
Kerachian et al. Clin Epigenet          (2021) 13:193  
https://doi.org/10.1186/s13148-021-01182-7

REVIEW

Guidelines for pre-analytical conditions 
for assessing the methylation of circulating 
cell-free DNA
Mohammad Amin Kerachian1,2,3* , Marjan Azghandi3,4, Sina Mozaffari‑Jovin1,2 and Alain R. Thierry5,6,7,8* 

Abstract 

Methylation analysis of circulating cell‑free DNA (cirDNA), as a liquid biopsy, has a significant potential to advance 
the detection, prognosis, and treatment of cancer, as well as many genetic disorders. The role of epigenetics in 
disease development has been reported in several hereditary disorders, and epigenetic modifications are regarded 
as one of the earliest and most significant genomic aberrations that arise during carcinogenesis. Liquid biopsy can 
be employed for the detection of these epigenetic biomarkers. It consists of isolation (pre‑analytical) and detec‑
tion (analytical) phases. The choice of pre‑analytical variables comprising cirDNA extraction and bisulfite conversion 
methods can affect the identification of cirDNA methylation. Indeed, different techniques give a different return of 
cirDNA, which confirms the importance of pre‑analytical procedures in clinical diagnostics. Although novel tech‑
niques have been developed for the simplification of methylation analysis, the process remains complex, as the steps 
of DNA extraction, bisulfite treatment, and methylation detection are each carried out separately. Recent studies have 
noted the absence of any standard method for the pre‑analytical processing of methylated cirDNA. We have therefore 
conducted a comprehensive and systematic review of the important pre‑analytical and analytical variables and the 
patient‑related factors which form the basis of our guidelines for analyzing methylated cirDNA in liquid biopsy.
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Introduction
Circulating cell-free DNA (cirDNA) is now a significant 
blood or lymph biomarker in non-invasive liquid biopsy 
[1]. Liquid biopsy has recently shown considerable prom-
ise as a diagnostic technique with many benefits over tra-
ditional invasive techniques [2]. It offers new prospects 
for the diagnosis and treatment of diseases such as clini-
cal infectious diseases [3], genetic disorders [2, 4], hema-
tological diseases [5], human microbiome identification 

[6], early detection of organ rejection [7], and mostly 
cancer [8, 9]. It may even have applications in non-patho-
genic areas, such as in the evaluation of the physical exer-
cise [10].

At present, tissue biopsies remain the gold stand-
ard for cancer detection and molecular characteriza-
tion. However, these traditional (solid biopsy) sampling 
approaches have some drawbacks, including difficulties 
in collecting sufficient amounts of biomaterial, sampling 
prejudice due to tumor genetic heterogeneity, and proce-
dural complications, [11] as seen for some solid tumors 
such as lung and brain cancer [12]. To tackle such limita-
tions, liquid biopsies have emerged as a vital alternative 
to tissue biopsies [13]. Recent experiments have demon-
strated the considerable potential of liquid biopsies to 
uncover new biomarkers [14–16]. Given the significant 
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clinical implications of this, liquid biopsies have received 
much attention in recent years [11, 17–19]. The role of 
genetic alterations in cancer, and the identification of 
driver mutations in proto-oncogenes and tumor suppres-
sor genes identified in circulating tumor DNA (ctDNA), 
have been described in a large number of studies [20–22]. 
Despite the fact that ctDNA was discovered many years 
ago, the absence of an appropriate pre-analytical tech-
nique means that few cirDNA-based mutation detection 
assays have so far made their way into clinical diagno-
sis [23] and recent studies have highlighted the absence 
of any standard method for the pre-analytical analysis 
of cirDNA, in particular methylated cirDNA. Indeed, 
only Meddeb et  al. have performed a systematic review 
providing guidelines for nuclear cell-free DNA (cfDNA) 
extraction suitable for mutation detection [24].

In addition to driver mutations, epigenetic modifi-
cations particularly DNA methylation are among the 
most extensive genomic aberrations which occur dur-
ing carcinogenesis [25, 26] as well as in genetic diseases 
[27]. These modifications are correlated with biological 
processes via the modulation of gene expression [28]. 
Epigenetic processes mainly consist of histone modifica-
tions and DNA methylation [29, 30] (Fig. 1). The altered 
forms of DNA methylation are early events in many dis-
eases [31–33] such as breast [34] and colorectal cancers 
(CRC) [9, 35], and as such are important for early cancer 
detection and cancer screening [36]. Hence, the analysis 
of cirDNA methylation is considered a reliable and ver-
satile method for the diagnosis and prognosis of cancer 
[37–39].

Methylation alterations can be categorized as focal 
hypermethylation and global hypomethylation in cancer 
[40–42], as well as the hyper/hypomethylation of most 
gene promoters in other diseases such as metabolic dis-
eases [43, 44], Alzheimer’s disease [45–47], autoimmune 
diseases [48–50] and cardiovascular diseases [51–53]. 
Despite the variety and complexity of modifications in 
the epigenetic landscape, many cancers exhibit a high 
degree of consensus across tissues, or within the tissue 
of origin [54–56]. The widespread nature of epigenetic 
changes across the genome can increase the sensitivity 
and specificity of this system in biomarker detection by 
utilizing multiple target loci in a single assay [14, 57]. In 
addition, the diagnostic sensitivity and specificity could 
be enhanced by combining the results of cirDNA meth-
ylation analysis with that of other cirDNA alternations, 
including copy number variations and point mutations. 
This integrated approach, while promising, will yield 
more information, requiring, in turn, a more advanced 
analytical methodology.

Despite several limitations, in recent years, cirDNA liq-
uid biopsy has been performed for ctDNA methylation 

and mutation analyses [58–62]. In addition to the 
pre-analytical systems’ difficulty in isolating sufficient 
amounts of ctDNA, ctDNA methylation analysis in 
liquid biopsies involves several biological and techni-
cal drawbacks [63–65]. The main technical challenge is 
to isolate the very small quantities of cirDNA in liquid 
samples with biological variations [12, 66, 67]. Another 
significant difficulty in cirDNA-based biomarker selec-
tion is the careful detection of somatic target mutations/
methylation aberrations from background signals [68, 
69]. Recently, in the EU project SPIDIA4P, some main 
problems related to the pre-analytical variables for liquid 
biopsy analysis have been reported [70].

Even though the results available on clinical materi-
als remain limited, several distinct methods have been 
explored to meet the growing demand for a clinically 
relevant technique for ctDNA/cfDNA methylation and 
mutation analysis [12, 71, 72]. The discovery of novel tis-
sue-specific methylation markers for cirDNA detection 
requires complementary approaches. Next-generation 
sequencing (NGS) and polymerase chain reaction (PCR)-
based analytical techniques are being continuously 
refined to accommodate methylation changes even with 
low frequencies [72].

