analysis of
sWGS data (sensitivity 3% ctDNA fraction)

33
(specificity
not stated)

Longitudinal samples from 37 pts: ctDNA levels
fluctuate in accordance with clinical response to
treatment.

ctDNA = circulating tumor DNA; mRCC = metastatic renal cell carcinoma; sWGS = shallow whole-genome sequencing.
a Low-ctDNA cancers: renal, pancreatic, and glioma; not specified for RCC alone.
b Determined by Mouliere et al [25].
sequenced ten genes to a depth of 9688� and Lasseter et al
[18] sequenced 27 genes to a depth of 989� and had ctDNA
detection rates of 19% and 28%, respectively.

3.2.3. Global sequencing of plasma
Two studies [16,25] that used global sequencing of plasma
were identified (Table 3), both of which applied shallow
whole-genome sequencing (sWGS). This untargeted
method requires no prior knowledge of specific mutations
in the tumor and has low sensitivity for single-base muta-
tions but may identify large deletions and duplications.
sWGS is relatively inexpensive and easy to perform. Mou-
liere et al [25] performed sWGS to a depth of 0.4� on 344
samples from 200 patients with various types of cancer
including 33 with RCC (unknown stage of disease). ctDNA
detection was based on analysis of cfDNA fragment lengths
in cancer patients and healthy individuals. They found that
in silico enrichment of fragments between 90 and 150 bp in
size improved detection of ctDNA across cancer types. How-
ever, in RCC the proportion of fragments <150 bp was very
similar to that in healthy individuals, indicating a low
amount of ctDNA in RCC. The ctDNA detection rate was
65% for ‘‘low-ctDNA cancers’’ (RCC, pancreatic cancer, and
glioma).

Smith et al [16] applied the same in silico size selec-
tion of cfDNA fragments as Mouliere et al [25] and found
that this improved detection of ctDNA. In a cohort of
patients with various stages of RCC and a cohort of mRCC
patients they found that the ctDNA detection rate was
23% (11 of 48) and 33% (14 of 43), respectively, when
the untargeted sWGS approach was combined with size
selection.



Although there are some advantages of this untargeted
and relatively less expensive method, the results suggest
that it has relatively low sensitivity for RCC and that opti-
mization is required.

3.2.4. Targeted methylation analysis of plasma
Targeted methylation analysis of plasma using a PCR-based
method is very inexpensive and easy to perform. The disad-
vantage is that very few genes are analyzed and if the
patients does not have a mutation in one of these genes,
then the ctDNA test result will be negative. We identified
five studies [9,28–31] that used this method (Table 4) and
included between 27 and 157 patients with various stages
of RCC. Four of the studies included a group of healthy
controls.

In general, the authors concluded that methylation anal-
ysis provided high specificity but low sensitivity in distin-
guishing cancer patients from healthy controls. Hauser
et al [28] and Skrypkina et al [29] performed combinatorial
analysis of multiple genes, which increased the diagnostic
sensitivity and specificity. Lin et al [30] and Jung et al [31]
investigated the methylation status of PCDH17 and SHOX2,
respectively. Lin et al found that the presence of PCDH17
correlated with advanced disease stage, and Jung et al found
that patients with SHOX2-positive plasma had a signifi-
cantly higher risk of death.

PCR-based analysis can be much less expensive to per-
form than sequencing-based analysis but it only allows
for investigation of a limited number of mutations. Both
sensitivity and specificity are often relatively low, as seen
in the studies by Hauser et al [28] and de Martino et al
[9]. Technically more sensitive methods such as digital
droplet PCR might improve sensitivity for patients whose
tumor has a mutation in the targeted genomic position
[32]. However, it is likely that other methods targeting
Table 4 – Targeted methylation analysis of plasma.

