INTERNATIONAL JOURNAL OF ONCOLOGY 54: 2139-2148, 2019

Droplet digital PCR as a novel system for the detection
of microRNA-34b/c methylation in circulating
DNA in malignant pleural mesothelioma
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Abstract. Malignant pleural mesothelioma (MPM) is a rare
malignancy arising from the pleura that is difficult to diagnose,
contributing to its dismal prognosis. Previously, we reported
that the degree of microRNA (miR)-34b/c methylation in
circulating DNA is associated with the development of
MPM. Herein, we present a newly developed droplet digital
PCR (ddPCR)-based assay for the detection of miR-34b/c
methylation in circulating DNA in patients with MPM. We
originally prepared two probes within a short amplicon of
60 bp, designing one from the positive strand and the other
from the complementary strand. The two probes functioned
cooperatively, and our established assay detected DNA
methylation accurately in the preliminary validation. We
subsequently verified this assay using clinical samples. Serum
samples from 35 cases of MPM, 29 cases of pleural plaque
and 10 healthy volunteers were collected from 3 different
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institutions and used in this study. We divided the samples into
2 groups (group A, n=33; group B, n=41). A receiver-operating
characteristic curve analysis using the samples in group A
determined the optimal cut-off value for the diagnosis of
MPM, with a sensitivity of 76.9% and a specificity of 90%.
On the other hand, the use of the same criterion yielded a
sensitivity of 59.1% and a specificity of 100% in group B, and
corresponding values of 65.7 and 94.9% for the entire cohort,
indicating a moderate sensitivity and a high specificity. In
addition, when the analysis was focused on stage II or more
advanced MPM, the sensitivity improved to 81.8%, suggesting
the possibility that the methylated allele frequency in MPM
may be associated with the stage of disease progression. On
the whole, the findings of this study indicate that miR-34b/c
methylation in circulating DNA is a promising biomarker for
the prediction of disease progression in patients with MPM.

Introduction

Malignant pleural mesothelioma (MPM) is a rare and highly
aggressive tumor arising from the pleura or other mesothelial
surfaces and is most commonly associated with asbestos
exposure, which is known as a major risk factor. Although
asbestos use is now prohibited in Western countries, the
incidence of MPM is not expected to decrease in the near future
due to the long incubation period between asbestos exposure
and the onset of MPM (1,2). Moreover, asbestos continues to
be used in many developing and emerging economies, such
as countries in Southeast Asia, suggesting the possibility of
future epidemics of MPM. In the majority of cases, MPM is
only diagnosed at an advanced disease stage; therefore, the
development of a novel diagnostic approach is warranted (3,4).

Recently, the concept of a ‘liquid biopsy’ for the diagnosis
and monitoring of diseases has attracted attention. Several
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studies have suggested that the individual genetic profiles of
cancers are highly heterogeneous and that these profiles can
even change during the course of the disease, particularly in
response to treatment (5,6). At present, the molecular profiles
of patients with solid tumors are generally established using
surgically resected or biopsy specimens. However, the use
of tissue biopsies is limited by their invasiveness, making
it difficult to grasp chronological alterations in molecular
profiles and potentially missing some genomic changes. A
liquid biopsy originally referred to an analysis of the genomic
profiles of circulating tumor cells (7), and this method has
attracted particular interest among experts in the field of
clinical oncology. This definition has now been extended
to include various tumor components, such as circulating
cell-free RNA (cfRNA), circulating cell-free DNA (cfDNA),
circulating cell-free tumor DNA (ctDNA) and exosomes,
and this technique enables clinicians to repeatedly and
non-invasively explore real-time changes in the genomic
profiles of human cancers.

MicroRNAs (miRNAs or miRs) are a group of small
noncoding, endogenous, single-stranded RNAs that play an
essential role in the regulation of gene expression. A number
of studies have reported that the aberrant hypermethylation
of CpG islands in the promoter regions is closely related to
the silencing of tumor-suppressive miRs in several types of
cancer (8-11). We previously identified that among several
miRs, the epigenetic silencing of miR-34b/c by aberrant
methylation in the promoter region plays an important role in
the tumorigenesis of MPM (12). miR-34s have been discovered
to be direct transcriptional targets of p53, and to constitute
a part of the p53 tumor suppressor network regulating cell
cycle arrest, apoptosis and senescence (13,14). As regards the
application of miRs as biomarkers, Suzuki et al reported that
the aberrant methylation of miR-34b/c in biopsy specimens
was a predictive marker of metachronous gastric cancer (15).
Wau et al also reported that the detection of methylation in the
promoter regions of miR-34s using stool DNA was useful as
a screening biomarker for colorectal cancer (16). Additionally,
we have previously revealed that the degree of miR-34b/c
methylation in serum-circulating DNA is associated with the
development of MPM (17). Although the origins of ctDNA
differ, these previous studies suggest the possibility that
the methylation of the miR-34b/c promoter is a promising
biomarker.