Considered in the context of previous findings, our 
results revealed that these techniques are strongly influ-
enced by the pre-analytical methods used to isolate 
cirDNA [23, 73, 74]. They also confirm our conviction 
that pre-analytical criteria and documentation are as crit-
ical as analytical requirements [24]. Indeed, the fact that 
each selected extraction system gives a different return 
of cirDNA [75, 76] confirms the ability of pre-analytical 
analysis to enhance the sensitivity of the detection phase 
in a routine clinical exercise.

To the best of our knowledge, there currently exists no 
guideline for pre-analytical parameters, and no standard 
operating procedure for the investigation of methylated 
cirDNA. In this article, we have conducted a comprehen-
sive and systematic search for relevant pre-analytical var-
iables and patient-related factors. These form the basis of 
the guidelines we propose for the analysis of methylated 
cirDNA.

Material and methods
We conducted a systematic review of the available liter-
ature search on pre-analytical and demographic param-
eters which could potentially influence the abundance 
of methylated cfDNA. We selected literatures pub-
lished in the PubMed database from February 2000 to 
August 2021. As search terms, we used a combination 
of “circulating DNA”, “circulating cell-free DNA” and 
“methylation” with the following keywords: “pre-ana-
lytic”, “analytic”, “increased concentration”, “decreased 
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concentration”, “blood collection”, “EDTA tube”, “cell-
stabilizing blood collection tubes”, “plasma”, “serum”, 
“quantification”, “blood processing protocol”, “cen-
trifugation methods”, “plasma quality control”, “extrac-
tion methods”, “isolation protocols”, “storage”, “blood 
stability”, “plasma stability”, “concentration stability”, 
“long-term storage”, “bisulfite conversion”, “bisulfite kit 
conversion”, “bisulfite conversion methods”, “bisulfite 

conversion efficiency”, “sequencing”, “detection meth-
ods”, “detection”, “analysis”, “stability of bisulfite con-
verted cfDNA”, and “stability of bisulfite converted 
DNA”. Articles obtained from this search were fur-
ther filtered for this review by careful analysis of the 
research purpose of each article and the study design 
quality. This selection process yielded 274 results. Two 
researchers (M.A. and M.A.K.) independently extracted 

Fig. 1 Schematic epigenetic modifications in cirDNA that regulate chromatin organization and gene expression. Epigenetic processes mainly 
consist of histone modifications including acetylation, phosphorylation, ubiquitination and histone methylation. Besides, DNA methylation consists 
of C5‑methylation, C5‑hydromethylation and N6‑methylation. Black bold and purple thin strands display double strand DNA and histone tails, 
respectively
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the data. The literature searches and inclusion/exclu-
sion processes are shown in Fig. 2.

Results and discussion
The results of our systematic review have been summa-
rized in 4 general and 9 specific challenges in order to 
optimize the pre-analytical phase of cirDNA methylation 
analysis.

A. General challenges
 1. Blood collection and processing: blood has

 broad inter-individual cirDNA variations; even an 
individual’s cirDNA varies during his/her life.

2. Blood volume: a large volume of blood is often 
required to perform cirDNA isolation for meth-
ylation detection.

3. Blood storage: blood is a complex biological 
material, sensitive to an assay period, in particu-
lar, due to enzymatic degradation or blood coagu-

lation, it consequently requires strictly controlled 
storage conditions.

4. Choice of specimen type (plasma or serum): 
blood has a heterogeneous content (containing 
different types of cells and free macromolecules), 
which impedes the isolation of cirDNA.

B. Specific challenges
 1. Plasma isolation and preparation: blood cells

 and cell organelles and debris must be removed 
from the blood.

2. Quality control of plasma: DNA from blood 
cells or other sources may contaminate the target 
cirDNA.

3. Plasma storage: the condition of plasma storage 
depends on the molecular structure of cirDNA.

4. cirDNA extraction methods: the extraction 
method should be selected according to the ther-
apeutic or industrial goals.
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Fig. 2 Flow diagram of literature search and inclusion/exclusion processes
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5. cirDNA integrity: this is considered as the quality 
control of the extraction procedure.

6. cirDNA extract storage: not recommended.
7. cirDNA bisulfite conversion: optional.
8. Quality control of bisulfite converted cirDNA: 

optional.
9. Storage of bisulfite converted cirDNA: pro-

longed storage is not recommended.

A. General challenges

 1. Blood collection and processing
 A high level of inter-individual variation in 

plasma cirDNA concentration, known as “bio-
logical variation”, has been reported among 
patients [77]. As a result, the amount of cirDNA 
recovered from plasma can significantly differ 
from one methylation procedure to another [78, 
79]. While some of these variabilities could be 
ascribed to biological differences between indi-
viduals, some relate to variations in the sensitivity 
of the different pre-analytical protocols applied 
in different laboratories. Moreover, some vari-
abilities are caused by sources of DNA contami-
nation, known as “technical variation”. The load 
of ctDNA also varies according to the source of 
blood collection. This could be explained by the 
clearance of cirDNA [80]. It is therefore impor-
tant that not all blood samples be assumed equiv-
alent, and that pre-analytical considerations be 
taken into account when prospective samples are 
being collected for ctDNA methylation analyses 
[81].

2. Blood volume
 The volume of blood that may be collected in 

most clinical procedures is very limited; thus, 
there is typically only a relatively small level 
cirDNA available, which presents a challenge for 
the identification of methylation [82].

 Conventional techniques for cirDNA methylation 
detection from blood mostly require large vol-
umes of blood samples (up to 12 ml), which must 
be used in the form of serum or preferably plasma 
for the extraction step [83]. It should be noted 
that the ideal volume of blood does not vary 
depending on the different extraction methods 
(e.g. column or bead-based kits). It is evident that 
the larger the volume of the blood sample, the 
higher the yield of cirDNA, although this yield 
will also depend on the capacity of the pre-ana-
lytical assay used for cirDNA isolation. Moreover, 
a fraction of ctDNA may be lost during bisulfite 

conversion. It is therefore important to collect a 
sufficient amount of the blood sample. Column-
based isolation kits are not recommended for 
small volumes of plasma, since cirDNA could be 
trapped on the membrane and get lost [78].

3. Blood storage
 Some researchers have reported that normal 

lavender-top tubes containing K2EDTA as an 
anticoagulant are appropriate for cirDNA isola-
tion for methylation analyses [84, 85]. In general, 
the most widely employed anticoagulants include 
EDTA, heparin, and citrate-dextrose solution 
(ACD) [85]. Since heparin-containing samples 
exhibit dose-dependent interference with quan-
titative PCR (qPCR), various sample tubes can 
affect the data differently [86]. EDTA and ACD 
maintain cirDNA stability through inhibition of 
DNase activity and thus these anticoagulants, 
in particular EDTA, are most frequently used 
in genetic/epigenetic testing [87]. In general, no 
major difference in methylation status is likely 
to be introduced by the use of various antico-
agulants, and no variation has been reported for 
methylation of DNA isolated from bloods col-
lected into EDTA, heparin, and ACD tubes [88].

