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Abstract

Reliable biomarkers for upper-tract urothelial carcinoma (UTUC) have yet to be found.
Plasma cell-free DNA (cfDNA) has been clinically applied as a minimally invasive blood
biomarker for various types of cancer. We investigated the utility of plasma cfDNA as
a blood biomarker in UTUC patients. The fragment size of plasma cfDNA was shorter
and the concentration of plasma cfDNA was higher in UTUC patients than in healthy
controls. The fragment size of plasma cfDNA had a moderate accuracy of diagnosing
UTUC (area under the curve [AUC] = 0.72), and multivariate analysis indicated that
the fragment size of plasma cfDNA was significantly associated with the presence
of UTUC (odds ratio = 0.807, 95% confidence interval [CI] 0.653-0.955, P = .024).
Furthermore, we found that the size of plasma cfDNA shortens alongside disease
progression (P < .001). The fragment size of plasma cfDNA in UTUC patients may be
an auxiliary tool for the diagnosis of UTUC patients. We also found a high correlation
between the fragmentation of plasma cfDNA and serum levels of three inflammatory
cytokines (TNFa [r = -.837], interleukin-6 [IL-6] [r = -.964], interleukin-1 receptor
antagonist [IL-1ra] [r = -.911]), which were reported to associate with poor prognosis.
Also, we found that the proportion of short fragments of cfDNA was significantly
increased in the supernatant of peripheral blood mononuclear cells (PBMCs) from
healthy controls cultured in media containing TNFa. These results supposed that
cancer-associated systemic inflammation, especially tumor necrosis factor-o (TNFa),
may contribute to the fragmentation of plasma cfDNA in UTUC patients.

KEYWORDS

cell-free DNA, fragment size, systemic inflammation, TNFa, upper-tract urothelial carcinoma

Abbreviations: Alb, albumin; cfDNA, cell-free DNA; Cl, confidence interval; CRP, C-reactive protein; EMEM, Eagle's minimal essential medium; Hb, hemoglobin; IL-6, interleukin-6;
IL-1ra, interleukin-1 receptor antagonist; NLR, neutrophil to lymphocyte ratio; OS, overall survival; PBMCs, peripheral blood mononuclear cells; Plt, platelet; OR, odds ratio; ROC,

receiver operating characteristic; RPMI, Roswel Park Memorial Institute; TNFa, tumor necrosis factor-a; UBC, urothelial bladder cancer; UTUC, upper-tract urothelial carcinoma; WBC,

white blood cell.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

168 wileyonlinelibrary.com/journal/cas

Cancer Science. 2021;112:168-177.


www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0001-5356-7359
https://orcid.org/0000-0002-4701-5635
https://orcid.org/0000-0001-8445-6205
https://orcid.org/0000-0002-8681-1407
https://orcid.org/0000-0001-9369-4264
https://orcid.org/0000-0002-6522-6233
mailto:﻿
http://creativecommons.org/licenses/by-nc/4.0/
mailto:uemura@uro.med.osaka-u.ac.jp

NAKANO ET AL.

1 | INTRODUCTION

Urothelial carcinoma (UC) is the fourth most common prevalent cancer
globally.! These tumors may be located in the lower (bladder and ure-
thra) or the upper (pyelocaliceal cavities and ureter) urinary tract. In the
diagnosis of UC, urinary cytology is routinely used in combination with
endoscopy, ultrasound, computed tomography (CT), and so on, but the
accuracy of urine cytology is not so high. Lower-tract urothelial carci-
noma (LTUC), mainly urothelial bladder cancer (UBC), is relatively eas-
ily diagnosed using cystoscopy or abdominal ultrasound. On the other
hand, it is difficult to diagnose upper-tract urothelial carcinoma (UTUC)
because of the lack of sufficient imaging methods, and because urinary
cytology is the only reliable method to diagnose UTUC. UTUC is un-
common and accounts for only 5%-10% of UC.%? Overall, more than
half of UTUCs are invasive at the time of diagnosis compared with 15-
25% in UBC,?® and its prognosis is extremely poor. So, early diagnosis
of UTUC is an important issue. CT urography has the highest diagnostic
accuracy of the available imaging techniques, but it is limited to patients
with normal renal function and without contrast media allergy. Other
tests, such as retrograde pyelography or ureteroscopy, are more inva-
sive.! To improve the prognosis of UTUC, minimally invasive diagnostic
procedures other than urinary cytology are urgently needed.

