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ABSTRACT
Characteristics of circulating-tumor DNA
in non-metastatic clear cell renal cell carcinoma

Hongkyung Kim

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Jong Rak Choi)

Background: Clear cell renal cell carcinoma (ccRCC) is the most common
subtype of renal cell carcinoma. Circulating-tumor DNA (ctDNA) has emerged
as a biomarker which complements or acts as an alternative to renal mass biopsy.
However, the characteristics of ctDNA have not been elucidated in non-
metastatic ccRCC, especially with small tumors.

Methods: Plasma was preoperatively collected from 120 patients who underwent
surgical resection for suspected kidney cancer. Samples of ccRCC were
sequenced using next-generation sequencing and sequenced data were analyzed
using the Pi-Seq algorithm (Dxome, Sungnam, Korea). The characteristics of
ctDNA were compared between non-metastatic ccRCC and metastatic ccRCC.
Non-metastatic ccRCC was stratified according to pathological T (pT) stage into
pTla and pT1b-3a, and associations with ctDNA were further investigated. The
detection rate, variant allele frequency, and proportion of genes with ctDNA were
evaluated. ctDNA was investigated in association with several
clinicopathological features of ccRCC. The positive concordance of somatic
variants between plasma and matched tissue was evaluated.

Results: Of the 120 patients included in this study, 90 were diagnosed with
ccRCC, 20 were diagnosed with non-ccRCC, and 10 were diagnosed with benign

1



tumors. Among the 90 patients with ccRCC, 15 were excluded based on their
medical history; and of the remaining 75 patients, non-metastatic ccRCC was
confirmed in 67 patients. Most non-metastatic ccRCC cases (79.1%) were
classified as pTla ccRCC. Detection rates of ctDNA were 26.9% and 75.0% in
non-metastatic and metastatic ccRCC, respectively. The detection rate of non-
metastatic ccCRCC showed a tendency to increase as the tumor size increased. The
detection rate of ctDNA in pTla ccRCC was 22.6%. Median variant allele
frequencies of ctDNA were 0.351% and 1.168% in non-metastatic and metastatic
ccRCC, respectively. The proportion of genes with ctDNA in non-metastatic
ccRCC was different from that of metastatic ccRCC. VHL, PBRM1, SETD?2, and
BAPI were frequently detected in metastatic ccRCC while NFI, TP53, and
KDM6A were frequently detected in non-metastatic ccRCC. ctDNA detection in
non-metastatic ccRCC was associated with tumor sizes and patient age, but not
with tumor grade. ctDNA was frequently detected when lymphovascular invasion,
fat tissue invasion, or venous tumor thrombus were concurrently observed, but
the associations were not statistically significant. Positive concordance between
ctDNA and matched tissue was poor in non-metastatic ccRCC.

Conclusions: The characteristics of ctDNA in non-metastatic ccRCC were
explored, with particular attention on small-sized pTla ccRCC. Low detection
rate, low variant allele frequency, and different proportion of genes with ctDNA
were demonstrated in non-metastatic ccRCC compared with metastatic ccRCC.
ctDNA was associated with tumor size and patient age in non-metastatic ccRCC.
However, the relationship between ctDNA and tumor grade was not clear.
Possible variants of clonal hematopoiesis were not filtered, which was a
limitation of this study. A prospective study is required to demonstrate the clinical
significance of ctDNA in non-metastatic ccRCC. Improvement of the sensitivity
of ctDNA analysis and filtration of clonal hematopoiesis may advance the clinical

utility of ctDNA.




Key words: circulating-tumor DNA, clear cell renal cell carcinoma, non-
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Characteristics of circulating-tumor DNA
in non-metastatic clear cell renal cell carcinoma

Hongkyung Kim

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Jong Rak Choi)

I. INTRODUCTION

Renal cell carcinoma (RCC), a type of cancer that originates from the epithelial
cells of the kidney, accounts for more than 90% of all kidney cancers.' More than
ten subtypes of RCC have been reported, the majority of which are categorized
as clear cell RCC (ccRCC), papillary RCC, or chromophobe RCC.2 ccRCC, the
most common subtype of RCC, is responsible for the majority of deaths attributed
to kidney cancer.’ Kidney cancer accounts for more than 2% of all cancers
worldwide, and approximately 400,000 patients are newly diagnosed with kidney
cancer each year.*

The 5-year survival rate of localized RCC is 50-90%, which is significantly
higher than the 5-year survival rate of metastatic ccRCC, which is less than 13%.
Nephrectomy is mainly performed for non-metastatic ccRCC. However, despite
surgery, 30% of patients eventually develop metastases. Due to the poor outcome
of metastatic RCC, risk stratification at diagnosis is necessary for proper
management.> Moreover, as sonography and computed tomography (CT) are

widely used, incidental findings of small renal masses (< 4 cm in maximal
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diameter) have increased, and now account for more than half of newly diagnosed
cases of RCC.% Because approximately 20% of small renal masses are benign,
and 60% are malignant but tend to be indolent with low metastatic potential,
active surveillance and focal ablation have been introduced as strategies for the
management of small renal masses in older patients with considerable
comorbities.”® Notably, the remaining 20% of small renal masses are malignant
with unfavorable characteristics.’!°

The histological subtype and grade of RCC are associated with disease
progression and metastatic potential. ccRCC has the fastest growth rate and
patients diagnosed with this subtype are more likely to develop metastasis than
those with other RCC subtypes.”!! Various studies examining the RCC grade
report that RCC with a high nuclear grade shows aggressive features and is related
to poor prognosis. '?

In this context, biopsy of suspicious renal masses should be considered prior
to the development of a suitable treatment plan. However, several limitations
should be addressed.!®!* First, up to 14% of renal mass biopsies are non-
diagnostic. Second, a renal mass biopsy may not fully characterize the entire renal
mass due to intra-tumoral heterogeneity. Third, although renal mass biopsy in
surgical specimens show acceptable concordance with histopathology results, the
concordance of grade is less reliable. Last, safety and tumor seeding issues still
remain associated renal mass biopsies, especially when biopsies are performed
for renal masses with cystic changes.”!*!> Therefore, several studies have been
conducted to find alternative or complementary methods for renal mass biopsy
and ultimately discover new biomarkers for RCC diagnosis and risk
stratification.'®

Circulating-tumor DNA (ctDNA) is found in the bloodstream and refers to
DNA derived from tumor cells. As ctDNA contains information on genetic
modifications in cancer cells, it is a potential biomarker for several cancers, and

has various applications for the diagnosis, monitoring, treatment, and
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prognostication of these cancers.!” Moreover, this non-invasive method can
capture the whole genetic heterogeneity and burden of cancer.'®

Many studies have been conducted to investigate the clinical application of
ctDNA analysis in RCC, the majority of which have focused on ccRCC. To date,
discussion has primarily focused on the ctDNA mutational profile of ccRCC and
its concordance with matched tissue samples.'**° The prognostic value of ctDNA
in ccRCC has also been investigated.!**! However, because most ctDNA studies
investigated metastatic ccRCC, very little information is available about the
characteristics of ctDNA in non-metastatic ccRCC.'*?! Furthermore, to the best
of our knowledge, a ctDNA analysis for small renal masses with a large number
of patients has never been conducted. In the present study, we demonstrate the
characteristics of ctDNA in non-metastatic ccCRCC. Small ccRCC masses with a
diameter less than 4 cm were further investigated and compared with non-
metastatic ccCRCC masses with a diameter greater than 4 cm, and metastatic

ccRCC.