 However, it is safer to use EDTA tubes such as 
K2EDTA tubes to prevent the lysis of leukocytes. 
Moreover, the separation of plasma must be per-
formed in the shortest practicable time. Several 
groups have documented the impact of delay 
between venipuncture and blood centrifugation 
on cirDNA levels. The general finding is that 
cirDNA levels increase with time prior to cen-
trifugation of EDTA-stabilized blood [76, 89–91] 
and the accumulation of leukocyte DNA is a risk 
in EDTA tubes when blood is stored for more 
than 4 h. Recent studies have shown that EDTA 
tubes could also lead to variable results and there-
fore non-EDTA collection tubes have been pro-
duced to improve the cirDNA yield and to sus-
tain quality over 7  days at ambient temperature 
[92–94]. Specialized blood collection tubes con-
taining a preservative agent to prevent peripheral 
leukocyte lysis are available; these eliminate the 
need for rapid blood processing and enable stor-
age of the whole blood at room temperature for 
several days until centrifugation [76, 95].

 While a variety of cirDNA collection tubes have 
been used for mutation analysis, it has been dem-
onstrated that BD Vacutainer® K2EDTA, S-Mon-
ovette® K 3 E, and S-Monovette® CPDA tubes 
are appropriate for blood collection intended for 
analysis of plasma cirDNA methylation. These 
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tubes allow the storage or shipment of blood at 
15–25 °C for up to 48 h [96–98].

 Van Paemel et  al. evaluated the efficiency of 
bisulfite-based cirDNA methylation profiling 
in various blood collection tubes, including BD 
Vacutainer K2EDTA tubes, and cell-stabilization 
tubes such as Streck Cell-Free DNA BCT, PAX-
gene Blood DNA, Roche Cell-Free DNA, and 
Biomatrica LBgard blood tubes, and they assessed 
the effect of the interval between blood drawing 
and plasma processing. Genome-wide bisulfite 
sequencing was conducted on the cirDNA iso-
lated from plasma samples. They stated that 
the average methylation of CpG in EDTA tubes 
increased slightly (but not significantly) over 
time. However, the amount of CpGs covered with 
at least 15 reads was relatively stable. In contrast, 
the amount of CpGs with at least 15 reads dimin-
ished in Biomatrica, DNA Streck, and Roche 
tubes. They eventually concluded that the meth-
ylation pattern of cirDNA was stable and repro-
ducible in all preservation tubes [99]. Bartak et al. 
reported that there was no significant variation 
between the K3EDTA and Streck tubes [100]. In 
general, the most cost-effective collection tubes 
are EDTA tubes; however, they must be handled 
within 4 h of blood collection (and the sooner the 
better), while cell-stabilized tubes (such as Streck 
tubes) may be used up to 8 days post blood draw 
at room temperature.

 We suggest that the plasma collection procedures 
for cirDNA methylation analysis should be opti-
mized within each laboratory and that, depend-
ing on available infrastructures and facilities, 
researchers decide whether to process imme-
diately or to use cell-stabilizing tubes to lower 
the risk of contamination from cellular fractions 
[101]. Furthermore, our advice is that plasma 
preparation should be carried out as early as pos-
sible: no longer than 4  h when using K2EDTA 
tubes, or within 48  h when using non-EDTA 
collection tubes. It is worth noting that storing 
blood samples in K2EDTA tubes at 4 °C will keep 
cirDNA levels sufficiently stable for 3  days for 
mutation detection [102–104] but not for meth-
ylation analysis.

 DNA yields and quality, which could influence the 
outcome of methylation assays, can be negatively 
affected by sample storage at higher tempera-
tures [88], or by extended storage. (For example, 
storage for longer than 24  h at room tempera-
ture or even at 4 °C prior to DNA extraction may 
adversely affect the yield and quality of extracted 

DNA) [105, 106]. Although certain storage con-
ditions have a significant impact on DNA extrac-
tion yield, little or no effect on the integrity and 
methylation of DNA has been reported [106]. A 
previous study showed that the storage of whole 
blood at 15 °C to − 80 °C for durations from 24 h 
to several months, or in liquid nitrogen, resulted 
in limited DNA methylation bias [105, 107]. 
Another study revealed that the storage of blood 
samples at room temperature for up to 24 h prior 
to isolation of plasma showed limited varia-
tion in CpG methylation (0.6%), and only a shift 
in methylation at particular sites [107]. Notably, 
a decrease in global DNA methylation occurred 
after 7 days of blood storage at room temperature 
[108]. There are limited numbers of studies, and 
further investigation is needed to confirm their 
results.

 Altogether, for cirDNA methylation studies, 
we recommend that blood be stored at 4  °C 
in K2EDTA tubes for up to 24  h [109–111]. In 
contrast, where nuclear cirDNA will be tested, 
plasma storage at −  80  °C is recommended [79, 
112, 113].

4. Choice of specimen type (plasma or serum)
 While serum may yield higher amounts of 

cirDNA than plasma, that yield is more variable, 
and quality of extracted DNA may be strongly 
affected by the additional amount of non-circu-
lating (genomic) DNA generated by the lysis of 
monocytes and other blood cells due to the for-
mation of blood clot. Consequently, plasma is less 
likely to be contaminated with the DNA of blood 
cells, and the interval between blood sampling 
and centrifugation should not be higher than 
4  h to reduce this confounding factor [114]. As 
a result, cirDNA in serum is at least slightly pol-
luted by genomic DNA derived by white blood 
cells, and thus, candidate cirDNA is diluted by 
high levels of non-specific genomic DNA. Thus, 
we conclude that while some types of cirDNA 
analysis may be carried out using serum, the 
use of plasma is certainly favored, owing to its 
low level of contamination with leukocyte DNA, 
maximizing sensitivity and data homogeneity 
[80].

 Previous studies have investigated cirDNA yield 
extracted from plasma and serum samples. Total 
cirDNA levels in serum were 1.63- to 11.09- 
fold higher than the plasma of healthy controls 
and cancer patients. The quality of cirDNA in 
plasma and serum has also been compared [115, 
116], and cirDNA derived from serum has been 
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shown to have significantly higher integrity than 
plasma, by using the ratio of 201  bp/105  bp 
amplicons (50% vs 33%, respectively). In the field 
of oncology, Thierry’s group have clearly shown 
that plasma is a better source of tumor-derived 
cirDNA. They indicated that the overall cirDNA 
concentration measured within a murine wild-
type KRAS (non-tumor-derived cirDNA) was 
higher in serum samples than plasma samples 
using xenografted mice with human CRC cell 
line. When cirDNA concentrations were meas-
ured using a human wild-type KRAS (specific 
tumor-derived cirDNA), cirDNA concentrations 
were found to be higher in plasma samples. Their 
findings support the hypothesis that the rise in 
cirDNA in serum samples is due to blood cell 
DNA release [117].