Some kinds of human cells release DNA into the blood circulation,
which is referred to as cell-free DNA (cfDNA), including circulating
tumor DNA (ctDNA) derived from tumor cells. In healthy individu-
als, plasma cfDNA is mainly derived from hematopoietic cells such as
lymphocytes.>¢ Plasma cfDNA is released into the circulation by cell
death, necrosis, and secretion,” and it provides a minimally invasive
diagnostic and monitoring avenue for cancer patients.7

It has been reported that some cancer types have a shorter frag-
ment size of plasma cfDNA compared with healthy controls.®? Recent
studies have also attempted to identify cancer types from the fragmen-
tation profiles of plasma cfDNA.X° The fragmentation and increased
concentration of plasma cfDNA are thought to be due to an increase in
ctDNA 21! However, as the content of ctDNA in plasma cfDNA is con-

sidered to be very low, 213

we hypothesized that hematopoietic cell-
derived cfDNA, which is thought to account for the majority of plasma
cfDNA, is also somehow affected in the cancer environment.

Itis well known that several inflammatory cytokines such as tumor ne-
crosis factor-a (TNFa) and interleukin-6 (IL-6) play important roles in both
cancer initiation and progression.**'> However, the relationship between
the dynamics of cfDNA and systemic inflammation in cancer patients re-
mains unclear. So here, we investigated the usefulness of plasma cfDNA
as a blood biomarker in UTUC patients and also examined the association

between plasma cfDNA fragmentation and systemic inflammation.

2 | MATERIALS AND METHODS
2.1 | Study design

Between January 2016 and December 2019, a total of 50 patients
with UTUC and 19 patients with UBC were enrolled in this study.
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None of the patients had received systemic chemotherapy. This
study was approved by the Institutional Review Board of Osaka
University Hospital (# 3397-12). All patients had provided written
informed consent for the collection and analysis of blood samples.
All patients were pathologically diagnosed using surgical resection
samples or ureteroscopic biopsy. Histological diagnosis was deter-
mined based on standard hematoxylin- and eosin-stained sections.
Two or more experienced senior pathologists provided pathologi-
cal diagnoses according to the 8th American Joint Committee on
Cancer TNM staging system.'® Urine cytology was also evaluated by
specialists according to our institutional criteria, in which negative
urine cytology is defined to be no more than class Ill and positive
urine cytology to be class IV and class V. We used the highest urine
cytology class for data analysis if patients received several cytology
tests before treatment.

Clinically, overall survival (OS) was evaluated from the first blood
sampling day to the last follow-up point. We retrospectively as-
sessed the blood levels of white blood cells (WBC), hemoglobin (Hb),
platelet (PIt), albumin (Alb), C-reactive protein (CRP), and neutrophil
to lymphocyte ratio (NLR).

2.2 | Preparation of blood samples and cfDNA
extraction from plasma

Whole blood (2.0-7.0 mL) was collected directly into EDTA tubes.
Within 3 hours after collection, all blood samples were centrifuged
sequentially at 900 and 20 000 gravity for 10 minutes each, and
supernatants were stored at -80°C as plasma. cfDNA was isolated
from 0.6-2.8 mL plasma samples using the QlAamp® Circulating
Nucleic Acid Kit (QIAGEN) according to the manufacturer's protocol.

2.3 | Quantification of cfDNA concentration

We quantified cfDNA concentration as previously reported.17
Quantitative real-time PCR analysis was performed using a CFX
Connect™ real-time system (Bio-Rad Laboratories) to detect the
concentration of plasma cfDNA. A 106-bp amplicon of ACTB was
used as the target for the quantification of cfDNA fragments as pre-
viously reported.'*® ACTB is a housekeeping gene and is expressed
in both cancer cells and normal cells such as blood cells. We have
measured the concentration of total cfDNA by measuring the copy
number of ACTB in plasma cfDNA.

2.4 | Measurement of the fragment size of
plasma cfDNA

We measured the fragment size of plasma cfDNA as previously re-
ported.’” The cfDNA fragment size was measured using a microflu-
idics-based platform, the Agilent 2100 Bioanalyzer with the High
Sensitivity DNA Kit (Agilent Technologies). The Agilent 2100 Expert
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software (version B.02.08) automatically determines the mean size
for each defined smear region of plasma cfDNA. The results of the
Agilent 2100 Bioanalyzer were shown with a range of around 100 bp.
We defined the value at the top of that range, which represents the

average of all fragment sizes, as the fragment size of each individual.