In our previous study in 2011, we compared the degree
of methylation using MPM cell lines, MPM tissues and
nonmalignant mesothelial primary cultures that were
established from pleural effusions of cancer-free patients,
and we have shown that the promoter of miR-34b/c is highly
methylated in MPM (12). Based on these findings, the aim
of the present study was to apply the miR-34b/c methylation
specifically observed in MPM to the diagnosis and prediction
of the disease progression. For this purpose, in this study, we
established a novel assay with which to detect DNA methylation
in the blood using droplet digital PCR (ddPCR) technology,
enabling the highly sensitive and quantitative detection of
target genes (18). In ddPCR, the input DNA is distributed
among approximately 20,000 droplets, and each droplet
contains 1 or fewer copies of the target or background DNA;
this makes it possible to detect 0.001% of the target gene from
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the background DNA (19-21). Our established assay was then
verified using serum samples from patients with MPM, pleural
plaque patients and healthy volunteers.

Materials and methods

Clinical samples and cell lines. We collected >1 ml
peripheral blood sample from 35 cases of MPM, 29 cases of
pleural plaque (PP) and 10 healthy volunteers (HV) at the
Okayama University Hospital (Okayama, Japan), Okayama
Rosai Hospital (Okayama, Japan), or the National Hospital
Organization, Yamaguchi Ube Medical Center (Yamaguchi,
Japan), between January, 2005 and January, 2015. The details
are described in Table I. The age of all the healthy volunteers
was >20 years and healthy individuals who were not any
current medications were recruited. None of the participants
had a medical history of cancer other than MPM, and all the
blood samples were collected before any type of treatment.
The blood samples were immediately centrifuged at 5,000 x g
for 5 min, and the separated serum samples were stored at
-80°C at the respective institutions. In addition, 3 surgically
resected MPM specimens obtained from the National
Hospital Organization, Yamaguchi Ube Medical Center were
also subjected to the methylation assay. All the tissues were
frozen in liquid nitrogen immediately after surgery and stored
at -80°C. This study was conducted with the approval of the
Institutional Review Board/Ethical Committee of Okayama
University; each of the participants provided written informed
consent for the sample collection. All the experiments were
performed in accordance with the Declaration of Helsinki.

We also used two human MPM cell lines [NCI-H28 (H28),
NCI-H2052 (H2052)] and one human normal mesothelial cell
line (MeT-5A) as positive and negative controls, respectively.
The H28 and H2052 cells were obtained as kind gifts from
Dr Adi F. Gazdar (Hamon Center for Therapeutic Oncology
Research and Department of Pathology, University of Texas
Southwestern Medical Center at Dallas, Dallas, TX, USA).
The MeT-5A cell line was purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). For the cell
lines that had been stored long-term in liquid nitrogen, a DNA
fingerprinting analysis by short tandem repeat profiling (the
PowerPlex 1.2 System, Promega, Madison, WI, USA) was
performed for cell authentication. The cells were maintained
in RPMI-1640 medium (Sigma Chemical Co., St. Louis,
MO, USA) supplemented with 10% FBS and cultured in a
humidified incubator under 5% CO, at 37°C, and the samples
were routinely tested for mycoplasma using the Venor GeM
OneStep kit (Minerva Biolabs, Berlin, Germany).

DNA extraction, bisulfite conversion, and bisulfite DNA
sequencing. We extracted DNA from the serum samples using
the QIAamp Circulating Nucleic Acid kit (Qiagen, Venlo,
The Netherlands). The DNA concentrations were quantified
using the Qubit 2.0 Fluorometer and Qubit dsSDNA HS or BR
assay kit (Thermo Fisher Scientific, Waltham, MA, USA).
DNA was also extracted from the MPM tissues using the
phenol-chloroform method. DNA was extracted from the cell
lines using the DNeasy Blood and Tissue kit (Qiagen). Genomic
DNA was subjected to bisulfite conversion using the Epitect
Bisulfite kit (Qiagen), and the methylation status of miR-34b/c
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Table I. Patient characteristics.

