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In vitro diagnosis of DNA methylation biomarkers
with digital PCR in breast tumors†
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Liquid biopsy of cancers using DNA methylation biomarkers has received significant interest, where the

quantification of multiple biomarkers is generally needed for improving the sensitivity and specificity of

cancer diagnosis. However, the inefficiency of the traditional quantitative polymerase chain reaction

(qPCR)-based MethyLight assay for detecting the extremely low concentration of methylated DNA frag-

ments in body fluids limits its clinical applications. Here, we developed an ultrasensitive microwell chip

digital polymerase chain reaction (dPCR)-based MethyLight assay. Using the synthesized samples, the

developed MethyLight assay can achieve 103–104-fold lower limit of detection and 1–16-fold lower limit

of quantification than the traditional MethyLight assay. Four hypermethylated alleles (RARβ2, BRCA1,

GSTP1 and RASSF1A) related to breast cancer in twenty-three clinical samples were tested using the

microwell chip dPCR-based MethyLight assay. The results showed that the dPCR assay achieves ∼2 times

enhancement in the cancer detection rate over the traditional quantitative PCR. Furthermore, the dPCR

can detect the healthy and benign samples, which are undetectable using the traditional MethyLight

assay. In multiple gene analysis, we achieved the highest detection rate of 93.3% (in the “OR” format of

RARβ2 and GSTP1). Lastly, the estimated cut-off values in the dPCR assay were: <1, ∼1 to 100 and >100

(copies per µL) referring to the healthy, benign and malignant breast cancers, respectively. Therefore, the

developed microwell chip dPCR-based MethyLight assay could provide a powerful tool for cancer biopsy

diagnosis and disease monitoring.

Introduction

Cancer has become a major public health problem in the
world, where timely and accurate diagnosis of cancer could
bring favorable clinical outcomes.1 Abundant biomarkers
have been explored for the diagnosis of cancer.1,2 For
instance, clinical tests of prostate-specific antigen3 by
established immunoassays and breast cancer 1/2, early
onset (BRCA1/2) gene mutations using polymerase chain

reaction (PCR) have been used to evaluate the risks of pros-
tate cancer and breast cancer, respectively.4,5 Although
widely adopted, clinical results are still unsatisfactory due
to the limited accuracy of early cancer diagnosis based on
these biomarkers.6 Recently, the epigenetic alteration of the
DNA methylation status (e.g., allele specific hypermethyl-
ation in the gene promoter regions and global hypomethyl-
ation of the genome) has been found to be specifically
associated with carcinogenesis in certain cancer types, such
as lung cancer, prostate cancer and breast cancer.7–9

Herein, allele specific hypermethylation that regulates
tumor suppressors and DNA-repair genes (e.g., MutL
homolog 1, colon cancer, nonpolyposis type 2 (E. coli)
(hMLH1), BRCA1, adenomatosis polyposis coli (APC)) can
lead to human cancer malignancy at an early stage.10–12 For
example, the aberrantly methylated glutathione
S-transferase pi 1 (GSTP1) and retinoic acid receptor, beta
(RARβ2) genes are associated with prostate cancer and meta-
static breast cancer.13,14 Considering that methylated DNA
fragments are present in accessible body fluids (e.g., blood,
plasma, urine, and saliva),10,13,15,16 methylation biomarker-
based cancer diagnosis has recently attracted significantly
increasing interest.17
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Sodium bisulfite conversion or methylation-sensitive/-
dependent restriction enzymes (MSREs/MDREs) based
methods are the most commonly used techniques for DNA
methylation analysis.18 Among them, the methylation specific
PCR (MSP) and the MethyLight assay are the established
methods for the routine monitoring of allele specific methyl-
ation status.19,20 However, there are several challenges associ-
ated with these methods, such as low quantitative ability, low
precision, need for external calibrations, vulnerability to PCR
variations or inhibitors and large sample consumption, which
limit their widespread clinical applications.19,21 Besides, the
concentrations of target molecules are extremely low in body
fluids (i.e., the DNA concentration is ∼5–20 ng ml−1 in the
plasma of a healthy individual), which has been the main
obstacle for cancer diagnosis based on methylated DNA
fragments.22

Recently, digital PCR (dPCR) has emerged as a powerful
ultrasensitive tool for DNA methylation analysis due to its
ultrahigh sensitivity and improved assay accuracy based on
the system’s robustness and absolute quantification capa-
bility without needing external references.23,24 For instance,
by employing the methy-BEAMing (beads, emulsion, amplifi-
cation and magnetics) dPCR, ∼1 methylated DNA molecule in
5000 unmethylated ones in the plasma of colorectal cancer
patients has been successfully detected, which is much more
sensitive and specific compared to the conventional Bs-pyro-
sequencing and methylation specific PCR (MSP) methods.25