2.5 | PBMCisolation

Peripheral blood mononuclear cells (PBMCs) from individuals were
isolated from whole-blood samples (21 mL) and collected into BD
Vacutainer CPT tubes with sodium citrate (Becton Dickinson) ac-
cording to the manufacturing procedure.

2.6 | Cell culture and cfDNA extraction from the
culture supernatant

We cultured PBMCs (1.0 x 10%) derived from healthy controls for
48 hours in Biotarget medium supplemented with 10% FBS and
4 mmol/L L-glutamine (Biological Industries) in a humidified incubator
set to 37°C and 5% CO,. Human bladder cancer cell lines T24, J82,
and 5637 were purchased from ATCC and maintained in basal media
(Eagle's minimal essential medium [EMEM] for T24 and J82, Roswel
Park Memorial Institute [RPMI] for 5637) supplemented with 10%
FBS and 1% gentamicin-tyrosine solution (Invitrogen) in a humidified
incubator set to 37°C and 5% CO,. PBMCs cultures were incubated
with the three cytokines as follows: TNFa (1-100 ng/mL), IL-6 (10-
100 ng/mL), or IL-1ra (10-100 ng/mL) (FUJIFILM). We used R-7050
(10 pmol/L) (Selleck Chemicals LLC), a TNFa receptor antagonist for
the inhibition assay of TNFa. All mediums were centrifuged sequen-
tially at 400 gravity for 5 minutes and 20 000 gravity for 10 minutes,
and supernatants were stored at -80°C. cfDNA was isolated from
1.0 mL culture supernatants using the QlAamp® Circulating Nucleic

Acid Kit (QIAGEN) according to the manufacturer's protocol.

2.7 | Quantification of serum cytokines

To measure the cytokine levels in the serum, we used a Human
TNFa Quantikine ELISA kit, a Human IL-6 Quantikine ELISA kit, and
a Human IL-1ra Quantikine ELISA kit (R&D Systems) and read the
absorbance in a microplate reader at 450/570 nm. Cytokine concen-
trations were calculated by spiking recombinant protein into 0.1 mL

aliquots of serum.

2.8 | Statistical analysis

All statistical analyses were performed using IJMP® Pro 13.2.0 (SAS
Institute Inc), GraphPad Prism 5 (GraphPad Software), and R version
2.13.0 with the RemdrPlugin, EZR package (Saitama Medical Center,

Jichi Medical University). Results on patient and cfDNA characteristics

are presented as median, and data were compared using the Wilcoxon
test or Dunn's multiple comparison test. Receiver operating character-
istic (ROC) curve analysis was used to generate AUC values to evaluate
the diagnostic capability of cfDNA for UTUC. Stepwise associations be-
tween the features of plasma cfDNA and pathological findings (pTa/1,
pT2, pT3, pT4/M+) were compared using the Jonckheere-Terpstra test.
The OS rate was calculated using the Kaplan-Meier method. Differences
between the two groups were assessed by the log-rank test. Pearson's
correlation coefficient was used to analyze associations between the
fragment size of plasma cfDNA and peripheral blood test items (CRP,
NLR, Alb) and serum cytokines (TNFa, IL-6, IL-1ra). All p values were two-
sided, with statistical significance being accepted at P < .05. Univariate
and multivariate logistic regression analysis was performed to assess
the relative contributions of various factors (age, gender, WBC, Hb, PIt,
NLR, Alb, and CRP) and plasma cfDNA characteristics such as fragment

size and concentration for the diagnosis of UTUC.

3 | RESULTS
3.1 | Patient characteristics

The clinical and pathological characteristics are summarized in
Table 1. In total, 50 patients were histologically diagnosed with UC.
The UTUC cohort consisted of 42 males and 8 females, and the me-
dian age was 73 years (range 51-88 years). In UTUC patients, the
median serum levels of Alb/CRP/NLR were 3.75/0.14/2.56 (range
1.90-4.60, 0.04-22.6, 1.28-14.05), respectively. The clinical T stage
of 0/a/1 and 2, 3/4 was 16/21/13 patients, respectively, and 9 pa-
tients had metastases at the time of diagnosis. Forty patients un-
derwent nephroureterectomy, and the pathological T stage of a and
1/2/3 and 4 was 18/7/15 patients, respectively.