II. MATERIALS AND METHODS
1. Samples and study design
Ethics approval was obtained from the Ethics Committee of Yonsei University
College of Medicine in Seoul, Korea (approval no: IRB No: 4-2019-1039). A
total of 120 patients with suspicious renal masses or metastatic lesions scheduled
to be surgically removed were enrolled in this study. Peripheral blood was
collected immediately before surgical resection. Blood samples were aliquoted
into ethylenediaminetetraacetic acid-containing tubes, centrifuged at 1600xg for
10 min at 4°C, and then transferred to fresh tubes. Samples were further
centrifuged at 4000xg for 10 min at 4 °C. Plasma samples were stored at -80 °C
until ctDNA analysis.

After medical record review, patients with non-ccRCC were excluded from

this study, and patients with ccRCC or benign tumor were included. Patients with
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RCC with other subtypes (such as papillary, chromophobe, or clear cell papillary
type) or non-RCC malignancies (such as mixed epithelial, stromal tumor, or
Wilms tumor) were allocated to the non-ccRCC group. Patients with oncocytoma,
angiomyolipoma, or benign cyst were allocated to the benign tumor group.
Patients with metastatic ccRCC were included to compare ctDNA characteristics
with those of non-metastatic ccRCC. Patients with a prior history of cancer or
chronic kidney disease were excluded to minimize factors that could influence
ctDNA detection.?**

Clinicopathological data including age, sex, past medical history, and
pathological information about surgically removed mass, as well as imaging
studies were obtained via chart review. Pathological data included tumor size,
histological type, tumor grade, tumor extent, lymphovascular invasion (LVI), fat
tissue invasion (FTI), and venous tumor thrombus (VTT). Tumor size was
measured using the maximum diameter of the tumor. Histological subtype was
assessed according to the 2016 edition of the World Health Organization (WHO)
histological classification of renal tumors. The tumor grade was determined
according to the Furhman grading system or the World Health
Organization/International Society of Urological Pathology (WHO/ISUP)
grading system. The stage was assessed based on the 8 edition of the American
Joint Committee on Cancer Cancer Staging Manual. Imaging studies, including
CT, magnetic resonance imaging, and whole-body bone scans, were used to
assess tumor size, tumor extent, and regional and distant metastasis. Tumor size
and patient age were collected as clinical information for the benign control group.

Tumor tissue was obtained and stored as frozen or formalin-fixed paraffin-
embedded (FFPE) samples. Eight available samples, including one benign tumor
sample, were selected to compare the concordance of somatic variants between
plasma and tissue.

The characteristics of ctDNA were investigated based on the

clinicopathological data. Detection rate, median variant allele frequency (VAF),
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and proportion of genes with ctDNA were evaluated. Primary tumor size, tumor
grade, LVI, FTI, VTT, and patient age were also investigated in association with
ctDNA detection. ctDNA from non-metastatic ccRCC samples were compared
with ¢tDNA from metastatic ccRCC samples. Non-metastatic ccRCC was sub-
dividend according to pathological T (pT) stage into pTla and pT1b-3a ccRCC,
and the characteristics of ctDNA were compared between groups. Positive
concordance of somatic variants between ctDNA and matched tissue was
investigated in the eight selected patients. An oncoplot for exploring
characteristics of ctDNA and another oncoprint plot for identifying positive
concordant somatic variants were generated using the maftool package
(http://bioconductor.org/packages/release/bioc/html/maftools.html) and the
Complex Heatmaps package
(http://bioconductor.org/packages/release/bioc/html/ComplexHeatmap.html),

24,25

respectively, using R 4.0.3 software. Figure 1 shows a schematic

representation of the study design.
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Figure 1. Study design for exploring characteristics of circulating-tumor
DNA in non-metastatic clear cell renal cell carcinoma

Plasma was collected from 120 patients who underwent surgical resection for
suspicious renal mass or metastatic lesions. Of the 120 patients, 20 had non-
ccRCC and 10 had benign tumors. Patients with non-ccRCC were excluded from
this study, and patients with benign tumors were included in the benign control
group. Of the 90 patients with ccRCC, 15 with past medical history (cancer or
chronic kidney disease) were subsequently excluded. Of the remaining 75
patients, 67 had non-metastatic ccRCC (53 with pT1la and 14 with pT1b-3a) and
eight had metastatic ccRCC. ctDNA in plasma was detected and annotated using
the Pi-Seq algorithm (Dxome, Sungnam, Republic of Korea). By correlating with
clinicopathological information, the characteristics of ctDNA in non-metastatic

ccRCC were investigated, with particular focus on small-sized ccRCC.



2. Library preparation, target capture, and sequencing for plasma samples

Circulating cell-free DNA (cfDNA) was extracted from 3-4 ml of plasma samples
using the Magnetic Serum/Plasma Circulating DNA Kit (Dxome, Sungnam,
Korea). The size of ¢cfDNA was measured using the TapeStation 4200 (Agilent
Technologies, Santa Clara, CA, USA). The cfDNA concentration was measured
using the Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).
The resulting DNA was ligated using [llumina adapters and indexed using unique
dual indices for duplex sequencing (Illumina, San Diego, CA, USA). Sequencing
libraries were hybridized with customized probes targeting 16 RCC-related genes
which are frequently mutated in RCC, as shown in previous studies (Table. 1).%*
28 Enriched DNA was amplified, and the clusters were generated and sequenced
on a NovaSeq 6000 System (Illumina) with 2% 151 bp reads. A mean sequencing
depth of 30,000% was targeted. All procedures were performed in accordance

with the manufacturer’s instructions.

Table 1. Gene list of the target panel for renal cell carcinoma

ARIDIA BAPI EGFR ELOC
KDM5C KDMo6A4 MET MTOR
NF1 NF2 PBRM1 PIK3CA
PTEN SETD?2 TP53 VHL
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3. Circulating-tumor DNA analysis