Later, a droplet dPCR-based MethyLight assay has been devel-
oped with the capability of detecting as few as 19 and 38
copies per 20 μL of methylated Enah/Vasp-like (EVL) and
neurotrophic receptor tyrosine kinase 3 (NTRK3) genes,
respectively, which are ten-fold lower than the conventional
quantitative PCR (qPCR)-based MethyLight assay (379 copies
per 20 μL for both genes).26 However, the carcinogenesis and
cancer development often involve the alteration of multiple
genes’ methylation status rather than a single allele’s, where
the analysis of the methylation of multi-genes can signifi-
cantly improve the detection sensitivity and specificity com-
pared to a single gene.27 Although the qPCR-based
MethyLight assay has been established for the analysis of
prostate cancer,28 such a technique suffers from several limit-
ations including primer design, fluorescent dye selection,
optimization of reaction conditions and need for a reference
gene to quantification. As mentioned above, absolute quanti-
fication with a dPCR system can alleviate these limitations.
However, the absolute quantification of circulating DNA
methylation biomarkers in human blood circulation with
chip-based dPCR has not been exploited yet.

In this work, to detect extremely low concentrations of
methylated DNA fragments for cancer diagnosis, we devel-
oped a microwell chip dPCR-based MethyLight assay. The
assay consists of plasma DNA extraction (Fig. 1(a)), bisulfite
treatment of DNA samples (Fig. 1(b)), digital PCR amplifica-
tion that uses the hydrolysis probe method (Fig. 1(c) (I–III))
and the data analysis process (Fig. 1(c) (IV)). The performance
of the assay was evaluated as compared to the conventional

qPCR-based MethyLight assay. Typically, the concentrations
of biomarkers, which are critical for cancer detection and
staging, can be reflected by the limit of detection (LOD) and
the limit of quantification (LOQ) of the assay. In this work,
the LOD is defined as the lowest detectable concentration of
samples, which discriminates the healthy and the cancer
samples. The LOQ refers to the lowest detectable ratio of
methylated molecules in total molecules at a given concen-
tration (P < 0.05 vs. control), which is the base for cancer
staging. In standard DNA sample analysis, the dPCR assay
shows prevalent 103–104-fold lower LOD and 1–16-fold lower
LOQ than the results obtained using the conventional qPCR
assay. In the detection of clinical plasma samples, the results
of the multiplexed analysis of hypermethylated alleles
(RARβ2, BRCA1, GSTP1 and ras association domain family
member 1 (RASSF1A)) in breast cancer show that the dPCR
assay exhibits one-fold enhancement in the cancer detection
rate over the qPCR assay. More importantly, the developed
microwell chip-based dPCR assay can discriminate benign
cases from malignant breast cancers unambiguously, while
qPCR can only detect the malignant cases.

Fig. 1 Scheme of the dPCR-based MethyLight assay. (a) Circulating
DNA was extracted from the plasma. (b) After bisulfite treatment,
methylated cytosines in the target DNA remained unchanged, while the
unmethylated cytosines turned into uracils, making the sequence
change. (c) Hydrolysis probe-based digital PCR quantification of methyl-
ated templates (FAM™ fluorescein labeled, green color) and unmethyl-
ated templates (VIC™ fluorescein labeled, red color).
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Materials and methods
Standard DNA samples

Sets of sequences of GCK gene and PDX1 gene in powder form
were purchased from Sangon Biotech (Shanghai) and used as
the standard DNA samples. The standard methylated and un-
methylated DNA sequences of GCK gene (NM_033507) were
designed with two cytosine residues (representing two methyl-
ation sites in methylated DNA molecules) in the TaqMan
probe binding region, instead of two thymine residues in the
unmethylated counterparts. Sequences of PDX1 gene
(NM_000209) were designed with four cytosines in the
TaqMan probe binding region. The detailed information of the
sequences can be found in the ESI, Table S1.†

Clinical sample collection, process and target
hypermethylated alleles

Blood samples of fifteen female patients primarily diagnosed
with breast tumor or cancer were collected following the
approved protocols of the local IRB committee from the
Second Affiliated Hospital of Xi’an Jiaotong University (China).
No clinical treatment was applied to the patients before blood
collection. Samples collected from young male and female vol-
unteers were used as negative and healthy controls. For real
blood samples, informed consents were obtained from all the
human subjects in this study. Specifically, 1.5 mL peripheral
blood was collected from each patient (blood collection tubes
containing EDTA, BD Vacutainer®). The blood samples were
centrifuged at 14 500 rpm for 15 min, after which ∼600 μL
supernatant (plasma) for each sample was obtained for DNA
extraction. DNA extraction was done by using a QIAamp DNA
mini kit (QIAGEN, Germany) and eluted in 20 μL TE buffer.
Then, the extracts were modified using an EpiTect Fast DNA
Bisulfite Kit (QIAGEN, Germany) following the protocol pro-
vided by the manufacturer. The product was eluted in 20 μL TE
buffer and stored at −20 °C until use. To test the ability of the
MethyLight assay, four hypermethylated alleles (RARβ2, BRCA1,
GSTP1 and RASSF1A) that are associated with breast cancer
genesis and development were selected as targets for the fol-
lowing assays.