A, Patients in group A

Characteristic MPM (n=13) PP (n=20)
Median (range), years 71 (51-90) 69.5 (65-72)
Sex, male/female 9/4 20/0
Smoking history

Never 3 5

Former/current 10 15
Histological subtypes

Epithelioid 6 N/A

Biphasic 4 N/A

Sarcomatoid 3 N/A
Clinical stage

I 3 N/A

I 2 N/A

1 5 N/A

v 1 N/A

Unknown 2 N/A

B, Patients in group B

Characteristic MPM (n=22) PP (1=9) HV (n=10)

Median (range), years 61.5 (49-86) 77 (60-86) 31 (25-37)

Sex, male/female 19/3 9/0 10/0
Smoking history
Never 6 3 8
Former/current 16 6 2
Histological subtypes
Epithelioid 15 N/A N/A
Biphasic 5 N/A N/A
Sarcomatoid 2 N/A N/A
Clinical stage
I 8 N/A N/A
11 5 N/A N/A
I 5 N/A N/A
v 4 N/A N/A

MPM, malignant pleural mesothelioma; PP, pleural plaque; HV, healthy
volunteer.

was determined using bisulfite DNA sequencing as previously
described (12,17). The raw sequence chromatograms were
analyzed using Chromas Lite software version 2.6.5 (available
at http://technelysium. com.au/wp/ chromas/). The degree of
methylation was determined by comparing the intensity of the
sequencing electropherogram of cytosine with that of thymine
at each of the CpG sites. Based on the electropherograms, we
quantified the relative ratios between the heights of each of the
waves, as described previously (Fig. 1A) (22), and classified
the degree of methylation into three groups, as follows:
Low-methylated, degree of methylation <20%; moderately
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methylated, degree of methylation between 20 and 70%; and
highly methylated, degree of methylation >70%.

Primers and TagMan probes. The sequences of the primers
and TagMan probes used in this study were designed
based on the nucleotide sequence submitted to GenBank
(GenBank accession numbers NR 029839.1 for miR-34b and
NR 035765.1 for miR-34c). The melting temperature (Tm)
of each primer was calculated using the Oligo Calculator
(http://mbcf149.dfci.harvard.edu/docs/oligocalc.html). The
primers were synthesized by Invitrogen (Thermo Fisher
Scientific, Yokohama, Japan). The primers, including the
mixed-base and TagMan probes containing the locked nucleic
acids (LNAs) were designed using the IDT Biophysics software
(https://www.idtdna.com/ pages/tools) and were synthesized
by Integra ted DNA Technologies KK (Tokyo, Japan).

ddPCR assay for miR-34b/c methylation detection. ddPCR
was performed using the QX200 Droplet Digital PCR system
(Bio-Rad, Hercules, CA, USA). EpiTect Control DNAs
(methylated or unmethylated and bisulfite-converted human
DNA, QIAGEN) were used for the assay validation. The total
volume of the PCR mixture used for the assay was 22 ul,
containing 10 yl of ddPCR Supermix for Probes (No dUTP)
(Bio-Rad), 1 uM of each primer, 0.25 uM of each probe and
200 uM of ANTP. As for the amount of DNA, 10 ul of cfDNA
extracted from the serum was used, while a total of 5 ng of
DNA (methylated and bisulfite-converted human control
DNA) was applied for the validation of the assay. The PCR
conditions were described in detail in our previous study (23).
The annealing temperatures were optimized by gradient PCR.
The PCR products were then subjected to analysis with the
QX-200 droplet reader and QuantaSoft analysis software
(Version 1.7.4.0917) (Bio-Rad). The former measures the
fluorescence value of each droplet, and the latter measures
the number of positive and negative droplets in each sample
and calculates the fraction of positive droplets by a Poisson
algorithm. QuantaSoft analysis software cannot display the
fluorescence intensity of each droplet and standard deviation.

Statistical analysis. All in vitro experiments were performed
at least 3 times. Data are represented as the means + standard
deviation. The concentrations of the target alleles were calculated
using QuantaSoft software (Bio-Rad) based on Poisson's
distribution. The receiver-operating characteristic (ROC) curve
analysis was performed using JMP® 9.0.0 for Windows (SAS
Institute, Inc., Cary, NC, USA). A one-way ANOVA followed
by Bonferroni's multiple comparisons test was conducted using
GraphPad Prism, version 7 (GraphPad Software, San Diego,
CA, USA). Probability values (P-values)<0.05 was considered
to indicate statistically significant differences.