3.2 | Confirmation of plasma cfDNA

To confirm that cfDNA was extracted, we used a microfluidics-based
platform. In all cases, we confirmed the presence of plasma cfDNA. The
fragment size of plasma cfDNA was found to be approximately 167 bp
(Figure 1A), which is reported to correspond to the size of the DNA
wrapped around the nucleosome (approximately 147 bp) and the linker
DNA associated with histone H1.” Within the 35-10 380 bp range, the
median proportion of 100-200 bp fractions was 65% (40-98%). From
these results, the fragment size of the majority of plasma cfDNA was
found to be 100-200 bp, as previously reported (Figure 1B).

3.3 | Clinical utility of cfDNA in UTUC patients

Furthermore, to evaluate the diagnostic potential of plasma cfDNA for
UTUC, we compared the fragment size and concentration of plasma
cfDNA in UTUC patients and healthy controls. The fragment size of
plasma cfDNA from UTUC patients (median 166, range 145-175) was
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TABLE 1 Characteristics of upper-tract urothelial carcinoma (UTUC) patients and healthy controls (n = 76)

Total (n = 76) UTUC patients (n = 50) Healthy controls (n = 26) P-value
Age (y) (median [range]) 71 (50-88) 73 (51-88) 68 (50-77) <.001
Gender, n (%)

Male/female 52/24 (68/32) 42/8 (84/16) 10/16 (38/62) <.001
WABC: median (range) (cells/mm®) 5470 (2810-54 900) 6180 (3770-21 990) 4960 (2810-9820) .012
Hb: median (range) (g/dL) 13 (6.4-16.8) 12.6 (6.4-16.8) 13.4 (11.6-16.8) .037
Plt: median (range) (* 10e3 227 (95-524) 228 (95-524) 226 (154-366) .519

cells/mm°)
Alb: median (range) (g/dL) 3.9 (1.9-4.8) 3.75 (1.90-4.60) 4.10 (3.30-4.80) .003
CRP: median (range) (mg/dL) 0.08 (0.04-22.6) 0.14 (0.04-22.6) 0.04 (0.04-5.46) <.001
NLR: median (range) 241 (0.79-14.05) 2.56 (1.28-14.05) 1.90 (0.79-13.4) .001
Tumor location, n (%)

Renal pelvis 23 (46)

Ureter 24 (48)

Multiple 3 (6)

Previous bladder cancer, n (%)

No 16 (32)

Yes 34 (68)
Urinary cytology, n (%)

Negative 22 (44)

Positive 24 (48)

Unknown 4 (8)

Clinical T, n (%)

0,a,1 16 (32)

2 21 (42)

3,4 13 (26)

Clinical N, n (%)

0 43 (86)

1 2 (4)

2 5 (10)

3 0 (0)

Clinical M, n (%)

0 44 (88)

1 6 (12)
Clinical stage, n (%)

| 16 (32)

I 20 (40)

Il 5 (10)

v 9 (18)

Treatment, n (%)

Nephroureterectomy 40 (80)

Others 10 (20)
Pathological T, n (%)

a, 1 18 (45)

2 7 (18)

3,4 15 (37)

Abbreviations: Alb, albumin; CRP, C-reactive protein; Hb, hemoglobin; NLR, neutrophil to lymphocyte ratio; Plt, platelet; WBC, white blood cell.
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(n = 50) and healthy controls (n = 26).
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of plasma cfDNA in UTUC patients

(n = 50) and healthy controls (n = 26). A
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performed by Wilcoxon test, *P < .05,
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significantly shorter than that from healthy controls (median 168.5,
range 160-180 bp) (P =.007) (Figure 1C). Overall, the concentration of
plasma cfDNA from UTUC patients (median 5597, range 1062-55 113
copies/mL) was significantly higher than that from healthy controls
(median 4586, range 522-11 876 copies/mL) (P = .042) (Figure 1D).
However, neither the fragment size nor the concentration of plasma
cfDNA was significantly different in patients with UBC, a lower-tract
UC, compared with healthy controls (Figure S1).