qPCR assays

All qPCR analyses were performed on a real time PCR system
(Model 7500 Fast, Thermo Fisher Scientific®). The information
of the primer and probe sequence is shown in the ESI,
Table S1†. The reaction volume was set as 20 μL and each reac-
tion contains 2 μL DNA sample, 10 μL Premix Ex TaqTM (2×)
(Takara®), 0.4 μL (10 nM) of each primer (forward primer/
reverse primer), 0.8 μL (10 nM) TaqMan probe, 0.2 μL ROX
Reference Dye II (50×) (Takara®) and 6.2 μL ddH2O. The
thermal cycling conditions were as follows: initial denaturation
step at 95 °C for 5 min; 40 cycles of 95 °C for 30 s annealing at
the temperature (refers to Tm, shown in the ESI, Table S1†) for
30 s, then 72 °C for 30 s; and a final extension step at 72 °C for
8 min. The fractional cycle number (Cq value) obtained from
the software of the PCR system (V2.0.6, Thermo Fisher

Scientific®) was calculated based on the exponential nature of
PCR kinetics. The lower Cq value means more copies of initial
DNA templates. The data were analyzed using the software and
the Cq value was determined with the single threshold
method. The unpaired t-test was applied to determine the sig-
nificance between the two groups. The P-value <0.05 was
accepted with a significant difference.

Microwell chip-based dPCR assays

The microwell chip-based dPCR assay was referenced by the
operational workflow provided by Thermo Fisher Scientific®.
The reaction mixture consists of the 3D mixture (2×), and all
primers and probes that are the same as those used in the
qPCR assays. Briefly, each reaction mixture was 20 μL, contain-
ing 2 μL DNA sample, 10 μL 3D mixture (2×), 0.5 μL (10 nM) of
each primer, 1 μL (10 nM) of TaqMan probe and 8 μL ddH2O.
Then, as per the dPCR protocol, 14.5 μL PCR mixture was
loaded to the 20K™ microwell chip (Thermo Fisher
Scientific®) using the QuantStudio 3D digital PCR Chip
Loader. All dPCR amplifications were performed on the
ProFlex™ 2× Flat PCR system using standard conditions: 95 °C
for 5 min; 50 cycles of 95 °C for 30 s and annealing tempera-
ture for 1 min (ESI, Table S1†). Each assay was performed at
least in triplicate to determine the measurement errors.
Thereafter, data readout and analysis were processed using the
QuantStudio™ 3D Analysis Suite™ Software (V1.0). The
default confidence level (%) is 95% and the default desired
precision (%) is 10%, where the calculated precision (%) for
the data group is defined as the size of the confidence interval
for distinguishing between two sample concentrations at a
given confidence level (1). To assess the specificity of the dPCR
assay, initial experiments were conducted using 100% methyl-
ated DNA and 100% unmethylated DNA. The NTC contained
all PCR components except for the DNA template, which has
been used for determining the assay threshold.

LOD determination

The LOD is defined as the lowest detectable concentration of
the samples. To determine the LOD of the qPCR assay, the
standard DNA sample was first prepared as 50 ng μL−1 and
then was double gradient diluted from 20 pg μL−1 to 0.3 × 10−3

pg μL−1. For the LOD of the dPCR assay, the DNA sample was
double gradient diluted from 0.1–0.01 × 10−3 pg μL−1. Each
assay was conducted at least in three independent runs with
four replicates in a run. The linear regression analyses were per-
formed to obtain the correlation coefficients (R2) and the LOD.

LOQ determination

The LOQ refers to the lowest detectable ratio of methylated
molecules in unmethylated total molecules at a given concen-
tration (P < 0.05 vs. control). In qPCR, the input DNA was 20
ng per sample. For each subgroup, it was prepared with
methylation percentages of 100%, 50%, 25%, 12.5%, 6.25%,
3.125%, 1.56%, 0.78%, 0.39% and 0% per 20 μL reaction
volume. Then, they were tested at least four times in a run and
at least three independent runs in qPCR, and at least two inde-
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pendent chips in dPCR. The significance between two groups
was determined through the unpaired t-test and P-value <0.05
was accepted with a significant difference.