The Pi-Seq algorithm (Dxome) was used to call and annotate somatic variants in
cfDNA. Pi-Seq is designed to detect true somatic variants using the positional
information of aligned uncollapsed reads generated from duplex sequencing.
Positional information generated by Pi-Seq is presented as a molecular ‘barcode.’
When reads arising from the same origin are aligned in the same position, true-
positive variants are detected in all aligned reads, whereas false-positive variants
are not (Figure 2). Pi-Seq reads were aligned to human genomic reference
sequences (GRCh37) using Burrows-Wheeler alignment tool version 0.7.12
(Wellcome Trust Sanger Institute, Cambridge, UK).?° The HaplotypeCaller and
Mutect2 in the genome analysis tool kit (GATK) package version 3.8-0 (Broad
Institute of MIT and Harvard, Cambridge, MA, USA) and VarScan?2 version 2.4.0
(Washington University, St. Louis, MO, USA) were used to identify SNVs and
indels and the results were compared and merged.>*3? To identify medium to
large indels, Pindel 0.2.0 (EMBL Outstation European Bioinformatics Institute,
Cambridge, UK) was used.”* VAF% was calculated as the read depth count of
identified variant/total read depth count at the position x100. All variants were
manually inspected using the Integrative Genomic Viewer.** ctDNA were
selected using the OncoKB™ tumor mutation database which is recognized by
the U.S. Food and Drug Administration.>> Variants of uncertain significance that
were not found or rarely found in the normal population and predicted to be
pathogenic were also included as ctDNA. The pathogenicity of variants was
predicted using multiple computational tools (BayesDel addAF, BayesDel noAF,
DANN, DEOGEN2, EIGEN, EIGEN PC, FATHMM, FATHMM-MKL,
FATHMM-XF, LIST-S2, LRT, M-CAP, MVP, MutPred, Mutation assessor,
MutationTaster, PROVEAN, PrimateAl, SIFT, SIFT4G, and dbscSNV) and only
variants predicted to be pathogenic by more than two thirds of the tools were

selected. Benign-favor and synonymous variants were excluded.
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Figure 2. Schematic illustration of Pi-Seq algorithm

Duplex sequencing was performed for sample DNA strands. A polymerase chain
reaction with each strand of DNA duplex generates two distinct groups of reads
that represent the original DNA strand. Reads originating from the same DNA
strand were aligned in the same position group using the start and end positions
of each read as a barcode. True-positive variants were detected in all reads in the
same position group. False-positive variants were detected in only one or some

of the reads.
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4. Tissue sequencing

Five frozen tumor tissue samples and three FFPE tumor tissue samples were used
for tissue sequencing. DNA was extracted from the frozen tissue samples using
the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) and sequenced
using the Twist Human Core Exome Kit (Twist Bioscience, San Francisco, CA,
USA). DNA was extracted from the FFPE tissue samples using the AllPrep FFPE
Kit (Qiagen) and sequenced using the TruSight Oncology 500 (Illumina). After
hybridization, paired-end DNA sequencing with 2x 151 bp reads was performed
for both frozen and FFPE tissue samples using the NovaSeq 6000 System
(Illumina). All procedures were performed according to the manufacturer’s

instructions.

5. Statistical analysis

Fisher’s exact test was performed to compare detection rates, the proportion of
ctDNA according to tumor grade, LVI, FTI, and VTT, and ctDNA with clonal
hematopoiesis (CH)-related gene between groups. The Mann-Whitney test was
performed to compare VAF, tumor size, and patient age between groups. All
statistical analyses were conducted using the R 4.0.3 software. A p-value less

than 0.05 was considered statistically significant.
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II1. RESULTS

1. Patient characteristics

A total of 120 patients who underwent surgical resection for suspicious renal
masses or metastatic lesions were initially included in this study. Pathological
examination revealed 90 ccRCC diagnoses, 20 non-ccRCC diagnoses, and 10
benign tumor diagnoses. Of the 90 patients with ccRCC, 15 had a past medical
history of cancer or chronic kidney disease, and were subsequently excluded from
the study. Of the remaining 75 patients, eight had metastatic ccRCC. The
clinicopathological information of 67 patients with non-metastatic ccRCC is
shown in Table 2. The group consisted of 48 (71.6%) males and 19 (28.4%)
females. Seven (10.4%) patients were under the age of 40, 14 (20.9%) were in
their 40s, 19 (28.4%) were in their 50s, 18 (26.9%) were in their 60s, and nine
(13.4%) were over the age of 70. Regarding pT stage, 53 (79.1%), five (7.4%),
three (4.5%), and six (9.0%) patients were characterized with pT1la, pT1b, pT2a,
and pT3a, respectively. No metastasis to the lymph nodes (N0O) was observed in
any patients. Therefore, N stage is not described in the current study. Based on
the RCC staging system, 58 (86.6%), 2 (3.0%), and 7 (10.4%) patients were
characterized with stage I, II, and III kidney cancer, respectively. According to
the Furman grading or the WHO/ISUP grading system, 4 (6.0%), 36 (53.7%), 24
(35.8%), and 3 (4.5%) patients were classified as having grade 1, I, III, and IV
ccRCC, respectively.

There were ten patients in the benign control group which included six cases
of angiomyolipoma, two cases of oncocytoma, and one case each of simple
cortical cyst and pseudocyst. Eight benign tumors had a maximal diameter of less
than 4 cm. The largest benign tumor was 8 cm, which was observed in the patient

with the pseudocyst. The median age of the benign control group was 57.7 years.
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Table 2. Clinicopathological data of 67 patients with non-metastatic clear

cell renal cell carcinoma

Variable n (%)
Sex

Male 48 (71.6)

Female 19 (28.4)
Age

<40 7(10.4)

4049 14 (20.9)

50-59 19 (28.4)

60-69 18 (26.9)

>70 9(13.4)
Pathological T stage

Tla 53(79.1)

T1b 5(7.4)

T2a 3(4.5)

T3a 6 (9.0
N stage

NO 67 (100.0)
Stage

I 58 (86.6)

I 2 (3.0)

I 7 (10.4)
Grade

I 4 (6.0)

I 36 (53.7)

1 24 (35.8)

v 3(4.5)
Total, n (%) 67 (100.0)
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2. Circulating-tumor DNA characteristics

The median amounts of extracted cfDNA were 46.0 ng and 29.9 ng in metastatic
non-metastatic and ccRCC, respectively, with 29.9 ng and 30.2 ng , extracted
from pT1la and plb-3a non-metastatic ccRCC, respectively. The amount of input
DNA for library preparation ranged from 6.1 ng to 30.1 ng, except for one pTla
sample of 4.5 ng. The median amounts of input DNA for library preparation were
16.0 ng for pTla and 16.8 ng for pT1b-3a non-metastatic ccRCC, and 26.8 ng for
metastatic ccRCC. The median average depth per patient was 18,708x for
metastatic ccRCC and 20,356x for non-metastatic ccRCC, with 19,946x and
22,482x for Tla and T1b-3a non-metastatic ccRCC, respectively.

Figure 3 shows the genomic landscape of the ctDNA of patients with non-
metastatic ccRCC. The middle heat map shows events of ctDNA detection with
their percentages in the total patient population on the right. ctDNA was detected
in 18 (26.9%) of 67 patients. The top histogram indicates the number of ctDNA
variants detected per patient. The maximum number of ctDNA varients detected
per patient was two. The right histogram indicates the number of ctDNA variants
detected based on the gene. NFI was the most frequently ctDNA-detected gene,
followed by TP53, and KDMG6A, respectively. EGFR, KDM5A, MET, PBRM1,
PIK3CA, and PTEN were detected twice, and ARIDIA, SETD2, and VHL were
detected once. No ctDNA was observed in BAPI, EGFR, ELOC, KDM5C, or
NF2 genes. Colors in the middle heat map, and the histograms on the top and
right indicate variant classifications. Missense was the most frequently observed
mutation. The bottom heat map shows information on pathological T stage and
tumor grade per patient.