ROC curve analysis revealed that the fragment size of plasma
cfDNA showed a sensitivity of 63% and a specificity of 73% to diag-
nose UTUC (area under the curve [AUC] = 0.72, cutoff value 166 bp,
Figure 1E), and the concentration of plasma cfDNA demonstrated
a sensitivity of 63% and a specificity of 54% to diagnose UTUC
(AUC = 0.66, cutoff value 4661 copies/ml, Figure 1F), respectively.
UTUC diagnostic sensitivity was higher for plasma cfDNA fragment
size than for urine cytology (Figure S2). Multivariate logistic regres-
sion analysis revealed that shorter fragment size of plasma cfDNA

was significantly associated with the diagnosis of UTUC (odds ratios

50 100

100-Specificity (%)

0.81, 95% confidence interval [CI] 0.65-0.96, P = .024, Table 2). The
above results show that the fragment size of plasma cfDNA could be
an auxiliary tool for diagnosing UTUC.

3.4 | The fragmentation of plasma cfDNA was more
pronounced in advanced cancer

Subsequently, we examined the association between clinico-
pathological characteristics and plasma cfDNA in UTUC patients.
Interestingly, the fragment size of plasma cfDNA tended to shorten
as the pathological stage progressed (P-value for trend < .001,
Figure 2A). On the other hand, the concentration of plasma cfDNA
did not show a stepwise change with the progression of the patho-
logical stage (P-value for trend = .193, Figure 2B). Also, we found
significant relationships between the shorter fragment sizes of
plasma cfDNA in patients and reduced Alb (r = .618, P < .001) and
elevated CRP (r = -0.612, P < .001) and NLR (r = -0.530, P < .001),
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TABLE 2 Univariate and multivariate
logistic regression analysis for the
diagnosis of upper-tract urothelial
carcinoma (UTUC) (n = 76)

FIGURE 2 A, The fragment size of
plasma cell-free DNA (cfDNA) at each
pathological stage. Stepwise associations
between the fragment of plasma cfDNA
and pathological stage were analyzed
using the Jonckheere-Terpstra test. B,
The concentration of plasma cfDNA

at each pathological stage. Stepwise
associations between the concentration
of plasma cfDNA and pathological stage
were analyzed using the Jonckheere-
Terpstra test. C, The scatterplot of the
fragment size of plasma cfDNA and the
inflammatory markers (C-reactive protein
[CRP], neutrophil to lymphocyte ratio
[NLR], albumin [Alb]). The blue line shows
the correlation line and the grey area
represents a 95% confidence interval (Cl).
D, The association of overall survival (OS)
and cfDNA fragment size, with <166 bp
being “short” and >166 bp being “long,”
as assessed by the Kaplan-Meier and the
log-rank test
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Univariate Multivariate
P- P-
OR 95% Cl value OR 95% ClI value
Age (y) 1.115 1.046-1.204 .002 1.156 1.034-1.344 026
Gender 8.200  2.744-24.501 .000 11.863 2.224-89.297 .007
Fragment size of 0.829 0.728-0.919 .001 0.807 0.653-0.955 .024
plasma cfDNA
Concentration of 1.163 1.034-1.380 .045 1.058 0.903-1.359  .610
plasma cfDNA
(* 10e3)
WBC (* 10e3) 0.997 0.926-1.073 .928
Hb 0.736 0.553-0.947 .024 0.734 0.359-1.374  .367
Pt (* 10e4) 1.043 0.980-1.124 .214
NLR 1.214 0.917-1.607 175
Alb 0.130 0.032-0.529 .004 0.663 0.049-8.293  .749
CRP (*0.1) 1.044  0.984-1.109 156

Abbreviations: Alb, albumin; cfDNA, cell-free DNA; Cl, confidence interval; CRP, C-reactive
protein; Hb, hemoglobin; NLR, neutrophil to lymphocyte ratio; OR, odds ratio; PIt, platelet; WBC,

white blood cell.
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FIGURE 3 A, The comparison of the concentration of each cytokine between the group with shorter plasma cell-free DNA (cfDNA)
fragment size (<166 bp) and the group with longer plasma cfDNA fragment size (166 bp<). A comparison between the two groups was
performed by Wilcoxon test, *P < .05, **P < .01. B, The scatterplot of the fragment size of plasma cfDNA and the serum level of each
cytokine (tumor necrosis factor-a [TNFa], interleukin-6 [IL-6], interleukin-1 receptor antagonist [IL-1ra]) in upper-tract urothelial carcinoma
(UTUC) patients. The blue line shows the correlation curve, and the grey area represents a 95% confidence interval [CI]

which were previously reported as prognostic factors in UTUC pa-

tients?2 (

Figure 2C). Regarding a prognostic value of the fragment
size of plasma cfDNA, patients with shorter plasma cfDNA fragment
size (<166 bp) tended to have worse OS compared with those with a

longer fragment (>166 bp) in our cohort (P =.083, Figure 2D).