Gene de Martino 2012 [9] Hauser 2013 [28]
(157 cases, 43
controls)

(35 cases, 54
controls)

SSY (%) SPY (%) SSY (%) SPY (%)

Single genes
RASSF1 45.9 93 22.9 98.2
PTGS2 38.2 65.1 22.9 96.3
VHL 50.3 90.7 –
P16 46.5 55.8 –
APC – 54.3 90.7
GSTP1 – 17.1 98.1
p14ARF – 14.3 100
RAR-b – 40 85.2
LRRC3B – –
FHIT – –
PCDH17 – –
SHOX2 – –
Gene combinations
APC or GSTP1 57.19 88.9
APC or PTGS2 60.0 87.0
APC or RAR-b 74.3 77.8
PTGS2 or GSTP1 62.9 87.0
RASSF1, FHIT, APC
RASSF1, FHIT
RASSF1, APC

SSY = sensitivity; SPY = specificity; NA = not available.
larger genomic regions are required for ctDNA detection
in RCC.

3.2.5. Global methylation analysis
Three studies [18,26,27] investigated global methylation
patterns (epigenetic aberrations) in cfDNA (Table 5). Epige-
netic alterations are more abundant than genetic alterations
in RCC, thereby providing more tumor-specific alterations.
Global methylation analysis may thus achieve higher sensi-
tivity. Cell-free methylated DNA immunoprecipitation and
high-throughput sequencing (cfMeDIP-seq) is a bisulfite-
free technique that can detect whole-genome methylation
of cfDNA. The advantages of this technique is that it can
enrich genome-wide CrG methylated cfDNA with a low
DNA input (<10 ng) [33]. cfMeDIP-seq was applied in two
studies: Nuzzo et al [26] had a ctDNA detection rate of
97% (at specificity of 100%) in a study of 69 patients with
various stages of RCC, and Lasseter et al [18] had a ctDNA
detection rate of 100% in a study of 34 patients with mRCC,
although at lower specificity of 88%.

In a large study including more than 2000 patients with
different types of cancer (including 81 patients with various
stages of RCC), Liu et al [27] found that the ctDNA detection
rate in RCC was low compared to other types of cancer. The
study was conducted in two steps using whole-genome
bisulfite sequencing data from 1531 cancer cases and
1521 control samples to build a classifier for ctDNA detec-
tion. The authors applied the classifier to a validation cohort
of 654 cancer cases and 610 control samples. The detection
rate in this study was 21% (specificity of 99.8%) in the train-
ing cohort and 12% (specificity of 99.3%) in the validation
cohort, and ctDNA detection had increasing sensitivity with
increasing stage of disease.

These studies indicate that cfMeDIP-seq may be a
promising strategy for ctDNA detection in RCC, but
Skrypkina 2016 [29] Lin 2017 [30] Jung 2019 [31]
(27 cases, 15
controls)

(142 cases, 34
controls)

(100 cases, 0
controls)

SSY (%) SPY (%) SSY (%) SPY (%) SSY (%) SPY (%)

62.9 93.3 – –
– – –
0 100 – –
– – –
51.9 93.3 – –
– – –
– – –
– – –
74.1 66.7 – –
55.6 100 – –
– 57.7 100 –
– – 12 NA

92.3 86.7
77.8 93.3
77.8 93.3



Table 5 – Global methylation analysis of plasma.

Study Cases Controls Stage Method ctDNA
detection
rate (%)

Findings

Nuzzo
2020
[26]

69 13 Various cfMeDIP-seq 97 (at
specificity
of 100%)

Classifier built on top 300 differentially methylated regions: 67
of 69 RCC plasma samples had higher methylation score than all
of the healthy controls.

Lasseter
2020
[18]

34 a 38 mRCC cfMeDIP-seq; classifier
trained on a separate cohort
with 38 mRCC samples

100 (at
specificity
of 88%)

cfMeDIP-seq increased ctDNA detection considerably compared
to variant analysis, although at lower specificity.

Liu 2020
[27]

56 (1531
cancer
cases)

1521
(training
cohort)

Various Whole-genome bisulfite
sequencing; depth 30�

21 (at
specificity
of 99.8%)

Large study with multiple cancer types. Sequencing data used to
build a classifier to detect ctDNA and identify the cancer type
(TOO). Sensitivity of ctDNA detection increased with disease
stage. ctDNA detection in RCC was low compared to other
cancers. TOO was classified correctly for all ctDNA-positive RCC
samples.

