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Abstract

Background: Methylation analysis of cell-free DNA is a encouraging tool for tumor diagnosis, monitoring and prog-
nosis. Sensitivity of methylation analysis is a very important matter due to the tiny amounts of cell-free DNA avail-
able in plasma. Most current methods of DNA methylation analysis are based on the difference of bisulfite-mediated
deamination of cytosine between cytosine and 5-methylcytosine. However, the recovery of bisulfite-converted DNA
based on current methods is very poor for the methylation analysis of cell-free DNA.

Results: We optimized a rapid method for the crucial steps of bisulfite conversion with high recovery of cell-free
DNA. A rapid deamination step and alkaline desulfonation was combined with the purification of DNA on a silica col-
umn. The conversion efficiency and recovery of bisulfite-treated DNA was investigated by the droplet digital PCR. The
optimization of the reaction results in complete cytosine conversion in 30 min at 70 °C and about 65% of recovery of
bisulfite-treated cell-free DNA, which is higher than current methods.

Conclusions: The method allows high recovery from low levels of bisulfite-treated cell-free DNA, enhancing the
analysis sensitivity of methylation detection from cell-free DNA.
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Background

Analyzing methylation of cell-free DNA (cfDNA) in
plasma and other body fluids is a encouraging tool for
cancer diagnosis, monitoring and prognosis. Due to
the very small amounts of cfDNA in body fluids of nor-
mal people and cancer patients [1-4], analytical sen-
sitivity is a very important matter. Most of current
methods for analyzing DNA methylation are based on
bisulfite-mediated deamination of cytosine [5-8]. During
bisulfite treatment, cytosine is quickly converted to ura-
cil, whereas 5-methylcytosine is only slowly changed to
thymine.

An important precondition for the usefulness of cfDNA
as a diagnostic or prognostic marker for cancer is to easily
analyze a small amount of converted DNA. However, the
recovery of bisulfite-converted DNA is usually very poor
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to downstream analysis due to DNA degradation caused
by sodium bisulfite treatment [9—11]. The genomic DNA
(gDNA) degradation caused by bisulfite treatment results
in DNA fragments of an average length of approximately
six hundred bases [12]. The chain breakage of cfDNA
after bisulfite treatment produces smaller size than its
original average 180 bp size [13] and usually limits the
following detection step. Fragmentation affects recovery
of cfDNA seriously after bisulfite treatment. If the start-
ing amount of DNA is small, most of bisulfite-treated
DNA is lost during purification with standard procedures
[9, 12]. This is a serious challenge for the analyses of
cfDNA with very small amounts of DNA available.
Several published improvements of bisulfite-conver-
sion include a fast deamination step, reducing incuba-
tion time from 12 to 16 h to 40 min, succeeded by using
a highly concentrated bisulfite solution at higher temper-
atures [14, 15]. The stepped-up method leads to a more
homogeneous conversion of cytosine in a very short
time due to the easier process of DNA denaturation in
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concentrated bisulfite solution at high temperature [16].
Several reliable methods have been put into optimization
of the detection of minor amounts of bisulfite-converted
gDNA [7, 17, 18]. The PCR technology seems to be a suit-
able approach generally accepted in the scientific com-
munity. It allows for high sensitivity and quantification by
droplet digital PCR (ddPCR) [19-22]. However, only one
study have addressed the loss of analytic sensitivity asso-
ciated with recovery of fragmented cfDNA caused by the
bisulfite treatment [23]. Here we reported a optimized
rapid method with a higher recovery of bisulfite-treated
cfDNA for the detection of methylation.

Materials and methods

cfDNA samples

Plasma samples were collected from the patients of liver
cancer and breast cancer. The procedures were approved
by the Ethics Committee of Human Experimentation in
our college. cfDNA was isolated from 3 mL plasma on
Hi-pure Circulating DNA Midi Kit (Magen) using the
recommended protocol.

Bisulfite treatment

Bisulfite treatment was based on previously published
accelerated methods [14, 15] with some modifications:
130 pL of 10 M (NH4) HSO3-NaHSO3 bisulfite solu-
tion was added to 20 uL cfDNA in PCR tubes. The mix-
tures were heated for 30 min at 70 °C or for 10 min at
90 °C and subsequently cooled to 4 °C in a PCR machine.
The bisulfite treated DNA solution was purified with the
Zymo-Spin IC Columns (Zymo) according to manufac-
ture’s instructions with the change: DNA was eluted with
20 pL Elution Buffer. On the other hand, In order to com-
pare the conversion efficiency of the above method with
that of a commercial protocol, the EZ DNA Methylation-
Lightning Kit (Zymo) was used to convert the parallel
cfDNA samples as the manufacturer’s protocol.