Figure 4 shows genomic landscape of ctDNA from patients with non-
metastatic and metastatic ccRCC. ctDNA was detected in 24 (32.0%) out of 75
patients. The maximum number of ctDNA variants per patient was five. NFI was
the most frequently ctDNA-detected gene, followed by PBRM I, PTEN, TP53,

and VHL, which were detected once each. Missense was the most frequently
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observed mutation. The bottom heat map shows information on
clinicopathological data per patient (pT, tumor grade, LVI, FTI and VTT).

Clinicopathological features of non-metastatic ccRCC patients with ctDNA are
shown with information about ctDNA in Table 3. Patients were sorted in
ascending order according to tumor size. A total of 21 ctDNA variants were
detected from 18 patients. One ctDNA VHL variant was found in a patient with a
3.8 cm grade IV tumor. This ccRCC showed sarcomatoid differentiation with
tumor necrosis. Two ctDNA PBRM]I variants were found, of which one was
found in a patient with a 3.8 cm grade Il tumor, and the other one was detected
in a patient with a 6.9 cm grade III tumor. Three 7P53 variants were detected in
samples from two patients with grade III and one patient with grade I tumors.
Two of the three patients were over 60 years of age.

Clinicopathological features of patients with metastatic ccRCC with ctDNA
are shown with information about ctDNA variants in Table 4. Patients were
sorted in ascending order according to primary tumor size. A total of 18 ctDNA
variants were detected from six patients. ctDNA VHL variants were detected in
four patients, and ctDNA TP53 variants were detected in two patients. All ctDNA
MTOR, PBRMI1, PTEN, and SETD2 variants were accompanied by ctDNA
variants of VHL. Two patients with ctDNA had grade IV tumors, one of which

showed sarcomatoid differentiation with tumor necrosis.
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Figure 3. Genomic landscape of circulating-tumor DNA in 67 patients with
non-metastatic clear cell renal cell carcinoma

Middle heat map shows ctDNA detection events with their percentages in the
total patients on the right. Top histogram shows the number of ctDNA variants
per sample; Right histogram shows the number of ctDNA per gene; Bottom heat
map shows information about the pathological T stage and tumor grade per

sample.
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Figure 4. Genomic landscape of circulating-tumor DNA in non-metastatic
and metastatic clear cell renal cell carcinoma

Middle heat map shows ctDNA detection events with their percentages in the
total patients on the right. Top histogram shows the number of ctDNA variants
per sample. Right histogram shows the number of ctDNA per gene. Bottom heat
map showing clinicopathological information per sample.

Abbreviations: FTI, fat tissue invasion; LVI, lymphovascular invasion; M,

metastasis; VIT, venous tumor thrombus
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Table 3. Clinicopathological features and circulating-tumor DNA in non-

metastatic clear cell renal cell carcinoma

ID SexAge Tumor size (cm) pT Stage GradectDNA variant %VAF

098 M 56 1.2 la 1 I PIK3C4 QI033L 0.115
004 F 50 19 la 1 I PTEN  Y16X 0.499
101 F 71 1.3 la I I KDM64 Q367X 0.216
057 M 56 1.7 la 1 I TP53 R196Q 0.453
059 M 59 22 la 1 I NFI K513X 0.35
083 F 62 3.0 la 1 1 KDM6A Splicing 0.352

KDM6A4 E1335fs 0.614
007 M 63 25 la 1 I PTEN Splicing 2.749
118 F 51 28 la 1 1 MET R987Q 0.378
121 M 62 3.8 la I IV*  VHL M1 0.283

NF1 Q1447H 0.139
069 M 68 3.8 la 1 I PBRMI R710Q 0.236
108 F 72 28 la 1 I NFI E1436K 0.456
025 M 47 4.0 la I II PIK3CA S235F 0.232
036 M 79 4.1 Ib 1 II EGFR  A647T 0.141
020 F 64 5.4 Ib 1 I TP53 Y220C 0.442

SETD2  P2361H 0.421
094" M 59 55 3a III 10 NF1 P2221L 0.167
015 M 63 69 3a III 10 PBRMI YI1506H 0.489
048 M 79 8.0 2a 1I III TP53 P153fs 0.178
058" M 8 9.5 3a Il IV ~ EGFR  R958C 0.191

" Sarcomatoid differentiation with tumor necrosis
T Lymphovascular invasion, fat tissue invasion, and venous tumor thrombus were
identified in two patients.

Abbreviations: F, female; M, male; VAF, variant allele frequency
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Table 4. Clinicopathological features and circulating-tumor DNA in

metastatic clear cell renal cell carcinoma

ID Sex Age Tumor pT LVI FTI VTT GradectDNA variant %VAF
size
(cm)

062 M 52 6.8 32. Y Y N oI MTOR C1483R 15.627
PBRM1 F1100fs 6.66
TP53  (G245C 6.268
VHL  L169P 9.489

093 F 71 7.0 3. Y Y Y I  NFI S1497fs 0.263

104 M 60 9.0 32. Y Y N IV®  PBRMI P1272fs 5.235
PTEN RI130X 6.661
VHL Splicing 4.437
BAPI RI114H 0.257
NF1 DI1849E 0.104

088 M 81 11.0 32. Y Y N I  7pP53 (C238Y 1.126
KDMo6A4 L361F 0.737

032 M 52 125 32. Y Y Y oI PTEN KI128fs 1.526
VHL  R69fs 1.21

019 M 69 17.0 32. Y Y Y IV PBRMI K907fs 0.37
PTEN RI173P 0.595
SETD2 1.1923fs 0.907
VHL  L128P 0.733

* Sarcomatoid differentiation with tumor necrosis
Abbreviations: F, female; FTI, fat tissue invasion; LVI, lymphovascular
invasion; M, male; N, no; VAF, variant allele frequency; VIT, venous tumor

thrombus; Y, yes
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3. Detection rate of circulating-tumor DNA

Figure 5 shows the trend of detection rates of ctDNA by group. The detection rate
increased from pTla to M1 groups, except for the pT2a group. The number of
patients with pTla pT stage was highest. ctDNA was detected in 18 of the 67
patients with non-metastatic ccRCC, resulting in an overall ctDNA detection rate
0f 26.9 %. ctDNA was detected in 12 of the 53 patients with pTla (22.6%). The
ctDNA detection rates in patients with pT1b, pT2a, or pT3a were 40.0%, 33.3%,
and 50.0%, respectively. Taken together, ctDNA was detected in six (42.9%) of
the 14 patients with pT1b-3a. ctDNA detection rates between pTla and pT1b-3a
pT stages were not significantly different (p = 0.236). ctDNA was detected in six
(75.0%) of the eight patients with metastatic ccRCC. The detection rate of
metastatic ccRCC was significantly higher than that of pT1la (p = 0.009), but no
significant difference between pT1b-3a ccRCC and metastatic ccRCC was
observed (p = 0.312). Table 3 summarizes and compares the detection rates of
ctDNA in non-metastatic and metastatic ccRCC. Non-metastatic ccRCC was
further evaluated according to pT stage. Among the patients with benign tumors,
one patient with a large pseudocyst was identified as having a somatic variant of

uncertain significance (R426H of MET).