 Although gene frequencies are lower in serum 
samples than in plasma [118], serum can none-
theless be a valuable source for extraction of 
ctDNA, because both plasma and serum exhib-
ited comparable specificity (97% and 100%, 
respectively) and sensitivity (31% and 25%, 
respectively) [119]. El messaoudi et  al. were the 
first to promote plasma over serum [114].

 Even though it has been known for a few years 
that plasma is preferable to serum, many research 
in the field still use serum samples, owing to clin-
ical laboratories’ proclivity for preparing sera tra-
ditionally and doing retrospective studies.

 However, we strongly recommend the use of 
plasma rather than serum in cirDNA methylation 
studies, since the background DNA could signifi-
cantly influence the analytical results.

B. Specific challenges

 1. Plasma isolation and preparation
 The first step of plasma isolation refers to the tra-

ditional process, consisting of low-speed blood 
centrifugation to collect blood cells in the pel-
let, and a second, higher-speed centrifugation to 
remove cell organelles and debris [120]. While 
the use of several centrifugation steps does not 
significantly alter the yield of DNA [121], it does 
improve the homogeneity and purity of cirDNA 
for methylation detection. It has been suggested 
that the first centrifugation be performed at 4° C 
for 10 min at 800 to 1200 g, and the second step 
at 4  °C for 10  min at 14,000 to 16,000g. Other 
researchers have preferred to collect blood in 
EDTA tubes and to isolate plasma by double 
centrifugation at 2000g for 10  min [122], or by 

repeated centrifugation at 1350g for 12 min [123] 
followed by storage at − 80 °C until analysis [124]. 
Chiu et al. proposed the 1600 g 10 min/16000 g 
10 min double centrifugation procedures [125].

 We advised that caution be exercised when col-
lecting the first plasma supernatant to prevent 
contamination from the buffy coat. It should 
also be noted that, while filtration and fractiona-
tion on a Percoll gradient [125] are alternative 
approaches to the centrifugation method, their 
impact on the yields of cirDNA and cirDNA 
structures has as yet been insufficiently studied.

 Taken together, there is still no common proto-
col to prepare plasma for cirDNA extraction. 
However, as suggested by Chiu et al. the routine 
procedure is centrifugation at 1600g for 10 min at 
4 °C, and subsequently at 16,000g for 10 min at 4° 
C [114, 126]. As the last step, aliquoting plasma 
in low volumes should be done immediately after 
separation. Low-volume aliquots guarantee the 
quality of the specimen during storage by reduc-
ing the number of freeze–thaw cycles. Typi-
cally, plasma aliquots in volumes of 300 µl–2 ml 
are used for cirDNA extraction and the analyti-
cal phase [24]. Recently, in a selective capture-
based cirDNA isolation method developed by 
our group, cirDNA was isolated from 250  µl of 
plasma [127].

2. Quality control of plasma
 The management of plasma consistency is of par-

ticular importance. Any traces of hemolysis can 
lead to an orange or red-colored plasma, which 
may indicate cell lysis. Hemolysis may lead to 
interference with PCR reaction. Icteric plasma 
can be distinguished by an extreme yellowish or 
greenish color, resulting from a high abundance 
of bilirubin. A strong interference with PCR reac-
tions may occasionally occur with cirDNA taken 
from icteric plasma [78]. Moreover, it has been 
shown that plasma samples with opaqueness or 
turbidity contain a significantly lower concen-
tration of cirDNA [77]. Samples can visually be 
compared against a typical hemolyzed specimen 
for the hemolysis rate [128]. We suggest that 
monitoring of plasma color should be carried 
out in plasma preparations after the first and the 
second centrifugation steps. Hemolytic, icteric, 
and opaque plasma samples should be declined, 
unless the blood sample cannot be substituted 
or no extraction method capable of isolating 
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cirDNA from hemolytic blood is available [23, 
129, 130].

 In our experience, hemolysis can be generated 
during blood sampling by the passage of blood 
through the needle, especially if it that is done too 
quickly, or due to the use of expired EDTA col-
lection tubes. As a result, the lysed cells release 
their DNA in blood and increase the background 
DNA. The cell lysis could also inhibit the PCR 
reaction. To solve this problem in cases of cell 
lysis, we recommend using affinity capture beads 
for cirDNA isolation [97], although working on 
lysed-cell plasma is not recommended.

3. Plasma storage
 cirDNA is subjected to a type of bloodstream 

homeostasis where the volume of identified 
cirDNA depends on the equilibrium between the 
degree of release and the extent of deterioration 
or clearance. Thus, plasma storage involves rapid 
cooling at 4° C, followed by preservation under 
frozen conditions to reduce nuclease activity. 
Several plasma cirDNA stability tests have been 
performed at either –  20  °C or –  80  °C [131]. 
Hebels et  al. found that there is no systematic 
effect of anticoagulants (ACD, EDTA, or heparin) 
and storage temperature (- 80° C or liquid N2), 
on the yield of DNA or the quality of methyla-
tion profiles, if cirDNA samples extracted from 
plasma are stored at −  80° C within 8  h [107, 
132].

 In general, to avoid cirDNA degradation, plasma 
must be stored at −  80° C; however long-term 
storage (> 3  years) may cause reduced cirDNA 
yield [23, 133]. Nevertheless, it is unclear whether 
or not samples of DNA stored for different peri-
ods below 4° C, particularly after years of storage, 
could retain stable methylation profiles [132].

4. cirDNA extraction methods
 While cirDNA in the blood is most com-

monly used in liquid biopsy, cfDNA may also be 
extracted from different body fluids (including, 
but not limited to, saliva, urine, cerebral spi-
nal fluid, or feces) [134]. The cirDNA extraction 
techniques for methylation detection vary from 
in-house procedures to the use of commercial 
kits. Of these, the QIAamp Circulating Nucleic 
Acid Kit (Qiagen, Hilden, Germany) is one of the 
most widely used [135–139]. Commercial kits 
(with or without automation) can be expected 
to obtain the necessary analytical homogeneity, 
yield, speed, and practicality for cirDNA extrac-
tion [140]. Bartak et al. concluded that, depend-
ing on the isolation approach, there will be vari-

ations in the quantities of cirDNA obtained for 
methylation detection [100]. In addition, a study 
conducted by Soriano-Tarraga et al. found some 
variations in global DNA methylation between 
different DNA extraction protocols (Autopure 
LIS, Qiagen; Puregen TM, Gentra Systems; Che-
magic Magnetic Separation Module I, Chema-
gen); although these differences were not statisti-
cally significant [141].