Data analysis

In qPCR, the Cq values of a range of DNA were linearly
regressed against the log transformation of the starting quan-
tity using the Origin software (V9.2.272). In dPCR, the number
of positive wells for the FAM fluorescence channel, the calcu-
lated template concentration for each chip under the con-
ditions of 95% Poisson confidence intervals and default pre-
cision (<10%) were obtained and analyzed using the
QuantStudio™ 3D Analysis Suite™ Software (V1.0). For the
LOD and LOQ assays, statistical analysis was performed using
the GraphPad Prism Software (V5.04). The unpaired t-test was
applied to determine the significance between two groups,
where P-value <0.05 was accepted as a significant difference.
For the tests using clinical samples, we analysed all cases in a
“double-blind” way to eliminate subjective bias and personal
preferences of experimenters or participants.

Data availability

All data generated or analysed during this study are included
in this published article (and its ESI† files).

Results and discussion
Negative control experiment

To confirm the feasibility of the PCR conditions and specificity
of the designed primers and probes (see the ESI, Tables S1
and S2†) on detecting methylated targets, preliminary experi-
ments were conducted by the conventional methylation
specific PCR (MSP) and qPCR-based MethyLight assays using
sets of standard DNA samples. No amplified signal (typically
Cq (cycle of quantification) <35) from both the unmethylated
DNA samples and the No template control (NTC) (data not
shown) was observed, indicating that the established methods
and materials are feasible for the following LOD and LOQ
assays.

Detection limit of qPCR

To determine the LOD of the conventional qPCR-based
MethyLight assay, we plotted Cq values against the log trans-
formation of the final DNA concentration (since there is 2 μL
DNA sample in 20 μL PCR reaction volume, the prepared DNA
concentration should be divided by 10) for standard DNA
samples of gene NM_000209 (Fig. 2(a)) and gene NM_033507
(Fig. 2(b)). We observed that the Cq values of gene NM_000209
firstly experience a plateau for DNA concentration from 3.05 ×
10−3 pg μL−1 to 9.76 × 10−2 pg μL−1, then linearly decrease
with the DNA concentration ascending from 0.195 pg μL−1 to
20 pg μL−1 (R2 = 0.99, inset of Fig. 2(a)). Therefore, the LOD of
gene NM_000209 is determined as 0.195 pg μL−1 in the qPCR
assay. For gene NM_033507, the linear range of the detection
is from 0.78 pg μL−1 to 20.0 pg μL−1 (R2 = 0.99, inset of

Fig. 2(b)) and the LOD of gene NM_033507 is 0.78 pg μL−1,
which is four times the LOD of gene NM_000209. The differ-
ences in the linear range and LOD between these two genes
may be attributed to the variations of DNA sequences and dis-
crepant amplification efficiency of the qPCR.

Quantification limit of qPCR

To obtain the LOQ of the qPCR-based MethyLight assay, 20 ng
DNA was set as the total DNA input, considering the linear
range and LOD of the qPCR assay (Fig. 2(a) and (b)). We
plotted the normalized reporter signal (marked as ΔRn)
against the percentage of DNA methylation for gene
NM_000209 and gene NM_033507 (Fig. 2(c) and (d)). We
observed that ΔRn decreases with decreasing percentages of
DNA methylation from 100% to 6.25% for gene NM_000209
(Fig. 2(c)) and from 100% to 12.5% for gene NM_033507
(Fig. 2(d)). There is no significant difference for ΔRn among
groups with a methylation percentage lower than 6.25% for
gene NM_000209 and lower than 12.5% for gene NM_033507
(P > 0.05), respectively. Thus, the LOQs are determined to be
6.25% and 12.5% for gene NM_000209 and gene NM_033507,
respectively.

Detection limit of dPCR

To gain the LOD of the dPCR assay, serials of two-fold diluted
standard DNA samples were prepared to minimize errors that
may be caused by ten-fold sample dilution (Fig. 3(a) and (b)).
We observed that the copy numbers measured from our dPCR
assay decrease with decreasing DNA concentrations from 25 ×
10−3 pg μL−1 to NTC. Based on the default precision value
(<10%), the dPCR assay can detect as low as 0.195 × 10−3 pg μL−1

(∼23.9 copies per μL) and 0.09 × 10−3 pg μL−1 (∼14.9 copies

Fig. 2 LOD and LOQ for the qPCR-based MethyLight assay using stan-
dard DNA samples. (a) The LOD for gene NM_000209 is 0.195 pg μl−1.
(b) The LOD for gene NM_033507 is 0.78 pg μl−1. (c) and (d) The LOQ
was 6.25% for gene NM_000209 and 12.5% for gene NM_033507,
respectively (p < 0.05) (Δrn means normalized reporter signal).
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per μL) for gene NM_000209 and for gene NM_033507 (blue
boxes in Fig. 3(a) and (b)), respectively. Particularly, by using
statistical analysis without considering the default precision,
the LOD is determined to be 0.012 × 10−3 pg μL−1 (∼1.4 copies
per μL, precision = 39.3%) and 0.09 × 10−3 pg μL−1 (∼3.2
copies per μL, precision = 20.9%) for gene NM_000209
and NM_033507 (red boxes in Fig. 3(a) and (b)), respectively
(P < 0.05 vs. NTC). These results indicate that there are
103–104-fold improvements for the dPCR-based assay over the
LODs yielded by using the qPCR assay.