4. Variant allele frequency of circulating-tumor DNA

Figure 6 shows the VAFs of ctDNA according to group. The median VAF of non-
metastatic ccRCC was 0.35%, which was significantly lower than that of
metastatic ccRCC (1.168%, p < 0.001). The median VAFs of non-metastatic
pTla and pTlb-3a were 0.351% and 0.191%, respectively, which was
significantly lower than those of metastatic ccRCC (p = 0.002 and 0.003,
respectively). However, no significant difference was observed between pTla
and pTlb-3a non-metastatic ccRCC (p = 0.400). Table 5 summarizes and
compares the VAFs of ctDNA in non-metastatic and metastatic ccRCC. Non-

metastatic ccRCC was further evaluated according to pT.
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Figure 5. Detection rate of circulating-tumor DNA based on pathological T
stage and metastasis

Barplots of the ctDNA detection rate based on pathological T stage (pT) stage
and metastasis. The x-axis indicates pathological stage (pT1a, pT1b, pT2a, pT3a,
and M1), the y-axis indicates the number of samples in each group. ctDNA
detection rates in non-metastatic ccRCC were 22.6%, 40.0%, 33.3%, and 50.0%
in the pT1, pTlb, pT2a, and pT3a groups, respectively, while the ctDNA

detection rate in metastatic ccRCC was 75.0%.
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Group pT1a pTib ® pT2a ® pT3a M1
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Figure 6. Variant allele frequency of circulating-tumor DNA based on
pathological T stage and metastasis
A strip chart of VAFs of ctDNA based on pathological T stage and metastasis.
The x-axis indicates categories of stage (pTla, pT1b, pT2a, pT3a, and M1), the
y-axis indicates the VAF of ctDNA for each group. The median VAFs were
0.351%, 0.421%, 0.178%, and 0.191% in the pT1, pT1b, pT2a, and pT3 groups
respectively, while the median VAF in metastatic ccRCC was 1.168%.
Abbreviation: VAF, variant allele frequency
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5. Proportion of genes with circulating-tumor DNA

Figure 7 shows the proportion of genes with ¢tDNA in non-metastatic ccRCC
compared with metastatic ccRCC. Genes were ordered from left to right by the
number of patients with ctDNA in metastatic ccRCC. The proportion of specific
genes with ctDNA was calculated by dividing the number of ctDNA detected in
a specific gene by the total number of detected ctDNA variants. The proportion
of each gene is described at the top of each bar. In non-metastatic ccRCC, NF'1
was the most frequently detected gene, observed in four (16.7%) of the 21 ctDNA
variants detected. The proportion of genes with ctDNA was 14.3% (3/21) for both
TP53 and KDMG6A. The proportion of genes with ctDNA was 4.8% (1/21) for
both VHL and SETD2. VHL was the most frequently detected gene in metastatic
ccRCC, observed in four (55.6%) of the 18 ctDNA variants detected. The
proportion of genes with ctDNA was 16.7% (3/18) for both PTEN and PBRM .
The proportion of genes with ctDNA was 11.1% (2/18) for both TP53 and NF1.
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6. Relationship between circulating-tumor DNA and clinicopathological
features of non-metastatic clear cell renal cell carcinoma
Tumor size was compared between ctDNA detection and non-detection groups
(Figure 8). The relationship between the ctDNA detection group and non-
detection group in non-metastatic ccRCC was evaluated. The relationship
between ctDNA and the primary tumor size in metastatic ccRCC was also
examined and compared with that of non-metastatic ccRCC. Tumor size in non-
metastatic ccRCC was further investigated in relation to ctDNA after stratifying
by pT stage into pTla and pT1b-3a groups. In non-metastatic ccRCC, for all
patients, the median tumor size was 2.2 cm. The median tumor size in the ctDNA
detection group was significantly larger than that of non-detection group (3.4 cm
v 2.0 cm, respectively; p = 0.014). In contrast, there was no significant difference
in the primary tumor median size in metastatic ccRCC in the ctDNA detection
and non-detection (10.0 cm v 8.5 c¢m, respectively; p = 0.64). It should be noted
that only eight patients were involved when comparing the primary tumor size
between ctDNA detection and non-detection groups. The median tumor size of
the pTla groups was larger in the ctDNA detection group than in the non-
detection group (2.7 cm v 1.8 cm; p = 0.053). However, the relationship between
median tumor size and ctDNA detection was not significant for the pT1b-3a
group (ctDNA detection v non-detection, 6.2 cm v 6.5 cm, respectively; p >
0.999).

ctDNA detection according to tumor grade is shown in Figure 9. The tumor
grade was grouped into grade I/II and grade II/IV. There was no relationship
observed between ctDNA detection and tumor grade in non-metastatic ccRCC (p
= 0.781), including by pT stage (pTla, p > 0.999; pT1b-3a, p = 0.592). The
relationship between tumor grade and ctDNA could not be evaluated in the
metastatic ccRCC group because all tumors were identified to be grade III and
Iv.

Figure 10 shows the relationship between ctDNA and poor prognostic features
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(LVIL, FTI, and VTT) in the non-metastatic ccRCC group. LVI, FTI, and VIT
are known as poor prognostic factors in ccRCC.**3* Although no apparent
relationships were observed between ctDNA detection and poor prognostic
features, due to the insufficient number of non-metastatic ccRCC patients with
LVIL, FTL, or VTIT (only six patients included), ctDNA was more frequently
observed when LVI, FTI, and VTT were positive. Of note, two patents with LVI
also showed FTT and VTT, and ctDNA was detected in both patients.

Figure 11 shows a comparison of patient age between ctDNA detection and
non-detection groups in non-metastatic ccRCC. The median age of the ctDNA
detection group was significantly greater than that of the ctDNA non-detection
group (62.5 years v 53.0 years, p = 0.002). Because CH-related variants were
more frequently detected in the elderly, we additionally investigated the
association between CH-related variants of ctDNA and patient age. 7P53 and
KMDG6A were the CH-related genes included in the targeted next-generation
sequencing (NGS) panel used in the present study. The proportion of CH-related
genes in ctDNA was 36.4% for those aged 60 years or older, and 14.3% for those
aged under 60 years, which was not significantly different (p = 0.631).
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Figure 8. Comparison of tumor size according to circulating-tumor DNA