25 (654
cancer
cases)

610
(validation
cohort)

Various Methylation sequencing of
103 456 regions; median
depth 139�

12 (at
specificity
of 99.3%)

cfMeDIP-seq = cell-free methylated DNA immunoprecipitation and high-throughput sequencing; ctDNA = circulating tumor DNA; mRCC = metastatic renal cell
carcinoma; TOO = tissue of origin.
a Total of 40 patients in the study.
validation in larger studies is of utmost importance before
any clear conclusions can be drawn.

3.3. Concordance with tumor tissue

One of the potential applications of ctDNA analysis is its
ability to overcome genetic heterogeneity. Genetic hetero-
geneity occurs in space (spatial) and time (temporal), and
poses a substantial challenge in the management of cancer.
Spatial heterogeneity is the presence of genetic aberrations
in regions/subclones of the primary tumor or in metastatic
lesions. If targetable aberrations are not present in biopsy
tissue from the primary tumor because of heterogeneity,
they will remain unidentified and potentially lead to subop-
timal treatment of the patient. Temporal heterogeneity
arises over time as a result of clonal evolution of the tumor,
which may be caused by selective pressure due to systemic
treatment of the disease or genomic instability of the tumor.

Smith et al [16] performed heterogeneity analysis in one
extensively characterized patient with ten spatially distinct
tumor tissue samples and observed that region-specific
mutations from nine of ten tumor regions were identified
in plasma, thus indicating that ctDNA analysis may over-
come tumor heterogeneity.

Another way to explore the potential ability of ctDNA to
overcome genetic heterogeneity is to investigate the con-
cordance between a plasma sample and a single tissue
biopsy from the same patient. Bacon et al [23] used this
approach and found concordance of 77% in four ctDNA-
positive patients with available tumor tissue samples. Hahn
et al [19] found concordance of only 8.6%. However, this is
probably because the plasma samples in this patient cohort
were collected several months after the corresponding
tumor tissue samples (mean 22 mo, range 0–70) and some-
times after surgical resection of the primary tumor. Stratifi-
cation of patients according to the time between tissue and
plasma sample collection slightly increased the concor-
dance rate to 11.4% for patients with �6 mo between tumor
tissue and plasma collection. This indicates clonal evolution
of the tumor over time, which would explain the low con-
cordance between tumor tissue and plasma samples col-
lected at different time points. This hypothesis is
supported by findings in the study by Pal et al [21] in which
13 patients had ctDNA analysis performed on more than
one sample, with the second sample obtained at a median
of 157 d (range 21–360) after the first. The concordance
between aberrations detected in first and second samples
decreased with increasing time between sample collection,
thus indicating clonal evolution of the tumor.

3.4. Prognosis and disease monitoring

One of the potential applications of ctDNA analysis is the
ability to provide prognostic information, which was inves-
tigated in four studies. Jung et al, Lin et al, and Yamamoto
et al all found that ctDNA detection in patients with various
stages of RCC was significantly associated with either higher
risk of death [31], or shorter progression-free survival
[22,30], cancer-specific survival [22], or overall survival
[30]. Bacon et al [23] found that ctDNA-positive patients
had shorter overall survival and progression-free survival
on first-line therapy in comparison to ctDNA-negative
patients. More studies are needed, but these findings indi-
cate that ctDNA may have potential as a prognostic
biomarker.

Another potential application of ctDNA analysis is in dis-
ease monitoring during systemic treatment and follow-up
of patients. Four studies [16,18,21,22] carried out longitudi-
nal sampling of patients and in general found that the level
of ctDNA fluctuated in accordance with the clinical course of
the disease. Smith et al [16] analyzed 252 longitudinal sam-
ples from 37 patients. They observed that the level of ctDNA
increased before initiation of treatment, decreased with
response to treatment, and increased or remained elevated
with disease progression or lack of response to treatment.
The studies by Lasseter et al [18] and Yamamoto et al
[22], who investigated ctDNA levels in longitudinal samples
from five and six patients, respectively, support the findings
reported by Smith et al. These studies thus support the
notion that ctDNA may potentially be a biomarker suitable
for monitoring of treatment response and disease
progression.