Results

Appropriate sequences for primer design. First, we examined
candidate sequences suitable for the primer and TagMan probe
designbased on somekey points,as follows: i) Multiple CpGsites
were included in the target sequence to increase the sensitivity;
ii) CpG sites were not included in the primer sequences; and
iii) the frequency of single nucleotide polymorphisms (SNPs)
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Figure 1. Optimal probe and primer design. (A) Method for calculating the degree of methylation from sequencing electropherograms. C, cytosine (methyl-
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was relatively low in the target sequences. In addition, we
made the amplicon size as small as possible to increase the
sensitivity of ctDNA detection, as described previously (23).
One of the candidate sequences is shown in Fig. 1B, and the
SNPs in this target region, as provided by the NCBI dbSNP
database (https://www.ncbi.nlm.nih.gov/projects/SNP/), are
listed in supplementary Table SI. The possible frequency of
SNPs in this region was <0.02%, which reinforced the validity
of this sequence. To confirm the methylation status of the two
CpG sites included in this sequence, we performed bisulfite
DNA sequencing. The results revealed that both CpG sites
were moderately or highly methylated in both the MPM cell
lines and the MPM clinical specimens, but not in the normal
mesothelial cell line (Fig. 1C). Based on these results, we
designed the primers as shown in Table II. Validation of the

primer sets was performed to identify possible non-specific
reactions, and we confirmed the specificity of the primers
(data not shown).

Probe design and assay validation.Herein, we present a schema
representing the principle on which our methylation detection
assay was based (Fig. 2). The two CpG sites were detected
separately by two TagMan probes with the same fluorescent
dye, and thus we examined the optimal probe design. As both
CpG sites in this sequence were located close to each other,
we designed one probe based on the sequence of the positive
strand (Probe-P), and the other based on the sequence of the
complementary strand (Probe-C). In addition, in order to obtain
a sufficient match-mismatch Tm difference, the probes were
fabricated using LNAs. Based on these concepts, we designed
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Table II. Sequences of primers and probes.

2139-2148, 2019

Oligo Oligo sequences 5' to 3' Tm Product Match-mismatch
name O size (bp) Tm difference (°C)
Primers MPM-Fw GGGAGGGTTTTGAGAGGAG 62.54 60 NA
MPM-Rv ACCCCCAAAAATACCAAACC 63.28 NA
MSP-Fw AGAGAGTTAGTTTTAGGGTTTGGG 61.5 358 NA
MSP-Rv CCTCRAACCCCATTTCAC 62.95 NA
Probes Probe-P FAM/AC+CT C+CC+GCT/IABLFQ 6541 NA 21.03
Probe-C1 FAM/TTG+CGGG+AAGGGG/IABLFQ 64.07 NA 14.75
Probe-C2 FAM/TG+CGG+G+A+AGG/IABLFQ 63.23 NA 17.83
Probe-C3 FAM/AGGTT+G+C+GGGAAG/TABLFQ 63.56 NA 11.85
Probe-C4 FAM/TG+CGGGAAGGGGAG/IABLFQ 64.65 NA 13.29
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ddPCR, droplet digital PCR; Tm, melting temperature; IABLFQ, Iowa Black FQ™ ; NA, not available; locked nucleic acid, +N; R, mixed base
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several probe sets (Probe-P, Probe-C#1-4) (Table II). To verify
the validity of these probes, and to consider the optimum
annealing temperatures, gradient PCR was conducted within
the range of 51°C to 61°C. As a result, Probe-P and Probe-C#1
had a higher fluorescence, compared with the other probes
(Fig. 3A and B). Determining whether the two probes would
function properly without competition was also important
for successful methylation detection. Therefore, to test the
interaction between Probe-P and Probe-C#1, we performed
the same experiment using the two probes in combination. We
found that the fluorescence intensity was enhanced when the

probes were used in combination, suggesting that the probes
functioned cooperatively (Fig. 3C and D), and the optimal
annealing temperature was determined to be 53.1°C. Lastly,
we confirmed whether this assay could correctly distinguish
between methylated and unmethylated DNA. As shown in
Fig. 3E and F, the number of droplets with a fluorescence
intensity >3,000 was noticeably larger in the methylated DNA

group.