Quantification limit of dPCR

Based on the LOD results, for the measurement of the dPCR
assay’s LOQ, we used 3.1 × 10−3 pg and 12.5 × 10−3 pg as the
total input DNA amount for gene NM_000209 and
NM_033507, respectively. The measured concentration of the
target DNA decreases with decreasing percentage of methyl-
ated DNA from 100% to 0% (Fig. 3(c) and (d)). Based on the

default precision value (<10%), the LOQ of the dPCR assay is
determined to be 6.25% (∼12 copies per μL methylated tem-
plates) for gene NM_000209 and 3.125% (∼12.1 copies per μL
methylated templates) for gene NM_033507 (blue box in
Fig. 3(c) and (d)), respectively. Similarly, by using statistical
analysis rather than considering the default precision, groups
with methylation percentage below 0.78% show no significant
difference between each other (P > 0.05 vs. NTC). Therefore,
the LOQ is 0.78% (∼1.5 copies per μL methylated templates,
precision = 30.3%) for gene NM_000209 and 0.78% (∼2.4
copies per μL methylated templates, precision = 22.4%) for
gene NM_033507 (red box in Fig. 3(c) and (d)), respectively.
Therefore, there is ∼1–16 times lower LOQ for the dPCR-based
assay than the qPCR assay.

Analysis of clinical samples by qPCR and dPCR

Since the dPCR assay has shown great improvements in terms of
both LOD and LOQ, to further illuminate its application in
cancer diagnosis, we analyzed hypermethylated alleles in the
clinical plasma samples of breast cancers. First, twenty-three
clinical samples (peripheral blood) were collected and divided
into four groups: the healthy male controls (n = 4), the healthy
female controls (n = 4), the benign tumors (n = 7) and the malig-
nant breast cancers (n = 8). Then, we confirmed the benign
tumors and the malignant breast cancers using clinical
microscopy and physiological methods. Furthermore, we opti-
mized the qPCR- and dPCR-based MethyLight assays for selected
alleles in the analysis of all clinical plasma samples. The detailed
sample information and detection results are listed in Table 1.

To explore the ability of multigene diagnosis with the dPCR
assay, we proposed two logic strategies to analyze the four
alleles (RARβ2, BRCA1, GSTP1 and RASSF1A) in cancer detec-
tion, i.e., the “OR” and “AND” format assays. In the “OR”
format assay, a positive case is defined if as long as one gene
in each group of gene combinations is detected as positive,
which is usually applied to the early diagnosis of cancers.29,30

In the “AND” format assay, a positive case is defined if all the
genes in each group of gene combinations are detected as
positive, which is of great importance for cancer prognosis
and cancer metastasis prediction. Based on these, we tried to
set up cut-off values for each hypermethylated allele based on
the detection results of the cases.

Positive rates for detecting breast cancer related genes in “OR”
format assays with qPCR and dPCR

We first analyzed the results from the “OR” format assays, in
terms of the positive rate defined as the proportion of the
detected positive cases of 15 clinically confirmed cases and the
benign positive rate defined as the proportion of the detected
benign positive cases of seven clinically confirmed cases
(Fig. 4). We observed that the dPCR assay shows a higher total
positive rate, which is nearly double compared to the qPCR
assay, no matter whether in single, dual, triple or quadruple
gene combinations. Interestingly, as for the benign detection
rate, none has been detected by qPCR, but most of the benign
cases can be identified by the dPCR assay. In addition, the posi-