3.5 | The fragmentation of plasma cfDNA is
associated with inflammatory cytokines

Based on the above results, we hypothesized that systemic inflam-
mation induced fragmentation of plasma cfDNA. We focused on
three inflammatory cytokines (TNFa, IL-6, IL-1ra) as representatives
of systemic inflammation. These cytokines have already been re-
ported to be associated with prognosis in UBC.?! When three inflam-
matory cytokines were measured in the serum of UTUC patients and
compared with the fragment size of plasma cfDNA, we found sig-
nificantly higher concentrations of each cytokine in the serum in pa-

tients with shorter plasma cfDNA fragment size, as specified below.

The patients with shorter plasma cfDNA fragment size (<166 bp) had
significantly higher concentrations of serum TNFa, IL-6, and IL-1ra
(median 23.7, 11.8, 510.7 pg/mL, range 3.4-116.4, 0.0-79.3, 155.9-
2000.0, respectively) than the patients with longer plasma cfDNA
fragment size (166 bps) (median 7.5, 3.5, 281.9 pg/mL, range 1.0-
25.9,0.0-16.7,44.2-577.3, respectively) (P = .007,.002, .013, respec-
tively, Figure 3A). Additionally, the fragment size of plasma cfDNA
is highly correlated with serum TNFa, IL-6, and IL-1ra concentration
(r=-.837, -.964, -.911, respectively, Figure 3B). These results indi-
cate that the fragmentation of cfDNA is significantly associated with

the serum levels of inflammatory cytokines.

3.6 | Invitro study of cfDNA size in cancer cell
line and cytokine-treated PBMCs

To further investigate which cytokine plays an important role in the
fragmentation of cfDNA, we performed a verification in the follow-

ing experimental system. First, PBMCs from healthy controls were
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cultured for 48 hours in media containing one of the three inflam-
matory cytokines (TNFa, IL-6, IL-1ra). Subsequently, we extracted
the cfDNA from the culture supernatant and assessed the propor-
tion of short (50-166 bp) cfDNA fractions by a microfluidics-based
platform. The proportions of the short fractions of cfDNA extracted
from the PBMCs were 24% (range 11-49%) in culture supernatant
untreated with cytokines, 31% (range 19-56%) in the culture super-
natant with 10 ng/mL TNFa«, and 39% (range 12-49%) in the culture
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FIGURE 4 Measurement of the proportion of short fragment
fraction in cell-free DNA (cfDNA) derived from peripheral blood
mononuclear cells [PBMCs]. Proportions of short fragment fraction
of cfDNA in the culture supernatant of cytokine-untreated PBMCs
and TNFa-treated PBMCs (10 ng/mL, 100 ng/mL). (*P < .05). A,
Proportions of short fragment fraction of cfDNA in the culture
supernatant of cytokine-untreated PBMCs and interleukin-6 (IL-
6)-treated PBMCs (10 ng/mL, 100 ng/mL). B, Proportions of short
fragment fraction of cfDNA in the culture supernatant of cytokine-
untreated PBMCs and IL-1ra-treated PBMCs (10 ng/mL, 100 ng/
mL). A comparison among the three groups was performed by
Dunn's multiple comparison test, *P < .05

supernatant with 100 ng/mL TNFa, respectively. In the cfDNA ex-
tracted from the culture supernatant with added TNFa«, the short
cfDNA was significantly increased (P = .045 [10 ng/mL], 0.030
[100 ng/mL]). Although there was no significant difference between
the cfDNA extracted from the culture supernatant with the addition
of 10 ng/mL TNFa and 100 ng/mL TNFa (Figure 4A, Figure S3), TNFa
less than 10 ng/mL promoted the fragmentation of cfDNA in a dose-
dependent manner (Figure 5A) . No change in fragmentation was ob-
served in cfDNA in the culture supernatant with the other cytokines
(IL-6, IL-1ra) (Figure 4B,C and Figure S3). We also confirmed that the
effect of TNFa on the increase of short fragment size of cfDNA was
canceled by the TNFa inhibitor (R-7050) (Figure 5B). These results
suggest that the increase of short fragment size of cfDNA is a direct
effect of TNFa.

We attempted to collect cfDNA from the culture supernatants of
UC cell lines (T24, J82, 5637) to evaluate cancer cell-derived cfDNA,
but we were unable to collect cfDNA of matching size to mononucle-

osome unit (Figure S4).