3.5. Line of therapy and ctDNA

Two studies [21,24] investigated the effect of first-line ver-
sus later-line therapy on genetic aberrations in ctDNA. Pal
et al [21] performed a large study of 220 patients investigat-
ing the differences in genetic alterations found between
patients receiving first-line and second- or later-line sys-
temic treatment. They found that the median VAF was
20% for patients receiving first-line treatment but increased
to 24% for patients receiving later-line treatment. Further-
more, they observed different mutation frequencies for sev-
eral genes between patients receiving first-line therapy and
those receiving later-line therapy. Zhang et al [24] found
that the number of genetic aberrations in ctDNA was asso-
ciated with the number of lines of therapy received. The two
studies indicate that ctDNA may have a role in identifying
genetic aberrations acquired during systemic treatment
and could potentially provide a way to identify mechanisms
of therapeutic resistance.

3.6. Methods for ctDNA detection: which to choose?

ctDNA is often present in minute amounts against a back-
ground of cfDNA released from healthy cells. Low ctDNA
levels require highly sensitive methods for detection, espe-
cially in RCC, in which the levels of ctDNA generally appear
to be low compared to other cancers. Comparison and opti-
mization of methods are therefore of utmost importance.

Two of the studies compared different methods for
detection of ctDNA. Smith et al [16] applied three methods
to two different RCC patient cohorts; tumor-guided analy-
sis, targeted panel sequencing, and global sequencing of
plasma. They found that tumor-guided analysis had the
highest ctDNA detection rate, whereas global sequencing
of plasma had the lowest. This finding is supported by the
study carried out by Lasseter et al [18], who also applied
three methods for ctDNA detection in a single RCC patient
cohort: global methylation analysis (cfMeDIP-seq), tumor-
guided analysis, and targeted panel sequencing of plasma.
They found that cfMeDIP-seq performed best and that
tumor-guided analysis was more sensitive than targeted
panel sequencing. A suggested reason for the superiority
of cfMeDIP-seq was that epigenetic aberrations are more
frequent than genetic variants in RCC [34].

Several studies indicate that the sensitivity of ctDNA
analysis in RCC may be improved by enriching for shorter
DNA fragments. Mouliere et al [25] performed WGS of
plasma and found that the ctDNA detection rate in several
cancer types was improved by selection of DNA fragments
of between 90 and 150 bp, which is supported by results
reported by Smith et al [16] for their study using sWGS
and tumor-guided sequencing analysis. Yamamoto et al
[22] analyzed cfDNA fragment length using data from tar-
geted panel sequencing and found that DNA fragments with
mutations tended to be shorter than corresponding nonmu-
tated fragments and, similarly, that patients with positive
ctDNA analysis tended to have a higher proportion of short
versus long fragments. The findings in these studies together
indicate that fragment size analysis may also be used to
identify samples with certain levels of ctDNA to avoid
expensive analysis on samples with very low ctDNA levels.
There are many possible explanations as to why the
ctDNA detection rates in the studies included are below
100%; it may because of the sensitivity of the methods used
for detection or other factors related to the analysis, for
example, if the tumor mutations identified were subclonal
and only present in a small part of the tumor [35]. Other
possible reasons are the type of cancer, the anatomic loca-
tion of the tumor causes ctDNA to be released to urine
instead of blood, tumor DNA is cleared faster than in other
tumors, or simply that renal tumors shed less DNA than
other tumors [15]. A simple solution could be to analyze
DNA from a larger amount of plasma. However, this would
proportionally increase the cost of the analysis in most
cases. We hope that future studies will cast light on some
of these questions and improve the ability to detect ctDNA
in RCC.

4. Conclusions

The number of studies investigating ctDNA in RCC patients
is still low and the number of patients included in these
studies is limited, although larger studies have appeared
in the past few years. The studies highlight that the level
of ctDNA in RCC appears to be low. However, patients with
mRCC have a higher amount of ctDNA than patients with
localized disease. Studies using multiple methods for ctDNA
detection indicate that tumor-guided analysis improves the
ctDNA detection rate compared to unguided methods and
suggest that cfMeDIP-seq may potentially be a very sensi-
tive method for ctDNA detection in RCC. More studies are
needed to determine the potential applications of ctDNA
analysis in RCC and to improve methods for these
applications.
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