Fig. 3 LOD and LOQ for the dPCR-based MethyLight assay using stan-
dard DNA samples. (a) The LOD for gene NM_33209 is 0.195 × 10−3

pg μl−1 (precision = 8.2%). (b) The LOD for gene NM_33507 is 0.39 × 10−3

pg μl−1 (precision = 10.1%), (p < 0.05 vs. NTC). (c) The LOQ for gene
NM_33209 is 6.25%. (d) The LOQ for gene NM_33507 is 3.13% (p < 0.05
vs. NTC).
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tive rate (both the total positive rate and benign positive rate)
increases with increasing number of genes in combinations
from single to quadruple, either for the qPCR or dPCR assay
(Fig. 4(a)). These results indicate that the dPCR assay has over
100% performance enhancement in the cancer detection rate
compared to the qPCR assay. For further quantitative compari-
son, we quantified the average total positive rate (average value
of total positive rates from gene combinations that have the
same number of genes) and average benign positive rate
(average value of benign positive rates from gene combinations
that have the same number of genes) against the amount of
genes on analysis (Fig. 4(b) and 3(c)). It indicates that with more
genes on analysis, that is, from single to quadruple, the average
total positive rate and average benign positive rate constantly
increase by ∼20% for both qPCR and dPCR assays. In Fig. 4(c),
the dPCR assay’s average benign positive rate reaches ∼65% to
∼85% corresponding to the single and quadruple situation in
the “OR” format assays. Not surprisingly, the average benign
positive rates of qPCR in any combinations are 0%.

Positive rates for detecting breast cancer related genes in
“AND” format assays with qPCR and dPCR

In the “AND” format assays, when more genes are involved in
multiple gene analysis, the positive detection rates of cancer
for qPCR and dPCR assays both decrease at first and then
become stable and reliable, which can be seen from the
decrease of standard deviation (SD) from each data point
(Fig. 5). Because of the increasing stability and the reliability
of positive detection rates as the gene number increases, this
kind of multiple gene combination detection strategy may

Table 1 Clinical diagnosis and demographic characteristics of samples among the investigated patterns of BRCA1, RASSF1A, GSTP1, and RARβ2
methylation by qPCR and dPCR. “—”: no amplification; “√”: positive case; “*”: cut-off values (data beyond the value was defined as positive, and the
opposite was negative)

Samples Age
Groups (clinical pathological diagnosis)
(M: male; F: female)

qPCR (Cq value) dPCR (copies μL−1)

BRCA1 RASSF1A GSTP1 RARβ2 BRCA1 RASSF1A GSTP1 RARβ2

C1# 25 Negative control (M) — — — — 0 0 0 0.25
C2# 31 Negative control (M) — — — — 0.23 0.80 0.24 0.24
C3# 29 Negative control (M) — — — — 0 0 0.77 0
C4# 24 Negative control (M) — — — — 0.16 0 0.23 0
C5# 24 Healthy control (F) — — — — 0.51 0.80 0.15 0.82
C6# 21 Healthy control (F) — — — — 0.75 0.31 0.24 0.68
C7# 24 Healthy control (F) — — — — 0̲.̲9̲9 ̲* 0.88 0.25 0.08
C8# 22 Healthy control (F) — — — — 0.46 0̲.̲9 ̲7̲* 1̲.̲0 ̲6̲* 0̲.̲9̲7̲*
P1# 30 Benign (breast hyperplasia) (F) — — — — 0.72 0.64 0.38 0.78
P2# 63 Benign (adenoma fibrosum) (F) — — — — 0.52 0.32 13.62 0.22
P3# 32 Benign (adenoma fibrosum) (F) — — — — 0.70 0.15 86.47 28.42
P4# 52 Benign (adenoma fibrosum) (F) — — — — 2.53 1.07 1.83 1.37
P5# 45 Benign (adenoma fibrosum) (F) — — — — 0.47 1.46 2.43 1.36
P6# 32 Benign (adenoma fibrosum) (F) — — — — 5.38 53.04 3.13 6.05
P7# 26 Benign (adenoma fibrosum) (F) — — — — 1.56 1.51 4.72 1.49
P8# 66 Malignant (breast cancer) (F) — √ (28.88) — √ (32.53) 0.15 245.74 179.36 139.04
P9# 28 Malignant (breast cancer) (F) — — — √ (32.46) 0.32 2.15 0.15 134.97
P10# 48 Malignant (breast cancer) (F) √ (21.30) — √ (31.82) — 125.72 0.22 164.00 1.37
P11# 30 Malignant (breast cancer) (F) — √ (29.01) √ (32.46) √ (30.73) 0.45 256.07 428.77 165.00
P12# 68 Malignant (breast cancer) (F) — — √ (30.73) √ (33.34) 1.06 254.11 240.05 123.52
P13# 57 Malignant (breast cancer) (F) — — — — 38.64 0.92 127.60 72.22
P14# 54 Malignant (breast cancer) (F) √ (31.58) — √ (33.34) — 69.45 0.15 162.13 0.00
P15# 51 Malignant (breast cancer) (F) — √ (15.61) √ (17.94) √ (19.91) 1.47 2574.60 2148.10 874.12