Clinical application of the established assay. We then
evaluated the feasibility of the clinical application of this
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Figure 3. Validation of the established assay. (A) Validation of probes. Gradient PCR was conducted within an annealing temperature range of 51 to 61°C;
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strand. (B) The mean fluorescence values of droplets with a fluorescence intensity of over 3,000. (C) Verification of combined use of the probes. The annealing
temperature was ranged from 51 to 61°C; the numbered circles indicate the following temperatures: 1, 61°C; 2, 60.4°C; 3, 59.1°C; 4, 57.2°C; 5, 55°C; 6, 53.1°C;
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(E) Verification of established assay using methylated and non-methylated human DNA. (F) The mean fluorescence values of droplets with a fluorescence

intensity of over 3,000 at annealing temperature of 53.1°C.

assay. We divided the serum samples (35 cases of MPM,
29 cases of PP and 10 HVs) into group A (n=33) and group B
(n=41) according to their collection site: Samples obtained
from the Okayama Rosai Hospital were classified as group A,
while those obtained from the other two institutions were
classified as group B. The characteristics of the patients
in the 2 groups are summarized in Table I. The median
concentration of cfDNA extracted from the serum was

1.47 ng/ul for the MPM cases and 1.44 ng/ul for the others.
Firstly, to determine the positive criterion, we conducted an
ROC curve analysis comparing the MPM cases with other
non-malignant cases using samples from group A (Fig. 4A
and Table SII). The results indicated that the presence of
at least 3 droplets with a fluorescence of over a threshold
value of 7,000 was the optimal cut-off for the diagnosis of
MPM, with a sensitivity of 76.9% and a specificity of 90%.
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Subsequently, we evaluated the validity of this criterion. The
results are shown in Table III. The sensitivity and specificity
for the diagnosis of MPM in the group B samples were 59.1
and 100%, respectively, while those for the entire cohort were
65.7 and 94.9%, respectively, indicating a moderate sensitivity
and a high specificity. In addition, when we focused on the
diagnosis of only stage II or more advanced MPM, the
sensitivity increased to 81.8%. Actually, there were significant
differences in the number of droplets with fluorescence values
of at least 7,000 per case among stages (one-way ANOVA,
P=0.02) (Bonferroni's post hoc test; stage I vs. stage 11, P>0.99;
stage I vs. stage I1I, P=0.03; stage I vs. stage IV, P>0.18;
stage II vs. stage III, P=0.39; stage II vs. stage IV, P>0.99;
stage III vs. stage IV, P>0.99), suggesting that the methylated
allele frequency may be associated with the stage of MPM
progression (Fig. 4B). On the other hand, methylation was not
detected in one case with clinical stage IV MPM. We also
assessed whether the histological subtypes were associated
with the methylated allele frequency. However, no significant
difference in the methylated allele frequency was observed
among the histological subtypes (one-way ANOVA, P=0.16)
(Bonferroni's post-hoc test; epithelioid vs. biphasic, P=0.21;
epithelioid vs. sarcomatoid, P=0.87; biphasic vs. sarcomatoid,
P>0.99) (Fig. 4C).

Table III. Assay sensitivity and specificity of each group.

MPM  PPor HV

Group A (n=33)

Positive 10 2
Negative 3 18
Sensitivity, 76.9%; specificity, 90.0%

Group B (n=41)

Positive 13 0
Negative 9 19
Sensitivity, 59.1%; specificity, 100%

Entire cohort (n=74)

Positive 23 2
Negative 12 37
Sensitivity, 65.7%; specificity, 94.9%

Stage II or more advanced MPM (n=61)

Positive 18 2

Negative 4 37
Sensitivity, 81.8%; specificity, 94.9%

MPM, malignant pleural mesothelioma; PP, pleural plaque; HV,
healthy volunteer.
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Discussion

In this study, we established a TagMan-based ddPCR assay
for the detection of the methylation of the miR-34b/c promoter
region in circulating DNA. The design of the two probes, one
from the positive strand and the other from the complementary
strand, allowed the successful detection of the methylation of
the two CpG sites located close to each other, with an overall
specificity of 94.9%. Although the sensitivity of our assay
was limited to 65.7%, when the analysis was focused on the
detection of stage II or more advanced cases of MPM, the
sensitivity increased to 81.8%, and there was a tendency that
the methylated allele frequency was higher in more advanced
MPM. These findings suggest that the methylation status may
be positively associated with the stage of MPM progression
and that it may be useful for predicting tumor progression. As
for the association between the methylation status of tumor
suppressor genes and the disease progression, Jezkova et al
also reported that the hypermethylation of RASSF1A and
PITX2, which are known for the tumor suppressor gene in
breast cancer, is significantly associated with tumor stage
in breast cancer patients (24). On the other hand, Guo ef al
mentioned that there was no significant difference in the
methylation status of HOXDI10, which functions as a tumor
suppressor in hepatocellular carcinoma (HCC), between the
HCC patients with stage I and II and those with stage III
and stage IV (25). Thus, whether the degree of the promoter
methylation can predict the tumor progression may depend
on the type of cancer and gene. In addition, in our series,
methylation was not detected in one case despite the patient
having clinical stage [V MPM; therefore, further studies of the
tumor characteristics that may be particularly related to the
degree of methylation are required.