(A) Comparison of tumor size between ctDNA detection and non-detection
groups in patients with non-metastatic ccRCC. Tumor size was significantly
larger when ctDNA was detected (p = 0.014). (B) Comparison of tumor size in
patients with metastatic ccRCC without and with ctDNA detected. No significant
difference was observed (p = 0.640). (C) Comparison of tumor size in patients
with pTla ccRCC without and with ctDNA detected. Tumor size tended to
increase in pT1la ccRCC when ctDNA was detected (p = 0.053). (D) Comparison
of tumor size between groups with pT1b-3a ccRCC without and with ctDNA

detected. No significant difference was observed (p > 0.999).
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Figure 9. Relationship between circulating-tumor DNA and tumor grade
(A) ctDNA detection according to tumor grade in patients with non-metastatic
ccRCC. No significant difference was observed (p = 0.781). (B) ctDNA detection
according to tumor grade in patients with metastatic ccRCC. All metastatic
c¢cRCC showed tumor grade III and IV. (C) c¢tDNA detection according to tumor
grade in patients with pT1a ccRCC. No significant difference was observed (p >
0.999). (D) ctDNA detection according to tumor grade in patients with pT1b-3a
ccRCC. No significant difference was observed (p = 0.592).
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Figure 10. Relationship between circulating-tumor DNA and poor
prognostic features of non-metastatic clear cell renal cell carcinoma

(A) ctDNA was more frequently detected when lymphovascular invasion was
observed (p = 0.069). (B) ctDNA was slightly more frequently detected when fat
tissue invasion was positive (p = 0.605). (C) ctDNA tended to be more frequently
detected when venous tumor thrombus was positive (p = 0.174). The statistical
differences between groups could not be accurately evaluated due to the small

number of non-metastatic patients with poor prognostic features.
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Figure 11. Relationship between ctDNA and patient age in non-metastatic
clear cell renal cell carcinoma

(A) Comparison of patient age between ctDNA detection and not detection
groups in non-metastatic ccRCC. Patients with ctDNA detected were
significantly older than patients without ctDNA (p =0.00167). (B) The proportion
of patients with non-metastatic ccRCC with c¢tDNA of CH-related genes (7P53
and KDMG64). Eleven patients who were over 60 years of age had at least one
ctDNA variant. Of these 11 patients, four (36.4%) had one or more ctDNA variant
of CH-related genes. Seven patients who were under 60 years of age had at least
one ctDNA variant. Of these seven patients, one (14.3%) had ctDNA variant of
CH-related genes. The proportions of CH-related genes between the two groups
was not significantly different (p = 0.596).
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7. Positive concordance of somatic variants between circulating-tumor DNA
and matched tissue

The positive concordance of somatic variants between ctDNA and matched tissue
in ccRCC is shown in Figure 12. Eight patients with ccRCC who had available
tumor tissue for NGS were selected. Of them, five patients had non-metastatic
ccRCC, two patients had metastatic ccRCC, and one patient had a benign renal
tumor. Positive concordant somatic variants were detected in two of the eight
patients, resulting in an overall concordance rate of 25.0%. Two patients were
identified as having metastatic ccRCC. No concordant variant was observed in
patients with non-metastatic ccRCC. One patient with metastatic ccRCC did not
show a somatic variant of VHL in tissue but ctDNA of VHL was observed in the
plasma. Somatic variants of VHL were detected in the tissue of three of the five
patients with non-metastatic ccRCC, however, no concordant somatic variant was
observed in plasma. No somatic variant was detected in the tissue of two of the

five patients with non-metastatic ccRCC, but ctDNA was observed in plasma.
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Figure 12. Positive concordance of somatic variants between circulating-

tumor DNA and matched tissue samples in clear cell renal cell carcinoma

Eight patients who had available tumor tissue for next-generation sequencing
were selected. Stage is shown at the bottom of the heatmap. The heatmap
indicates where each somatic variant was detected in each gene. Red indicates
somatic variants detected in plasma, while green indicates somatic variants
detected in tissue. The top histogram shows the number of somatic variants
detected per patient. The right histogram shows the number of somatic variants

detected per gene, with each ratio indicated on the left of the heatmap.
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8. Example case of recurrence after partial nephrectomy for non-metastatic
clear cell renal cell carcinoma with circulating-tumor DNA

A 62-year-old male with a medical history of diabetes mellitus and hypertension
visited the outpatient clinic for a small renal mass discovered incidentally on an
imaging study. The heterogeneous enhancing mass was about 3.4 cm in diameter
and situated on the mid pole of the right kidney (Figure 13A). Partial
nephrectomy was performed because small-sized RCC was suspected. The renal
mass was excised, and complete removal was confirmed by postoperative
magnetic resonance imaging (Figure 13B). Pathological examination revealed a
WHO/ISUP nuclear grade 1V, 3.8 cm ccRCC tumor. Focal necrosis (30%) and
sarcomatoid differentiation (10%) were observed. The tumor was limited in the
kidney and no lymphovascular invasion was observed. Somatic variants of VHL
and NF'1 were detected by ctDNA analysis. Sixteen months after surgery, a 3.8
cm mass-like lesion at the prior surgical site was observed, suggesting ccRCC
recurrence (Figure 13C). Radical nephrectomy was performed, and ccRCC
recurrence was confirmed on pathological examination. The maximum tumor
diameter was 5.4 cm and the WHO/ISUP nuclear grade was grade III. Renal sinus

fat tissue, renal vein, and lymphovascular invasion was observed.
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IV. DISCUSSION

ctDNA analysis has been performed for diagnosis, monitoring, prognosis
prediction, and treatment selection of various cancers.!® For example, using
ctDNA assay for the detection of EGFR somatic variants in non-small cell lung
cancer and detection of KRAS somatic variants in metastatic colorectal cancer is
now well-established, and the clinical utility of ctDNA detection of somatic
variants for the diagnosis, treatment, monitoring, and selection of target agent has
been demonstrated.’** In addition, analytically acceptable detection rates of
ctDNA have been reported for colorectal, breast, lung, pancreas, liver, and
ovarian cancers.*'*? Risk stratification can be determined using pre- and
postoperative ctDNA assays to predict recurrence and survival in patients with
cancer, which facilitates decision making regarding appropriate postoperative
management including use of adjuvant therapies.**#*

Similarly, several ctDNA analysis studies of RCC have investigated mutational
profiles of ctDNA and report their concordance with matched tissue.'*2! The role
of ctDNA in predicting prognosis, treatment response, and resistance for RCC
has also been investigated.!*?"?” However, the majority of these studies were
conducted on metastatic or large-sized ccRCC. Few studies have examined the
characteristics of ctDNA analysis in non-metastatic ccRCC, particularly for
small-sized ccRCC. Table 6 shows that the present study includes a greater
number of patients with small-sized non-metastatic ccRCC compared to those
included in previous studies using next-generation sequencing technology.'2! Of
note, a substantial number of ccRCC categorized as pTla were included in the
present study. Therefore, the current study contributes to further elucidating the

characteristics of ctDNA in small non-metastatic ccRCC.
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Detection rates of ctDNA in ¢ccRCC vary depending on the study. Detection
rates of ctDNA in non-metastatic ccRCC have not been clearly established.
Although a few studies report a ctDNA detection rate of non-metastatic ccRCC
in the range of 14.3-48.3%, the results of those studies are questionable due to
limited sample sizes. Moreover, the median size of the primary tumors of non-
metastatic ccRCC in these studies were greater than 4 cm (Table 6).2°?! In the
present study, the detection rate of ctDNA in non-metastatic ccRCC was 26.9%,
which is reliable due to the relatively large sample size. The detection rate of non-
metastatic ccRCC was low compared with those reported for other cancers such
as colorectal, breast, lung, and ovarian cancer, which have detection rates of 59-
71% in the non-metastatic state. However, considering that only 20% of the non-
metastatic cancers investigated were classified as stage T1, the detection rate of
non-metastatic ccRCC in this study seemed acceptable.*' In metastatic ccRCC,
detection rates of ctDNA have been reported to range from 25.7-80.0%. Despite
the small sample size in the present study, the detection rate of ctDNA in
metastatic ccRCC was 75.0%, which was consistent with previous findings.!*?!