DNA quantification

The conversion efficiency and recovery of bisulfite-
treated DNA was investigated by absolute quantification
using the ddPCR technique. To investigate the recovery
of bisulfite-treated DNA, three different primer sets shar-
ing the same detection probe were designed as the pub-
lished method [23]: MLH1 UF and MLHI1 R detected
DNA regardless of deamination. MLH1 DF and MLH1
R detected deaminated DNA, whereas MLH1 UDF and
MLH1 R detected undeaminated DNA (Table 1 and
Fig. 1). For the optimization of the ddPCR conditions,
52-58 °C turned out to be an optimal temperature for
all assays and was used for further analyses. For absolute
quantification, the QX200 Droplet Digital PCR system
(Bio-Rad) was used. 5 puL of template DNA was mixed in
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Table 1 Primer and probe sequences

Primer/probe Sequence (5’-3’)

MLH1 UF TGTGAIAAAAAATGTGAAGGG

MLH1 DF GAAGATATTAGATTTTATGGGTTATTT

MLHT R CAACTIATTTTAACAAAATAATCT

MLH1 UDF ACCAGATTTTATGGGTCATCC

MLH1 PROBE (FAM)CGCGAATGTGGAAGGAAAAGTGAGTGTCGC
(TAMRA)

MTND4P12 UF TAGTAGGTTAATAGTGGGG

MTND4P12 R ACTTACATCCTCATTACTATTCT

MTND4P12 PROBE  (FAM)CGCGATTAGTGGGAGTAGGGTTTGAAGTCGC

(TAMRA)
GTTTTGGTAGTTTAATGAGTTTAGGTT
CCCCACAATCCCTACACCCAAAT
(FAM)CGCGATGGATYYTGGGGGAGGTCGCG(TAMRA)

RASSF1A UF
RASSF1AR
RASSF1A PROBE

MLH1 UF and MLH1 R concurrently amplify total deaminated and undeaminated
MLH1 promoter. MLH1 DF and MLH1 R amplify deaminated MLH1. MLH1 UDF
and MLH1 R amplify undeaminated MLH1 promoter. A common MLH1 probe
was used for detection of the three products. MTND4P12 UF and MTND4P12 R
amplify the MTND4P12 sequence regardless of the deamination. RASSF1A UF
and RASSF1A R amplify total deaminated and undeaminated RASSF1A sequence

a 20 pL reaction volume with 10 pL 2 x ddPCR Supermix
for Probes (No dUTP) (Bio-Rad), 2 pL of the primers,
1 pL probe mix and 2 uL DNase-free water. Samples were
mixed with Droplet Generation Oil for Probes (Bio-Rad)
according to the manufacturer’s instructions and droplets
generated in a QX200 Droplet Generator (Bio-Rad). PCR
conditions were 95 °C for 10 min, 40 cycles of 94 °C for
30 s and 52-58 °C for 1 min, and 98 °C for 10 min. Drop-
lets were read on the QX200 Droplet Reader (Bio-Rad)
and data analyzed with QuantaSoft Software. Analyses
were done in triplicates and Negative water controls were
always included.

Measurement of deamination efficiency

The plasma cfDNA from twenty patients of breast cancer
was extracted to measure and evaluate the deamination
efficiency of the optimized conversion method. To prove
the finding a universal approach, we investigated whether
the methylation status of the unmethylated CpG islands
of MLH1 and MTND4P12 and the hyper-methylated
CpG islands of RASSF1A in cancers [24] can be repro-
duced by our method in plasma from serious breast can-
cer patients. The primers of MTND4P12 and ASSF1A
were shown in Table 1. The PCR product was purified
and cloned into pUCI19 plasmid (Takara Bio). Fifteen
independent plasmid clones were picked up and sub-
jected to sequence analysis.

Measurement of DNA recovery
The plasma cfDNA from twenty patients of liver can-
cer was extracted to measure the recovery of converted
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MLH1 UDF
GGAGGACGCACTTCGAAGATACCAGATTTTATGGGTCATCCTTGGATTTTGAAGCTTAT