 Today, most approaches are based on either mag-
netic beads or silica membranes. It should be 
noted that different tubes for extracting blood 
have varying criteria for extraction.

 In a recent study led by our group, following 
stringent standardization, the selective capture 
of cirDNA with magnetic beads showed a yield 
with a CV of 1.06%, compared with that of the 
silica membrane extraction method which was 
more variable (CV: 9.25%) [142]. Moreover, we 
have observed variations in the yield of extracted 
DNA between different commercial DNA extrac-
tion kits, depending on the size of the DNA frag-
ment. Therefore, strict documentation of both 
the extraction method and the quantification 
method is needed. It is worth noting that alter-
native approaches for cirDNA extraction are cur-
rently under development [143], and that exist-
ing reports on the direct quantification of total 
cirDNA concentration do not include a full blood 
extraction procedure [77, 144–146].

 To determine the effect of the DNA concentra-
tion on the DNA recovery from plasma sam-
ples, serial concentrations of the spiked DNAs 
(sheared genomic DNA with sonicator) in plasma 
can be prepared, extracted, and analyzed by 
qPCR [147]. Adding a spike plasmid material to 
plasma as a control before extraction can be used 
to measure the extraction efficiency and the per-
formance for different fragment sizes [148]. Basi-
cally, DNA shearing is done using an ultrasonica-
tor [149] or enzymatic digestion [150]. However, 
cfDNA from cancer patients differs from sheared 
DNA fragments. It has been shown that cfDNA 
exhibits certain characteristics of nucleosomal 
DNA and positioning, while randomly sheared 
fragments do not possess such properties [151].

 As a result of the various fragmentation patterns, 
ultrasonication fragments may not be the desired 
method.

5. Quantification methods and cirDNA integrity
 qPCR is currently the most widely used method 

for cirDNA quantification, while spectrophotom-
etry and fluorometry (e.g. PicoGreen and Qubit) 
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are also used as cost-effective, rapid, and simple 
methods [76, 152]. By using small volumes of 
samples, NanoDrop allows the preservation of 
DNA samples. However, the absorbance calcula-
tion is limited to a minimum of 2 ng/µl double-
stranded DNA concentration, which is typically 
not affordable with minute concentrations of 
cirDNA extracts. Fluorimetric quantification 
is the preferred option for analyzing samples 
with such a relatively low cirDNA concentration 
[153, 154]. qPCR-based methods, however, pro-
vide the highest levels of sensitivity and specific-
ity for DNA concentration measurement [155, 
156]. Ramachandran et  al. compared fluorom-
etry and UV spectrophotometry with qPCR and 
reported that while cirDNA levels quantified by 
qPCR correlated with those measured with Pico-
Green assay, they did not correlate with the ones 
determined by UV spectrophotometry (r = 0.23) 
[157]. Van Ginkel et al. indicated a positive corre-
lation of dPCR with Qubit fluorometry (r = 0.98; 
P < 0.0001) but not with UV spectrophotometry 
(conducted using a Nanodrop) [158].

 Droplet digital PCR (ddPCR) is a technology that 
overcomes previous technological challenges and 
allows for the identification and absolute quan-
tification of nucleic acid targets in a variety of 
clinical specimens, creating new possibilities for 
developing DNA methylation-based disease bio-
markers [159, 160]. Absolute concentrations of 
DNA may be quantified using ddPCR technolo-
gies, utilizing automated measures rather than 
calibrating an analog signal with a linear curve, 
as is done in traditional or optimized qPCR 
approaches [161]. When used in strict optimized 
conditions, qPCR is as sensitive and specific as 
ddPCR [63]. The quality of the primer design is 
crucial in determining whether or not qPCR can 
detect a reduced number of DNA fragments. 
Two main qPCR drawbacks should be consid-
ered when quantifying cirDNA. First, qPCR can-
not measure cirDNA fragments smaller than the 
amplicon size produced by the qPCR priming 
method. For example, due to the characteristics 
of an efficient priming system, amplicons smaller 
than 45  bp cannot be detected. Thus, given the 
large variability of cirDNA fragment sizes, quan-
tification strictly depends on the amplicon size 
[24, 162, 163]. Second, because qPCR methods 
are designed for a specific sequence, they may 
discern and separately measure only specific 
fragments of cirDNA extracted from nuclear or 
mitochondrial sources. In contrast, spectrometry 

and fluorimetry enable quantification of the total 
amount of cirDNA derived from both sources. 
Notably, the use of fluorophores to quantify very 
short cirDNAs (< 120  bp) is not streamlined, 
owing to the lack of linearity in analytics. How-
ever, this is the concept of Qubit, which is CE-
IVD (CE in  vitro diagnostic) marked within the 
workflow of the Clarigo test, a highly accurate 
non-invasive prenatal test (NIPT) based on Agi-
lent’s Multiplex PCR technology [79, 164].

 The quality of cirDNA can be tested by determin-
ing the extent of fragmentation. We presented 
several methods of evaluating and validating 
cirDNA isolation [163]. A handful of studies have 
suggested that the DNA integrity index could be 
determined by the ratio of qPCR products using 
primer sets specifically for 80  bp and 250  bp 
amplicons [63, 165]. This fragmentation index, 
ranging from 0.3 to 0.8, demonstrates the level 
of homogeneity of cirDNA samples. Highly frag-
mented or contaminated samples can be declined 
[63, 136].

6. cirDNA extract storage
 DNA degradation typically increases upon dilu-

tion, repeated freeze–thaw cycles, and longer 
storage [114, 133, 166, 167]. While contamination 
with nucleases must be prevented when treat-
ing DNA, chemical deterioration poses the main 
threat to DNA integrity [165, 168, 169]. Fur-
thermore, the small size of fragments may alter 
the effectiveness of quantification and detection 
or may lead to negative results, depending on 
the analytical method used. Precautions should 
therefore be taken to inhibit any shortening of 
DNA that might occur during storage [79, 87].

 While it has been suggested that, in addition to 
storing cirDNA in solution at very low tempera-
tures, cirDNA might also be stored in a dried 
state. However insufficient data on such a tech-
nique currently exists. If the analytical assess-
ment has to be delayed, it is recommended that 
cirDNA extracts be stored at – 20 °C or − 80 °C, 
with no more than three freeze–thaw cycles.

 In our experience, storing cirDNA at − 20 °C for 
longer than 1 year could have an adverse effect on 
DNA methylation, and we, therefore, do not rec-
ommend this.