Considering that the amount of ctDNA in plasma correlates with tumor size,
the relatively small tumor sizes observed in the present study (primarily less than
4 cm), may contribute to the low ctDNA detection rate observed here. According
to a previous report, the fraction of ctDNA was less than 0.1% in the peripheral
blood when the tumor size was 2.4 cm in diameter.* To increase the sensitivity
of ctDNA analysis, an increase in input plasma volume may be attempted.*®
However, collecting a larger volume of blood is not always realistic in the clinical
setting, and the use of more plasma does not always result in a proportional
increase in the amount of cfDNA.*"*8 In addition to the size of the tumor, the type
of cancer significantly affects the amount of ctDNA in plasma. The amount of
ctDNA released into the bloodstream is determined by the characteristics of the

cancer, such as tumor vascularization and histological type. RCC has been
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classified as a low-ctDNA cancer by several studies, but the cause of the low
ctDNA level has not been clearly established.?%464

In the current study, the proportion of genes with ctDNA in non-metastatic
ccRCC was different from the mutational profiles in tissue. Although the
frequency reported in the literature varies depending on the study, the most
frequently mutated gene in ccRCC tissue is VHL, followed by PBRM1, SETD?2,
BAPI, and KDM5C.>*® In contrast to the proportion of genes in metastatic
ccRCC, only one somatic variant of VHL was detected in non-metastatic ccRCC
in the current study. Low numbers of PBRM, the second most common mutated
genes in tissue, were detected in non-metastatic ccRCC.***° Considering that
VHL is considered to be an early evolutionary ancestor gene and PBRM 1 is highly
involved in the early evolution of ccRCC, it was unexpected to find that these
core gene mutations were less frequently detected in non-metastatic ccRCC.>
Interestingly, the proportion of ¢tDNA of NF1, TP53, and KDM6A was high in
non-metastatic ccRCC.

Variants of NFI are infrequently observed in ccRCC tissue.’**! However, one
study which analyzed ctDNA in metastatic ccRCC showed that NF'1 was one of
the most frequent genes with ctDNA, accounting for 16% of total genomic
alterations.?” Moreover, somatic variants of NF/ can be found in a wide range of
malignancies and have been recognized as possible drivers in multiple cancers.
Similarly, a large scale pan-cancer ctDNA analysis categorized NF/ as a common
driver gene in many cancers.” TP53 variants have been commonly detected in
numerous studies and are recognized as one of the drivers in ccRCC. The variant
frequency of TP53 is relatively low compared with VHL, PBRM1, SETD2, and
BAPI. TP53 variants are also known to be observed in a critical subclonal
event.’*** A genomic meta-analysis of ccRCC demonstrated that the ctDNA of
TP53 is more prevalent in metastatic sites of ccRCC.* In addition, several ctDNA
studies showed that 7P53 is one of the most frequent ctDNA-related genes in
metastatic RCC.>® Based on the previous reports, ctDNA of TP53 may be a
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potential biomarker for predicting poor prognosis in non-metastatic ¢ccRCC.
KDMG64 is a histone modifier and variants have been detected in 1% of ccRCC.
The clinical significance of ctDNA of KDMG6A is uncertain because there is little
information about KDM6A variants reported in ctDNA studies.

ctDNA analysis is emerging as a tool for prognosis prediction and risk
stratification, and it may reflect clinicopathological features of ccRCC.* In the
present study, the most critical factor associated with ctDNA detection was a
metastatic event at diagnosis, implying that ctDNA detection is associated with
reduced survival rates.’’”® alone study report that ctDNA detection was
associated with decreased progression-free survival and cancer-specific survival
in patients with metastatic ccRCC."

Tumor size is another important prognostic factor of ccRCC.*’ A recent study
showed that larger tumor volume of localized ccRCC adversely affected clinical
outcomes.>® The current study demonstrated that the tumor size was larger when
ctDNA was detected in non-metastatic ccRCC. Specifically, this relationship was
observed in pTla ccRCC, implying that ctDNA analysis can be used for risk
stratification in patients with small renal masses. In pT1b-3a c¢cRCC, no
relationship between ctDNA and tumor size was observed. Although statistical
power seemed limited due to the small number of patients with this pathological
T stage, there may be other critical factors, such as LVI, FTI, and VTT, that can
affect ctDNA detection in larger-sized non-metastatic ccRCC.*¢*® In addition,
considering that there was no significant difference in the primary tumor size of
metastatic ccRCC, the relationship between ctDNA and tumor size may be not
independently present in pT1b-3a ccRCC.

LVI tends to be observed in ccRCC with primary metastatic disease, high
Fuhrman grade, and sarcomatoid dedifferentiation, which contributes to the
shorter survival time of ccRCC patients.***” FTI and VTT can adversely affect
recurrence and survival, particularly when both are present simultaneously.*®

Although the ability of ctDNA analysis to predict the presence of LVI, FTI, and
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VTT in non-metastatic ccRCC was not proven in the current study due to an
insufficient number of patients, we found that these poor prognostic features
tended to be more observed when ctDNA was detected.

In RCC, a higher tumor grade generally denotes increased metastatic
probability and decreased overall survival.'”” In non-metastatic ccRCC, tumor
grade is considered to be an important factor that predicts poor outcome. However,
no relationship between ctDNA and tumor grade was observed in non-metastatic
ccRCC in the current study. The low ctDNA detection rate could mask the
potential relationship between ctDNA and tumor grade. ctDNA was more
frequently observed in pT1b-3a ccRCC, although not statistically significant.
ctDNA was frequently detected in metastatic ccRCC, and all metastatic ccRCC
were characterized as grade I1I/IV.

A long-term prospective study is required to determine the clinical significance
of ctDNA in non-metastatic ccRCC. Considering that in patients with pT1a non-
metastatic RCC, the 5-year cancer-specific survival rate and the 5-year
recurrence-free survival rate were 97-100% and 88-96%, respectively, the clinical
outcome could not be evaluated in the current study due to the short follow-up
period (less than 2 years after surgery).5%¢!

Due to the short follow-up period, we could not correlate clinical outcomes in
non-metastatic patients with ctDNA detected. However, we introduced an
example case of recurrence after partial nephrectomy for small-sized non-
metastatic ccRCC with ctDNA (Patient ID 121). Somatic variants of VHL and
NFI were detected in a pre-operative blood sample from the patient. VHL is the
most frequently mutated gene, also known as an early driver gene of ccRCC, and
variants of NF1 can be widely found in multiple cancers.?®*° Somatic variants of
CH were not filtered, however, VHL and NF1 genes are rarely detected in CH.%*
64 Although the renal mass was classified as pT1a ccRCC, the WHO/ISUP grade
was IV with sarcomatoid differentiation, which is an aggressive feature of

ccRCC.*® This case shows that ctDNA analysis in non-metastatic ccRCC can help
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to predict the prognosis and can be a biomarker that aids medical decision making
for small renal masses.