EEEET e T PR e EEEEREEEE T e FEEEEEE T EE T

GGAGGACGTATTTCGAAGATATTAGATTTTATGGGTTATTTTTGGATTTTGAAGTTTAT
MLHI1 DF

AACTGTGACAAAAAATGTGAAGGGAAGAGATTTGAAACATGTGGAAGGAAAAGTGAG

AATTGTGATAAAAAATGTGAAGGGAAGAGATTTGAAAT ATGTGGAAGGAAAAGTGAG

MLH1 UF MLH1 PROBE
TGCAGACTATAAACTTCCAAAAAGACAAGCCCAAAATACACCTAAACGTTATGTCAGA

1 1 1 11 111 1 11 1
Lol el et e e e e+t

TGTAGAT TATAAATTTTTAAAAAGATAAGTTTAAAATATATTTAAACGTTATGTTAGA
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MLHI1 R

primers, MLH1 UF and MLH1 R, contain Inosine at one position each

TTATTTTGTTAAAATCAGTTGTTAGTGACGTCCGTACGTTAATAGAA

RN R RN RN RN R R Rt RARRANNY

TTATTTTGTTAAAATTAGTTGTTAGTGACGTTCGTACGTTAATAGAA

Fig. 1 Binding sites of primers and probe used are underlined [23]. The top strand is the undeaminated DNA sequence. Bottom strand is the
deaminated sequence. A solid line between the two strands illustrates no difference in sequence, a dotted line marks the positions of cytosine
converted to uracil during deamination, and “+"marks the positions of CpG dinucleotides. Primer sequences can be found in Table 1. The universal

DNA. 20 pL cfDNA was deaminated and purified,
another 20 pL c¢fDNA was mock-deaminated (treated
only with TE) and purified, whereas the residual used for
quantitation using MLH1 UF and R primers described in
Table 1. The recovery of converted cfDNA from our opti-
mized method and the EZ DNA methylation-lightning
kit was also measured using MTND4P12 and RASSF1A
primers (Table 1).

Results

The optimization of ddPCR reaction conditions resulted
in a well-performing assay (Additional file 1). Excellent
separation between positive droplets and negative drop-
lets contributed to an accurate assay for the determina-
tion of the concentration of the target DNA molecule.
The detected copies were calculated as the amount of
copies per milliliter plasma. The copies of cell-free DNA
vary largely from different samples (Fig. 2).

Dynamics of the reaction have been extensively moni-
tored using a ddPCR based method. The results of opti-
mization of the reaction time are shown in Figs. 3 and 4.
When the DNA was treated at 90 °C for a 5-min incuba-
tion, about 93% of the cytosine residues in the analyzed
region were converted to uracil (Fig. 3). After a 10-min
incubation, more than 99.5% of cytosine residues were

2500 1 °

2000 1

1500 1

1000 1

Copies of cfDNA

500+ o®

0 T
Samples

Fig. 2 Copies of cell-free DNA detected by ddPCR. The copy number
represents the total amount of copies per milliliter plasma samples

converted to uracil (Fig. 3). A 15-min incubation resulted
in almost 100% conversion while the detected copies
of deaminated DNA and total DNA began to decline
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(Figs. 3, 4a). These results demonstrate that a complete
conversion of cytosine to uracil with the biggest recovery
of DNA can be achieved at 90 °C within 10 min.

When the DNA was treated at 70 °C, a reduced rate of
conversion was observed (Figs. 3, 4b). After a 5 min of
deamination, about 73% of the cytosine residues in the
analyzed region were converted to uracil (Fig. 3). After a
25-min incubation, more than 99.5% of cytosine residues
were converted to uracil (Fig. 3) while a 30-min incuba-
tion resulted in almost 100% conversion (Fig. 3). After a
longer time of incubation, the detected copies of deami-
nated DNA and total DNA began to decline (Fig. 4b).
Therefore, a 30-min incubation at 70 °C can result in
complete conversion of cytosine to uracil with the biggest
recovery of DNA.

For the bisulfite sequencing results (Additional file 2),
when the plasma DNA was treated by the Zymo EZ DNA

-©-70°C
¥ 90°C

Conversion ratio %

0 5 10 15 20 25 30 35
Conversion time(min)
Fig. 3 The analysis of the efficiency of the conversion. Open circles
indicate the ratio of conversion of unmethylated cytosine to uracil at
70 °C. Open triangles indicate the ratio of conversion of unmethyl-
ated cytosine to uracil at 90 °C
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methylation-lightening kit, all cytosine residues at non-
CpG sites in three genes were converted to uracil in all
15 plasmid clones that were analyzed (Fig. 5a). Almost
the same results were obtained when the same sample
was treated by our optimized method for 30 min at 70 °C
(Fig. 5b). We then analyzed the methylation status of
the cytosine residues at CpG sites of three genes. Most
cytosine residues at CpG sites of MLH1 and MTND4P12
were modified (Fig. 5). In contrast, most cytosine resi-
dues at CpG sites of RASSF1A remained unmodified
(Fig. 5). Almost the same results were obtained when the
same sample was treated with our method for 30 min at
70 °C (Fig. 5).