7. cirDNA bisulfite conversion
 The need for a bisulfite conversion (BSC) step 

prior to biomarker evaluation is a particular 
concern when using cirDNA-based methylation 
biomarkers. This step allows for discrimination 
between methylated and unmethylated cytosines. 
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Notably, a significant amount of DNA is often 
lost during bisulfite conversion due to chemical 
degradation of DNA and suboptimal post-con-
version purification processes [170–175]. It has 
been reported that the lower input of amplified 
bisulfite-converted DNA (10 vs. 50 ng) results in 
a reduction of the 450 K array (Illumina) methyla-
tion signal [176]. The loss is apparently greater for 
low molecular weight (LMW) than high molec-
ular weight (HMW) cirDNA [170, 177, 178]. 
Only a small number of studies, however, have 
addressed the difficulties of obtaining reasonable 
levels of cirDNA recovery and performance upon 
bisulfite conversion of cirDNA [179–181].

 After bisulfite treatment, chain breakage of 
cirDNA produces fragments smaller than its 
original average size of 180 bp [182], which lim-
its the subsequent detection step. Fragmentation 
significantly affects cirDNA recovery after treat-
ment with bisulfite. When the starting quantity of 
DNA is low, most of DNA treated with bisulfite 
is lost during purification by standard methods 
[170, 182–184], particularly when using a col-
umn-based approach [142]. At high incubation 
temperatures, one major drawback of bisulfite 
treatment is DNA degradation. Thus, the origi-
nal technique has been modified over the years 
to simplify the conversion procedure [182, 185–
188]. Several companies offer bisulfite conver-
sion kits, some of which rely on high-capacity 
magnetic beads; however, they still cost over 
200 € per 96 samples [189]. Several studies have 
introduced a rapid deamination step in bisulfite 
conversion, reducing the incubation time from 
12–16  h to 40  min using a highly concentrated 
solution of bisulfite at higher temperatures [180, 
185, 190]. This optimized approach allows more 
homogenous processing of cytosine in a short 
time [177, 191, 192]. Generally, if the size of DNA 
fragments is important for the subsequent proce-
dure, temperature and incubation time should be 
adjusted [182].

 Several recent studies have shown that the 
bisulfite conversion method determines the 
purity of cirDNA, and that there is a trade-off 
between achieving a high yield and reducing con-
tamination with inhibitors [23, 184, 193, 194]. 
Currently, most bisulfite conversion methods 
rely either on magnetic beads or a solid substrate, 
such as silica membranes. While solid substrate 
approaches have been introduced to simplify the 
process, magnetic beads have shown excellent 
potential for standardizing current purification 

procedures [195–197]. In addition, the magnetic 
bead-based method is efficient in terms of the 
overall yield and the purity of isolated bisulfite-
converted ctDNA with only a very small range 
of variations [198–202]. We have recently shown 
that both cirDNA isolation and the bisulfite pro-
cess could be conducted in a single tube using a 
bead-based approach (unpublished data).

 It should be noted that there are also several 
analytical methylation assays, independent of 
bisulfite treatment, including MeDIP-Seq [203], 
MBD-Seq [204], aka hMe-Seal [205], and Methyl-
sorb [206].

8. Quality control of bisulfite converted cirDNA
 Most analytical approaches for DNA methylation 

have focused on bisulfite conversion of genomic 
DNA. After the bisulfite treatment, the success 
of all methods depends on the DNA quality. The 
evaluation of the quality of DNA treated with 
bisulfite can be done using HPLC or gel-based 
assays. These assays require large quantities of 
DNA and consume most of the product of a sin-
gle bisulfite conversion reaction [207, 208]. Gel-
based approaches require approximately 2  μg 
of DNA. When analyzing converted DNA by 
agarose gel electrophoresis, it is recommended 
that a 2% gel with a 100  bp DNA marker be 
used. Typically, loading up to 100 ng of a sample 
may be needed to visualize the converted DNA. 
Many researchers are concerned about not find-
ing any band on agarose gels, since the major-
ity of the concerted DNA is single-stranded. To 
resolve this problem, the gel must be cooled in 
an ice bath for a few minutes prior to the run. 
This will drive base pairing between the single-
stranded DNA molecules; the recovered mate-
rial can consequently be marked and illuminated 
by the DNA intercalators. The recovered DNA 
typically smears on the gel from 1,500  bp down 
to 100 bp [209]. Ultraviolet (UV) or fluorescence-
based approaches allow for quantification of the 
gel but do not provide information on DNA deg-
radation [172]. Ehrich et al. have proposed a new 
method to assess the quality of the bisulfite-con-
verted DNA. The assay consists of four amplicons 
with increasing lengths located in the IGF2/H19 
region and combines analysis of the effectiveness 
of the amplification with an estimation of the 
methylation level variation to provide a practi-
cal estimation of the DNA quality [207]. Alter-
natively, using a reference gene with its specific 
primers and probes could also indicate the quality 
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of extraction and the DNA integrity after bisulfite 
conversion in a real-time PCR assay [14].

 When using spectroscopy for quantification, 
a value of 40  μg/ml for Ab260 nm equal to 1.0 
should be used, since the converted DNA behaves 
more like RNA. Some researchers may find their 
recovery very low. There are two reasons for this: 
1) The DNA recovery is extremely low; this is 
because it is possible to lose DNA samples dur-
ing the bisulfite treatment process, particularly if 
degraded DNA is used. 2) The initial quantifica-
tion is inflated with RNA contamination. RNA is 
then removed during the bisulfite processing and 
clean-up phases, and the level of quantification 
in the subsequent step therefore appears to be 
lower [209]. In either case, the recovered material 
is generally still sufficient, especially if a down-
stream PCR step is planned. Typically, starting 
with RNA-free intact DNA gives the best results 
[207]. In addition, as a quality control step, the 
bisulfite-converted DNA may be used to conduct 
PCR with standard non-bisulfite-specific primers 
to amplify any unconverted product [210].

9. Storage of bisulfite converted cirDNA
 Highly stability in the bisulfite-treated DNA is 

beneficial if studies are to be performed over a 
prolonged period. That stability varies according 
to which brand of bisulfite conversion kit is used 
(Table 1).

 In general, based on the commercial bisulfite 
conversion kits, converted and purified DNA can 
be stored at − 20 °C for at least 6 months with no 
significant loss of quality [208, 211–214].

 The preanalytical guidelines have been designed 
to fit different empirical endpoints, according to 
their specifications shown in Fig. 3.

Analytic phase
DNA pre-amplification methods are commonly used to 
reach minimum input criteria for downstream molecu-
lar analysis in mutation detection. Targeted pre-amplifi-
cation of a stretch of cirDNA containing a mutation has 
previously been shown to generate appropriate template 
amounts for ddPCR [215]. However, it is applicable for 
methylated cirDNA only after bisulfite conversion.