It is well known that both chemotherapy and radiotherapy
induce DNA methylation changes, and chemotherapy or
radiation-induced alterations in DNA methylation result in
changes in the biological response to the treatment. Recently,
Flanagan er al reported that platinum-based chemotherapy
induces DNA methylation changes in blood DNA, and the
methylation levels in blood DNA at the time of relapse can
reflect the clinical outcome of cancer patients (26). Sun et al
also reported that the promoter methylation level of RASSF1A
was affected by oxaliplatin-based chemotherapy, and the
methylation status in blood DNA can be used to predict the
outcome of patients with colorectal cancer (27). Thus, the
influences of treatments on methylation statuses are a very
important issue that should be examined in the future, and
miR-34b/c is no exception. Therefore, the samples that were
used in the present study were collected before any treatment
was administered.

Several circulating biomarkers have been reported for the
diagnosis of MPM, including the soluble mesothelin-related
peptides, osteopontin, fibulin-3 and miRs (28,29). As for
protein markers, while they exhibit excellent specificity, their
poor sensitivity reduces their diagnostic usefulness (30-32).
As regards circulating miRs, although some miRs exhibit
diagnostic potential for MPM, there are problems, such as
their origin (whether they are derived from tumor cells or
hematopoietic cells is still controversial) that need to be
resolved, and the majority of the analyses of cfRNA in the
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blood remain exploratory (21). On the other hand, few studies
have reported the usefulness of a diagnostic method targeting
the degree of methylation of DNA, not the miR or protein
itself, for MPM. Several studies have reported the existence
of a strong association between the methylation status in
tumor tissue samples and that in ctDNA from blood samples;
therefore, targeting ctDNA methylation is reasonable (33-36).
As suggested by previous studies, a combination of various
approaches could be useful to increase the sensitivity, and
targeting circulating methylated DNA may be a worthwhile
addition (28,29).

Whereas we used a SYBR-Green-based real-time MSP
assay (48 wells/sample) in our previous study, we adopted a
TagMan-based ddPCR assay (20,000 droplets/well) in the
present study to improve the specificity and accuracy of the
detection of methylated DNA from amongst a large amount
of background DNA. As a result, the specificity of the assay
was improved to 94.9%, compared with that in our previous
study. On the other hand, the sensitivity of the established
assay was limited to 65.7%. The median dosage of cfDNA in
this study was approximately 15 ng/sample, corresponding to
4,500 haploid genome equivalents. Considering the capability
of ddPCR, it is possible to process larger amounts of cfDNA.
Increasing the dosage of DNA may lead to an improvement in
sensitivity. Recently, cfDNA in body fluids other than blood,
such as urine or stool, has also attracted attention as useful
biomarkers of cancer (37,38). The collection of these samples
offers the advantage of being truly non-invasive and allowing
large sample volumes to be collected, which may compensate
for the disadvantage of the rather limited amount of cfDNA in
the blood. In addition, the concentration of ctDNA is one of
the key factors for successful cancer detection using a liquid
biopsy, and it is well known that the proportion of ctDNA in
cfDNA varies among patients depending on the tumor localiza-
tion, size, vascularization, and clearance, ranging from <0.005
to 90% in several types of cancer (39-42). However, the asso-
ciation between ctDNA and total cfDNA in MPM remains
unclear; therefore, further investigation of this issue using
liquid biopsies in patients with MPM will be our next task.

This study had some limitations. First, the sample size was
too small to enable a definitive conclusion, and the groups in
this study were not matched for background characteristics,
such as age and sex. Considering the rarity of MPM, large
clinical trials would be preferable. Second, plasma samples
are more suitable than serum samples for cfDNA analyses
due to the lower background level of wild-type DNA in the
former (21,43). Therefore, our established assay should be
validated using plasma samples. These factors could have
introduced some bias to our results.

In conclusion, in this study, we established a novel detection
system for the promoter methylation of miR-34b/c using
ddPCR. Our findings suggest the possibility that miR-34b/c
methylation in ctDNA could be a promising circulating
biomarker for the prediction of disease progression in MPM.
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