Fig. 4 Positive rates for detecting breast cancer related genes in “or”
format gene combinations with qPCR and dPCR. (a) Total positive rates
and benign positive rates for detecting BRCA1, RASSF1A, GSTP1 and RARβ2
in “or” format gene combinations with qPCR and dPCR (use confirmed 7
benign samples and 8 malignant samples). (b) The average total positive
rates with four kinds of “or” format gene combinations. (c) The average
benign positive rates with four kinds of “or” format gene combinations.
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hold great potential for the prognosis of cancer and tracing the
metastases of cancer tissue.31–33 We observed that the dPCR
assay shows higher total positive rate which is nearly triple
than the qPCR assay, no matter whether in single, dual, or
triple gene combinations (Fig. 5(a) and (b)). Notably, from
single gene to quadruple genes analysis, with increasing
number of genes, qPCR can detect fewer and fewer combi-
nations (4, 4, 1 and 0 for single, dual, triple and quadruple,
respectively) (Fig. 5(a)). As for the benign positive rate, none
has been detected by qPCR. But the dPCR assay works out-
standingly where approximately half of the benign cases can
be detected by the dPCR assay (Fig. 5(a) and (c)). What’s more,
as the number of gene combinations increases (i.e., detecting
more target genes in one single sample), the variation of the
detection rate becomes smaller, to some extent, and the detec-
tion rates are more stable and credible as reflected by the
decrease of SD in each data point (Fig. 5(b) and (c)).

Cut-off values for hypermethylated alleles to classify the
healthy, benign and malignant cases with qPCR and dPCR

To demonstrate the significance of the quantitative results, we
correlated the Cq values measured by the qPCR assay to the

absolute concentration (copies per μL) obtained by the dPCR
assay (Fig. 6). By doing so, we can also set up cut-off values for
each hypermethylated allele in the dPCR assay for the clinical
diagnosis of breast cancer using plasma samples. The follow-
ing is a list of the estimated cut-off values for each allele in the
order of the healthy, the benign and the malignant cases: for
BRCA1, the cut-off values are <1 copy per μL, 1–30 copies per
μL and >30 copies per μL, respectively; for RASSF1A, they are <1
copy per μL, 1–80 copies per μL and >80 copies per μL, respect-
ively; for GSTP1, they are <1 copy per μL, 1–100 copies per μL
and >100 copies per μL, respectively; and for RARβ2, they are
<1 copy per μL, 1–40 copies per μL and >40 copies per μL,
respectively.

DNA methylation biomarkers, which are essential in the
emerging liquid biopsy of cancers, are inaccessible with the
existing qPCR methods due to their extremely low abundance
in the plasma. Herein, we further developed a microwell chip
dPCR-based MethyLight assay for the detection of DNA
methylation biomarkers for cancer diagnosis. Digital PCR is
based on the limit dilution of the DNA sample into a large
number of separate PCR reactions.34,35 With sufficient
dilutions and proper compartment numbers, each reaction
compartment will statistically just contain one “1” or no “0”
template DNA molecule, while compartments that hold two or
more templates would be excluded in subsequent data proces-
sing under the guidance of the Poisson distribution.36,37

Thereafter, the “1” compartments emit fluorescence, while the
“0” compartments do not during the hydrolysis probe-based
amplification. The number of positive reactions allows tem-
plate quantification without a standard fluorescence curve.
The advantages of the dPCR assay are technically simpler to

Fig. 5 Positive rates for detecting breast cancer related genes in “and”
format gene combinations with qPCR and dPCR. (a) Total positive rates
and benign positive rates for detecting BRCA1, RASSF1A, GSTP1 and
RARβ2 in “and” format gene combinations with qPCR and dPCR (use
confirmed 7 benign samples and 8 malignant samples). (b) The average
total positive rates with four kinds of “and” format gene combinations.
(c) The average benign positive rates with four kinds of “and” format
gene combinations.

Fig. 6 Cut-off values for hypermethylated alleles to classify the
healthy, benign and malignant cases with qPCR and dPCR. For qPCR
(left y axis for black data points): Cq values >35 refers to the healthy and
the benign; Cq < = 35 indicates the malignant; for dPCR (right y axis for
red data points), the data based cut-off values for each allele were
plotted.
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perform than the qPCR-based MethyLight assay. And it does
not require standard curves to realize the absolute quantifi-
cation of the targets. However, it’s not easy to obtain the ideal
quantification results as expected with digital PCR. Any inac-
curacy in limiting the dilution step or a trace of nucleic acid
contaminant can change the results completely due to the
ultrahigh sensitivity of dPCR. But, a proper dilution method,
repeated tests and a nucleic acid-free testing environment
would lessen or even eliminate the influence. In this work,
using the standard DNA samples, we have proven that the LOD
and LOQ of the dPCR assay are supersensitive as expected,
with 103–104-fold improvement in LOD and 1–16-fold enhance-
ment in LOQ compared to the conventional qPCR-based
MethyLight assay.