Whole-genome amplification (WGA) methods have 
been optimized for naturally short and fractured cirDNA 
models, particularly when cirDNA is present in only 
finite or trace quantities [216]. Different WGA kits use a 
sample input of 5–10  ng. Multiple displacement ampli-
fication (MDA) is a recently described method of WGA 
that has proven efficient in the amplification of small 

amounts of DNA, including DNA from single cells (the 
amount of 6.6 pg) [217]. Since MDA could analyze long 
and intact genomic DNA from single-cell genomes, it is 
not suggested for cirDNA [218].

cirDNA methylation detection methods
DNA pre-amplification methods are commonly used to 
reach minimum input criteria for downstream molecu-
lar analysis in mutation detection. In general, cirDNA 
methylation detection methods can be divided into 
bisulfite conversion- and non-bisulfite conversion-based 
techniques. Given that the focus of this review was the 
pre-analytic phase, we only provide a brief overview of 
the recent analytic methods for the detection of cirDNA 
methylation in Fig. 4.

Conclusions
We have systematically reviewed current literatures on 
cirDNA to explore the influence of pre-analytical factors 
in the methylation analysis of cirDNA on the quality and/
or yield of cirDNA.

The guidelines of pre-analytic stages for methylation 
and mutation detection are different since methylation 
in contrast to mutation is not stable as it could be lost 
during PCR reactions. Methylation detection of ctDNA 
fragments is challenging because of the low abundance 
of methylated nucleic acids compared with background 
DNA [198, 219]. Methylation detection of cirDNA usu-
ally requires several laborious steps, as well as transfers 
between multiple tubes, thus resulting in the loss of 
samples, increased contamination, high operator error 
rates, and data variation [220]. Its analysis remains a frag-
mented process, since DNA extraction, bisulfite treat-
ment of DNA, and methylation detection are carried out 
separately [196].

It had recently been documented that, for pre-analyt-
ical variables, the choice of blood collection tubes [78], 
cirDNA extraction [221], and bisulfite conversion meth-
ods could affect the detection of cirDNA methylation 
[222]. The fact that each selected system has a different 
return of cirDNA [75] confirms the importance of pre-
analytical analysis in enhancing the sensitivity of the 
detection phase for a routine clinical exercise [63].

In this review, we have summarized the methodologies 
that we recommend as best practices in cirDNA process-
ing for methylation analysis. It helps research groups to 
identify variability among different methods for cirDNA 
methylation analysis, and further promotes the applica-
tion of cirDNA in multi-center clinical trials as a step 
towards clinical adoption.

To sum up, the choice of pre-analytical variables can 
affect the identification of cirDNA methylation. Indeed, 
different techniques give a different return of cirDNA, 
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Fig. 3 A pre‑analytical guideline for cirDNA methylation analysis
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(See figure on next page.)
Fig. 4 cirDNA Methylation Detection Methods. Methods for the detection of cirDNA methylation can be divided into two groups: (1) Methods 
based on bisulfite conversion. These techniques are presented as the gold standard for DNA methylation studies. Bisulfite conversion typically 
causes significant deterioration of DNA, resulting in the loss of some essential information, especially when the input cirDNA is low [183]. Bisulfite 
conversion methods include: (a) Whole‑Genome Bisulfite Sequencing (WGBS), initially established to map the human DNA methylomes [223]. 
WGBS is currently the most comprehensive DNA methylation profiling technology [224] with the ability to identify cytosines’ methylation state, 
including regions with low CpG density as well as non‑CpG sites (CpA, CpT, and CpC). It is an expensive technique, especially when producing 
high‑depth data, which requires only 30 ng of human input DNA. Other approaches, such as single‑cell bisulfite sequencing (scBS‑Seq) [225] and 
single‑cell whole‑genome bisulfite sequencing (scWGBS), have been established to address the rising demand for low‑input DNA analysis [226]. 
(b) Post‑bisulfite adaptor tagging (PBAT) is a very effective method for creating libraries for WGBS with low input DNA. PBAT adds adapters to 
bisulfite‑converted genomic DNA to bypass the DNA degradation inherent in standard WGBS protocols, triggered by bisulfite. PBAT is a PCR‑free 
approach that adds adaptors after bisulfite treatment to avoid bisulfite‑induced DNA library degradation, thus it can create a library starting from 
125 pg of DNA [227, 228]. (c) Reduced‑Representation Bisulfite Sequencing (RRBS) was employed to make DNA methylome analysis cost‑effective 
by combining MspI digestion and bisulfite conversion for the study of regions enriched in CpGs, which requires extremely low input DNA 
(10–300 ng) [229, 230]. (d) Methylated CpG Tandems Amplification and Sequencing (MCTA‑Seq) is a highly sensitive method for the identification 
of hypermethylated CpG islands [231] that uses a primer harboring a semi‑random sequence, a special molecular identifier (UMI) sequence, and 
an anchor sequence, to amplify the DNA transformed with bisulfite at the 3’‑end.. This highly sensitive technique will work with as little as 7.5 pg 
of genomic DNA, which is equal to 2.5 copies of the haploid genome [232]. (e) Bisulfite padlock probes (BSPP), where bisulfite‑converted DNA is 
isolated using specific probes which contain two short capture sequences connected via a standard linker sequence [233, 234]. This method can 
be performed on low DNA input as low as 10–15 ng [235]. A unique feature of BSPP is its ability to be incorporated into a capture reaction across 
hundreds of samples resulting in more than 97% specificity. (f) Methylation array: Illumina’s MethylationEPIC ‘850 K’ Bead Chip is an excellent tool 
for quantitative methylation analysis at a single CpG site level. It enables the interrogation of over 850,000 methylation sites, selected by experts 
[236]. One drawback of array‑based approaches, however, is the low genome‑wide coverage of entire methylation regions, leading to the lack 
of some genome methylation contents [237]. (g) Methylation‑specific PCR (MSP) where two different methylation‑specific primer sets against 
target DNA are used to amplify methylated DNA converted with bisulfite and untreated DNA. In an unmethylated state, the unmethylated primer 
is unique to bisulfite converted DNA [238]. Several quantitative MSP (qMSP) methods have been established using real‑time PCR [239–241]. For 
methylation detection, the methylation‑sensitive high‑resolution melting analysis (MS‑HRM) technique has also been created [242]. However, 
our group has found that optimizing this method can be laborious and, in some cases, may have unreliable. (2) Methods based on non‑bisulfite 
conversion. In order to overcome the limitations of bisulfite conversion, several non‑bisulfite conversion techniques have been developed. 
The restriction enzyme‑based method is a conventional approach for methylation analysis, which commonly uses two types of methylation 
restriction enzymes (MREs): methylation‑sensitive enzymes, which cleave only unmethylated DNA; and methylation‑insensitive enzymes, which 
cleave DNA regardless of the methylation status at the recognition sites [172]. Non‑bisulfite conversion methods are categorized as (2.1) Affinity 
enrichment‑based methods, where anti‑methylcytosine antibodies or methyl‑CpG binding proteins are used to pull down the methylated 
genomic fragments, while stringent washing eliminates unmethylated fractions. These enrichment‑based approaches have not only demonstrated 
comparable sensitivity to and marginally greater precision than WGBS methods but have also demonstrated additional benefits [243]. They include: 
(a) Nanopore sequencing technology makes significant advances in the detection of DNA methylation with an accuracy of 92–98%. It works based 
on immersing a high‑resistance film with protein nanopores in an aqueous ion solution[244–246]. (b) Methylated DNA Immunoprecipitation 
Sequencing (MeDIP‑Seq) was initially established as a method for the immunoprecipitation of methylated DNA [203]. Due to inadequate 
methylation enrichment, a minimum input of 50 ng DNA is recommended [247] and in practice, the DNA amount in plasma limits the application 
of this method. Cell‑free methylated DNA immunoprecipitation and high‑throughput sequencing (cfMeDIP‑Seq) has been established to employ 
MeDIP‑Seq for low‑input cirDNA [67]. (c) Methyl‑CpG Binding Domain Protein Capture Sequencing (MBD‑Seq). The methyl‑CpG binding domain 
in methyl‑CpG binding proteins may be used instead of immunoprecipitation to pulldown DNA methylated regions using magnetic beads [204]. 
MBD‑based enrichment has been shown to outperform MeDIP in regions with a high CpG density and to classify the largest proportion of CGIs 
[248]. (d) Methylated CpG Island Recovery Assay (MIRA‑Seq) that works based on the MBD2b/MDB3L1 complex high affinity for double‑stranded 
methylated DNA, enabling the isolation of methylated DNA without the use of bisulfite conversion or antibodies. MIRA can detect methylated CpG 
nucleotides with low methylation density and can be used in combination with microarrays or NGS [249]. (2.2) 5‑Hydroxymethylation profiling 
methods. Emerging data suggest that 5hmC not only serves as a generally stable epigenetic marker [250], but also interacts with tumorigenesis 
and tumor development [251]. They include: (a) 5hmC‑Seal (aka hMe‑Seal) where azide‑modified glucose is produced by β‑glucosyltransferase 
and then biotinylated through click chemistry. Since 5hmC‑Seal can work with ultra‑low amounts of input DNA (about 5 ng), this technology is 
very useful for liquid biopsy [252, 253]. (b) hmC‑CATCH is a bisulfite‑free method for genome‑wide identification of 5hmC requiring only nanoscale 
input genomic DNA samples [254]. This approach is based on the 5‑formylcytosine (5fC) blocking method, 5hmC to 5fC selective oxidation, 
newly created 5fC chemical labeling, and C to T transformation during PCR amplification [254]. (c) Hydroxymethylated DNA Immunoprecipitation 
Sequencing (hMeDIP‑Seq) method is an updated version of MeDIP that enables the unique enrichment of DNAfragments harboring 5hmC [255]. 
hMeDIP requires immunoprecipitation using anti‑5hmC antibodies accompanied by downstream approaches including NGS, microarray, or PCR. (d) 
Oxidative Bisulfite Conversion. Cytosines in 5fC and 5‑carboxylcytosine (5caC) are not preserved after deamination by sodium bisulfite; this led to 
the development of oxidative bisulfite sequencing (OxBS‑Seq) [256] and TET‑assisted bisulfite sequencing (TAB‑Seq) [257]
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which confirms the importance of pre-analytical proce-
dures in clinical diagnostics.