DNA is damaged at pyrimidine sites during reaction
with bisulfite, as described above. The amount of target
degradation during bisulfite incubation was quantified
with ddPCR (Fig. 6, Table 2). For the MLH1 PCR prod-
ucts, the average recovery of cfDNA treated by Zymo
EZ DNA methylation-lightening kit decreased to 50.3%.
After bisulfite treatment for 10 min at 90 °C, the aver-
age recovery of 20 samples decreased to approximately
59.2%. After bisulfite treatment for 30 min at 70 °C, 66.3%
of converted cfDNA was recovered. The average recovery
of cfDNA was still up to 84.5% after a mock conversion
only with TE buffer treatment. For the PCR products of
MLH1, RASSF1A and MTND4P12, the average recovery
of cfDNA is about 65%, still higher than that of the com-
mercial kits (Table 2).

Discussion

A previously published bisulfite treatment method
has led to the development of a fast bisulfite conver-
sion of DNA [15]. Optimization involved the fast treat-
ment in a highly concentrated bisulfite solution at higher

a 1600
1400+
12004
1000
800+
600-
4001
2001

0# T N

0 5 10 15

Deamination time (min) at 90 °C

-~ Total DNA
-~ Deaminated DNA
- Undeaminated DNA

Copies of DNA

of undeaminatd DNA

Fig. 4 a Dynamics monitoring of the deamination reaction at 90 °C. b Dynamics monitoring of the deamination reaction at 70 °C. Monitoring of
the deamination reaction as a function of deamination time using primers designed for an unmethylated part of the MLH1 promoter. Three dif-
ferent primer sets were used to amplify total deaminated and undeaminated DNA, deaminated DNA, and undeaminated DNA separately. ddPCR
detection of the three products was performed with a common molecular probe. The copy number represents the average amount of copies from
20 plasma samples. Open circles indicate the copies of total DNA. Open triangles indicate the copies of deaminated DNA. Asterisks mean the copies
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TGTGACAAAAAATGTGAAGGGAAGAGATTTGAACATGTGGAAGGAAAAGTGAGTGCAGACT
MLH1 ATAAACTTCCAAAAAGACAAGCCCAAAATACACCTAAACGTTATGTCAGATTATTTTGTTAAAA
TCAGTTG
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(See figure on previous page.)

Fig. 5 Bisulfite genomic sequencing analysis of three genes in plasma cfDNA of breast cancers. In each nucleotide sequence of the region, bold
characters indicate CpG dinucleotides. For nucleotide sequence of the RASSF1A region, The complementary strand was used as a template. As a
consequence, cytosine methylation status of the complementary strand is reflected as guanine residues. Nucleotide sequence analysis of plasmid
clones: a treatment with Zymo EZ DNA methylation-lightening kit; b 70 °C for 30 min. Each row indicates an independent plasmid clone. Open and
closed circles indicate cytosines and methylcytosines, respectively. Arrows indicate positions of cytosine at CpG dinucleotides

temperatures and combined purification procedure
after deamination, which contribute to the recovery of
the fragmented DNA resulting from bisulfite treatment
[12, 23]. The dynamics of the reaction were measured to
monitor optimal conversion of cytosine and limit conver-
sion of methyl-cytosine.

It is of utmost importance for sequencing individ-
ual clones to completely deaminate the unmethylated
cytosine. A false positive result could be obtained from
incomplete deamination of unmethylated cytosine. Com-
plete conversion of cytosine could be achieved with only
a limited amount of cytosines (< 1%) was detectable
after 10 min deamination at 90 °C or 20 min deamina-
tion at 70 °C [15]. Smaller amount of both deaminated
and undeaminated DNA could be detected after longer
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Fig. 6 Recovery of bisulfite-treated cfDNA based on four deamina-
tion conditions: mock-deamination, deamination at 70 °C for 30 min
and deamination at 90 °C for 10 min, deamination using Zymo EZ
methylation lightening Kit. Recovery means the average recovery of
twenty individual deamination reactions. Significant differences of
recovery of bis-cfDNA exist among these methods, P < 0.0001

Table 2 Recovery of bisulfite-treated cfDNA (n = 20)

Conversion method MLH1 RASSF1A MTND4P12

Deamination at 70 °Cfor ~ 0.663 £ 0.009 0.641 £ 0.037 0.650 & 0.039

30 min
Deamination by Zymo kit  0.503 £0.037 0456 +0.061 0.497 £ 0.040
P value < 0.0001 < 0.0001 < 0.0001

deamination time [15]. DNA were less severely damaged
when treated with 10 M bisulfite at 70 °C compared to
90 °C. Serious degradation of template DNA happened
when samples were treated with the buffer for more than
10 min deamination at 90 °C or 40 min deamination at
70 °C [15]. Therefore, optimization of the reaction time
had a pronounced effect on recovery. Since the purpose
of this procedure is to optimize this protocol in order
to achieve the best possible recovery of bisulfite treated
DNA, we compared the recovery of deaminated cfDNA
at two different deamination condition.