Several concerns should be addressed about the feasibility of ctDNA analysis
in non-metastatic ccRCC. First, poor reproducibility is expected because the VAF
of most somatic variants in ctDNA was less than 0.5% in non-metastatic ccRCC.
High reproducibility of ctDNA analysis is typically guaranteed when detecting
somatic variants with a VAF higher than 0.5%. However, reproducibility is
generally poor when detecting somatic variants with a VAF lower than 0.5%,
which remains a challenge in early cancer.%

Second, the positive concordance rate of somatic variants between plasma and
matched tissue was zero in non-metastatic ccRCC. Although only five matched
tissue samples were used to identify somatic variants concordant with ctDNA in
non-metastatic ccRCC, three of the five matched tissue samples showed somatic
variants of VHL, which is the most frequently mutated gene in ccRCC with the
potential to be detected in plasma.?® It is possible that the discordant somatic
variants detected in plasma were derived from the parts of ccRCC where the
biopsy was not performed. However, the majority of ccRCC show monoclonality
of VHL rather than multiple clones in early stage.’® Meanwhile, two matched
tissue samples of metastatic ccRCC showed the same somatic variants observed
on ctDNA analysis. Considering that high intra-tumoral heterogeneity is more
frequently detected in late-stage ccRCC, detecting ctDNA variants that were not
observed in the matched tissue samples seemed to complement the overall
mutational profiles.”® A study that included ten localized ccRCC samples with
tumor sizes greater than those of the present study showed a similar concordance
pattern between ctDNA and matched tissue. In a previous study, somatic variants
of VHL were detected in more than half of the matched tissue samples, however,
only one third of the concordant somatic variants of VHL were detected in
plasma.?! Taken overall, ctDNA analysis did not fully represent the characteristics

of tumors in non-metastatic ccRCC.
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Third, one patient with a large pseudocyst showed ctDNA with a variant of
uncertain significance in MET. Potential false positives should be interpreted with
caution in ctDNA analysis. Although ctDNA from benign tumors is unlikely to
be detected by ctDNA analysis, cfDNA can be release in patients with benign
disease or inflammatory disease, resulting in overdiagnosis.***® Because the
sample size of the benign control group was too small to evaluate the specificity
of ctDNA, further studies are needed to demonstrate the effects of benign renal
tumors on ctDNA analysis.

In the current study, the possibility that ctDNA variants were CH-derived
somatic variants cannot be ruled out. CH is associated with increased risk of
hematologic malignancy, cardiovascular disease, and overall mortality, but it can
also act as background noise in ctDNA analysis.'®®* Importantly, CH generally
increases with aging, especially from the 60s, onwards.®> Although matched
peripheral blood mononuclear cells were not sequenced to confirm CH somatic
variants, and major CH-related genes such as DNMT3A, TET2, and ASXLI were
not included in the targeted NGS panel in the present study, the majority of non-
metastatic ccRCC patients in the ctDNA detection group were over 60 years old,
which suggests that possible somatic variants of CH may have existed.
Furthermore, TP53 and KDM6A are related to CH, and in this study, these were
the most common mutated genes in non-metastatic ccRCC.®>% Several RCC
studies report that somatic variants in the range of 9-31% were identified as CH-
derived somatic variants.’>*” Although the prevalence of CH-derived TP53
somatic variants was confirmed to be very low in the current study, interpretation
of somatic variants of 7P53 should be performed cautiously since it is a
commonly mutated gene observed in most cancers along with CH.>*¢
Considering the possible CH-derived somatic variants in plasma, the detection
rate of ctDNA may decrease and false-positive results may confound the

interpretation of ctDNA analysis. Although CH-derived somatic variants were not
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filtered out, their possible effects on ctDNA analysis could be emphasized
through the present study, especially in non-metastatic ccRCC.

This study has several other limitations. First, the characteristics of ctDNA in
non-metastatic ccCRCC could not be completely elucidated. Although the sample
size of non-metastatic ccRCC patients was greater than previously reported in the
literature, the number of somatic variants detected in plasma was too low to fully
reveal the characteristics of ctDNA. We learned that it is necessary to increase the
sensitivity of ctDNA analysis before exploring the characteristics of ctDNA in
ccRCC. In future, strategies should be applied to improve the sensitivity of
ctDNA analysis such as ultra-deep sequencing, size selection of cfDNA
fragments, and combining other types of genetic alterations (e.g. copy number
variation, methylation).*” Second, the sample size was too small to completely
characterize the somatic variants of ctDNA in pT1b-3a non-metastatic ccRCC
and metastatic ccRCC. The statistical power was weak when comparing the
characteristics of ctDNA between groups. Third, ideally, an accurate concordance
rate between plasma and matched tissue samples can be achieved when the biopsy
fully reflects the genetic characteristics of the renal tumor. However, since the
biopsy was not always performed on multiple sites of a renal tumor, some somatic
variants in matched tissue may have been missed. Moreover, somatic variants of
matched tissue were compared in selected patients only. These factors could have
affected the concordance of somatic variants between plasma and matched tissue

samples.

V. CONCLUSION

In this study, the characteristics of ctDNA analysis in non-metastatic ccRCC were
explored, with particular focus on pTla stage disease. ctDNA was analyzed in
association with clinicopathological data. Non-metastatic ccRCC was
characterized by a low detection rate, low VAF, and a different proportion of

genes with ctDNA, compared with metastatic ccRCC. ctDNA was associated
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with tumor size and patient age in non-metastatic ccRCC. However, the
relationship between ctDNA and tumor grade was not clear. Future prospective
studies are required to demonstrate the clinical significance of ctDNA of non-
metastatic ccRCC. Improvement of the sensitivity of ctDNA analysis and somatic
variants of CH filtration may clarify the characteristics of ctDNA in non-

metastatic ccRCC and increase the clinical utility of ctDNA analysis.
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=2 TE A7ISE SAe ol AunHA o FYY TEIE
dol UATH. ctDNA & HEIHAA HH, Az e
AHEFE o] AT FeoA o AF AFEJAo Y FAEA
ol Adtk. HHolA ccRCC oA ctDNA ¢ wiH ¥ %A 3k

oA XA L E=X| kokr}.
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AE: v Ho|lAd ccRCC, E3] pTla o siEst= 2 =719 ccRCC <l
tete] ctDNA & SAS EA&d. @ HAEE, Wold w2
AR e 23 HolAd ccRCC 9F tHE ctDNA 1A H] &0
ebskth. vl dolAd Sroll A ctDNA = F%e m7] @ A volgt
A#HRNoY T sude 2 AV EHGSIT. oA3EHA
B T Y 7hsAol e Wol= A A A EA FgeH,

o] o] Aol B F sz AZECE, H]Ho)A ccRCC A
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