For each dPCR assay, the detection accuracy can be evalu-
ated by the measured precision value. Typically, the default
precision value is equal to 10%, which means 90% confidence
level. In our study, the dPCR assay shows greater accuracy and
sensitivity. Since the template concentrations of 0.1 pg μL−1

and 0.05 pg μL−1 are out of the detection range of dPCR (data
not shown), the linear range of the dPCR assay is determined
to be from 0.025 × 10−3 pg μL−1 to 0.012 × 10−3 pg μL−1 (gene
NM_000209) or 0.09 × 10−3 pg μL−1 (gene NM_033507) as pre-
sented in Fig. 3(a) and (b), which is fully beyond the LOD of
the qPCR assay. Besides, 1–16-fold enhancement of the LOQ
achieved in the dPCR assay can be further improved to some
extent by increasing the amount of the total input DNA.

Multiple gene analysis is of great significance in cancer
diagnosis.38,39 The analysis and diagnosis of multiple disease
related genes can improve the accuracy of diagnosis results. It
usually consists of two assay formats. In early cancer diagno-
sis, the “OR” format assay could improve the detection rate of
cancers, while the “AND” format assay could provide directive
information on the therapeutic treatment in the management
of cancer treatment or in prognosis. In this work, we employed
breast cancer as a proof of concept for these two formats of
multiple gene analysis. Four hypermethylated alleles (RARβ2,
BRCA1, GSTP1 and RASSF1A) associated with breast cancer
genesis and development were quantified by the qPCR assay
and the dPCR assay, respectively. We found that when more
genes are included in the assay, the dPCR assay shows much
more improved detection ability than the qPCR assay, no
matter whether the assay format is “OR” or “AND”. For
example, when detecting quadruple genes, the dPCR assay has
one-fold improvement in terms of the total positive rate in the
“OR” format and 33.3% improvement in the “AND” format
compared to the qPCR-based MethyLight assay (Fig. 4 and 5).

As for the clinical diagnosis of breast cancer through
plasma samples, seven benign cases and eight malignant
breast cancers have been discriminated unambiguously by our
dPCR assay. Based on the results of the dPCR assay, we set up
the cut-off values of each gene for discriminating the healthy,
the benign and the malignant. However, the qPCR assay can
only detect the malignant. Because the concentration of
methylated alleles in the malignant cancers is much higher
than the threshold value of the qPCR assay (Cq value = 35

refers to qPCR or ∼100 copies per μL refers to dPCR), they can
be easily detected. In our findings, the concentrations of the
four hypermethylated alleles in the benign cases are often
below 100 copies per μL. It is noteworthy that for breast cancer
diagnosis through DNA methylation biomarkers, our results
show that GSTP1∨RARβ2 provides the highest total positive
rate (93.3%) among the four selected alleles in the “OR”
format of both the dPCR and the qPCR-based MethyLight
assays. This gene combination should be considered as pre-
ferred biomarkers for the early diagnosis of breast cancer or
personalized genetic testing.

Conclusions

In summary, we developed a microwell chip dPCR-based
MethyLight assay, and verified its performance in LOD and
LOQ of standard samples compared with the qPCR-based
MethyLight assay. Based on the chip dPCR, the circulating
DNA methylation biomarkers in the human plasma samples of
breast tumor patients were absolutely quantified, and the
cancer detection rates of dPCR and qPCR were compared to
the clinic standards. With the dPCR assay, we have achieved
103–104-fold lower LOD and 1–16-fold lower LOQ than the con-
ventional qPCR assay for the synthesized DNA samples. The
results of the absolute quantification of hypermethylated
alleles (RARβ2, BRCA1, GSTP1 and RASSF1A) in breast cancer
samples indicated that the chip dPCR assay exhibits one-fold
enhancement in the cancer detection rate over the qPCR assay,
due to superior sensitivity. Promisingly, the microwell chip
dPCR-based MethyLight assay showed an unambiguous dis-
crimination of benign tumor cases from the malignant ones,
while the qPCR assay can only detect the malignant cases. The
potential benefit of this work would be that the number of
patients who with the disease risk need to turn to aspiration
biopsy for a final diagnosis, which is usually painful and time-
consuming, will decrease. Thus, dPCR is of importance for
early screening diagnosis and timely intervention of the
disease. In addition, since a small amount of the blood
sample is sufficient for dPCR detection, the way of the dPCR-
based liquid biopsy for cancer biomarkers is relatively nonin-
vasive and suitable for long-term monitoring of patients. We
envision that the chip dPCR MethyLight assay would be a
powerful tool for the in vitro diagnosis of cancer patients as
well as for post-treatment monitoring.
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