After a 10-min deamination at 90 °C, no undeaminated
product was detectable by ddPCR (Fig. 4a). A complete
conversion of cytosine to uracil and a 59.2% of cfDNA
was achieved within 10-min conversion. Longer deami-
nation time than 10 min results in reduced detection of
both deaminated and undeaminated DNA. When the
cfDNA was treated at 70 °C for 30 min, a reduced rate of
degradation was observed (Fig. 4b) and 66.3% of cfDNA
was recovered with complete conversion of cytosine to
uracil. Therefore, 30-min deamination at 70 °C could
achieve higher recovery of bisulfite-converted cfDNA
than 10-min deamination at 90 °C. Deamination at 70 °C
resulted in a lower speed of degradation of DNA than
deamination at 90 °C.

The ddPCR assay capable of detecting both treated
and untreated DNA allows the same assay to be used for
measuring DNA levels both pre- and post- bisulfite treat-
ment resulting in improved accuracy [11]. The probe and
primers used in this study have been designed in order
to be specific for either the methylated or the unmeth-
ylated sequence and give parallel reaction conditions.
No cross-reactivity is observed in our experiment. Inap-
propriate conversion of methylated cytosine could lead
to reduced sensitivity when detecting methylated DNA.
The sequencing data shows that no over-conversion is
detected by the ddPCR based experiment because the
primers and the probe are designed to be specific for an
unmethylated part of MLHI.

In order to prove the method a universal approach,
three genes with different sequence features were ampli-
fied to measure the conversion and recovery efficiency of
the cfDNA. The sequencing data of their PCR products
demonstrates that all the unmethylated cytosine could
be modified and no change of methylated cytosine were
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achieved after 30 min deamination at 70 °C. The fast
method could get the same conversion efficiency as the
commercial methylation kit.

A conventional bisulfite modification usually needs
denaturation of DNA prior to bisulfite treatment [13].
No denaturants in the protocol presented here possi-
bly reflect DNA denaturation and bisulfite conversion
processes are combined and the high concentration of
bisulfite and high temperature facilitate rapid denatura-
tion. Desulphonation and cleanup of the converted DNA
are performed using a unique low-elution spin column.
Re-extraction of cfDNA in this matrix results in a recov-
ery of 84.5% whereas average recovery of deaminated
DNA is 65% (Table 2). The recovery of deaminated
cfDNA is more considerable compared with that of the
Zymo kit and other published methods [20]. This work
addresses the problem of poor recovery and contrib-
ute to the methylation detection of the minor amount
of cfDNA. The lower deamination temperature facili-
tates the higher rate of intact bisulfite-treatment cfDNA
and the use of purification kits helps recover most of the
denatured cfDNA fragments.

Conclusions

Our work optimized a fast-speed and encouraging
bisulfite treatment with high recovery from cfDNA sam-
ples, improving analytical sensitivity of the potential
methylation markers from body fluid.

Additional files

Additional file 1: Figure. An example of a ddPCR assay for absolute
quantification of DNA copies. The designed ddPCR reaction produced

an excellent separation between positive droplets(top) and negative
droplets(bottom). The amplitude threshold of the positive ddPCR reaction
was set as 4000 RFU manually. The positive droplets above the threshold
line determines the starting concentration of the target DNA molecule in
units of copies/pL input from the sample.

Additional file 2: Data. Bisulfite sequencing and DNA methylation data.
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cfDNA: cell-free DNA; gDNA: genomic DNA; ddPCR: droplet digital PCR;
MLH1UF: forward primer of MLH1 detecting DNA regardless of deamination;
MLH1 R: reverse primer of MLH1 detecting DNA regardless of deamination;
MLH1 DF: forward primer of MLH1 detecting deaminated DNA; MLH1 UDF:
forward primer of MLH1 detecting undeaminated DNA; MTND4P12 UF:
forward primer of MTND4P12 detecting DNA regardless of deamination;
MTND4P12 R: reverse primer of MTND4P12 detecting DNA regardless of
deamination; RASSF1A UF: forward primer of RASSF1A detecting DNA regard-
less of deamination; RASSF1A R: forward primer of RASSF1A detecting DNA
regardless of deamination.
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