4 | DISCUSSION

Currently, no reliable blood biomarkers for UTUC have been identi-
fied which are both minimally invasive and informative for diagno-
sis. Recently, cfDNA has been widely investigated as a biomarker in
translational and clinical research as “liquid biopsies.” Although we
reported that urinary ctDNA is useful for the diagnosis of UTUC,*®
a useful blood biomarker does not yet exist. In this study, we clari-
fied that the fragment size of plasma cfDNA had moderate accu-
racy for diagnosing UTUC. We consider that the fragment size of
plasma cfDNA could be an auxiliary tool for diagnosing UTUC, but it
is not UTUC-specific as CRP and NLR are. Although we did not find a
shortened fragment size of plasma cfDNA in UBC patients, this phe-
nomenon has already been reported in several cancer types, includ-
ing renal cell carcinoma, lung cancer, and melanoma.®!” From these
findings we suspect that the shortening fragment size of plasma
cfDNA is not specific to only UTUC. This is the first study to show
that the fragment size of plasma cfDNA could be an auxiliary tool for
the diagnosis of UTUC patients.

Ge et al reported that copy number alteration (CNA) profiles of
urinary cfDNA had high accuracy for detecting UTUC.?? It has also
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been reported that the concentration of plasma cfDNA was more
accurate than classical tumor markers, such as a carcinoembryonic
antigen or carbohydrate antigen 19-9, 72-4, and 50 in diagnosing
gastric cancer.?® Our study also found a significantly higher concen-
tration of plasma cfDNA in UTUC patients than in healthy controls.
However, there was no correlation between the pathological stage
of the tumor and the concentration of plasma cfDNA. In this study,
quantitative real-time PCR was used to measure the concentration
of plasma cfDNA, but further research is needed using the latest
technologies, such as digital PCR.

Although it has been reported that cfDNA is released into the
blood circulation by apoptosis, necrosis, and secretion, the fragment
size of cfDNA in plasma is centered around the mononucleosome
size, and cfDNA is thought to be mainly derived from apoptosis.”?*
Several reports have shown that cfDNA with cancer-specific muta-
tions (ctDNA) are shorter than cfDNA without the mutation.”224
These results indicate that an increase in ctDNA may be responsible
for the increased fragmentation of plasma cfDNA in cancer patients.
However, most of the cfDNA in circulating blood is thought to be
derived from hematopoietic cells, and in this study we clarified that
this hematopoietic cell-derived cfDNA was fragmented by systemic
inflammation induced by TNFa.

Inthe fragmentation of cfDNA, caspase-dependent digestion has
been reported to play an important role.?> Caspases are activated
during apoptosis via exogenous (death receptor) or endogenous
(mitochondrial) pathways.?®?” TNFa has been reported to induce
apoptosis via TNFR1, one of the death receptors.28 The results of
this study were attributed to the fact that of the three cytokines,
only TNFa has the function to activate the death receptor pathway.
Although this experiment does not fully replicate the immune re-
sponse in vivo, it is a novel finding that TNFa, an inflammatory cyto-
kine, promotes fragmentation of hematopoietic cell-derived cfDNA.
In this study, only three cytokines were investigated, so we will be
looking at more types of cytokines in the future.

There are some apparent limitations in this study. First, the
number of cases is small. Further investigations are needed to vali-
date our results in larger numbers of patients by multi-institutional

studies. Second, we proved that systemic inflammation affects the

fragmentation of cfDNA, using PBMCs of healthy controls, which
may not reflect the entire cfDNA landscape in cancer patients. Third,
we consider it necessary to validate the fragment size of plasma
cfDNA in patients with noncancer inflammatory diseases to distin-
guish it from existing inflammatory markers such as CRP and NLR. It
is also necessary to validate whether cellular stresses other than in-
flammation, such as chemotherapy, radiation, hypoxia, and oxidative
stress, also cause the fragmentation of plasma cfDNA.

In conclusion, the results of this study demonstrate the usefulness
of plasma cfDNA as a new blood biomarker for UTUC patients. We
show that cancer-related systemic inflammation, particularly TNF«,
contributes to the fragmentation of cfDNA from hematopoietic cells.
The mechanism of plasma cfDNA fragmentation in cancer patients
involves not only increased cancer cell-derived cfDNA, but also he-

matopoietic cell-derived cfDNA in an inflammatory environment.
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