Abbreviations
cirDNA: Circulating cell‑free DNA; ctDNA: Circulating tumor DNA; cfDNA: Cell‑
free DNA; NGS: Next generation sequencing; PCR: Polymerase chain reaction; 
qPCR: Quantitative PCR; LMW: Low molecular weight; HMW: High molecular 
weight; MREs: Methylation restriction enzymes; WGBS: Whole‑genome 
bisulfite sequencing; scBS‑Seq: Single‑cell bisulfite sequencing; scWGBS: 
Single‑cell whole‑genome bisulfite sequencing; RRBS: Reduced‑represen‑
tation bisulfite sequencing; CGIs: CpG islands; PBAT: Post‑bisulfite adaptor 
tagging; MCTA‑Seq: Methylated CpG tandems amplification and sequencing; 
BSPP: Bisulfite padlock probes; MSP: Methylation‑specific PCR; qMSP: Quantita‑
tive MSP; MS‑HRM: Methylation‑sensitive high‑resolution melting; MeDIP‑Seq: 
Methylated DNA immunoprecipitation sequencing; MBD‑Seq: Methyl‑CpG 
binding domain protein capture sequencing; MIRA‑Seq: Methylated CpG 
island recovery assay; CRC : Colorectal cancer; NSCLC: Non‑small‑cell lung 
cancer; HCC: Hepatocellular carcinoma; 5fC: 5‑Formylcytosine; hMeDIP‑Seq: 
Hydroxymethylated DNA immunoprecipitation sequencing; 5caC: 5‑Car‑
boxylcytosine; OxBS‑Seq: Oxidative bisulfite sequencing; TAB‑Seq: TET‑assisted 
bisulfite sequencing; HPLC: High‐performance liquid chromatography.

Acknowledgements
We would like to thank Reza Khayami for designing and preparing the figures.

Authors’ contributions
MAK and MA contributed equally to this work. MAK and ART were responsible 
for the article design and content. MA researched and wrote the body of the 
text. ART and SMJ edited the paper for publication and provided critical analy‑
sis for the surgical component. All authors read and approved the final review.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Analytic phase

1.1 NGS-based methods

a) WGBS
b) PBAT
c) RRBS
d) MCTA-Seq
e) BSPP

1.2 Non NGS-based methods

f) Methylation Array
g) MSP

a) Nanopore
b) MeDIP-Seq
c) MBD-Seq
d) MIRA-Seq

a) hMe-Seal
b) hmC-CATCH
c) hMeDIP-Seq

M

M

C C C C C TG GT A
M M

C C C C C TG GT A
M M

U C C U U TG GT A
M M

5hmC

5mC
5mC

5mC

5hmC

5hmC

Fig. 4 (See legend on previous page.)



Page 16 of 22Kerachian et al. Clin Epigenet          (2021) 13:193 

Author details
1 Medical Genetics Research Center, Mashhad University of Medical Sciences, 
Mashhad, Iran. 2 Department of Medical Genetics, Faculty of Medicine, Mash‑
had University of Medical Sciences, Mashhad, Iran. 3 Cancer Genetics Research 
Unit, Reza Radiotherapy and Oncology Center, Mashhad, Iran. 4 Department 
of Animal Science, Faculty of Agriculture, Ferdowsi University of Mashhad, 
Mashhad, Iran. 5 IRCM, Institute of Research in Oncology of Montpellier, Mont‑
pellier, France. 6 INSERM, U1194, Montpellier, France. 7 University of Montpel‑
lier, Montpellier, France. 8 ICM, Regional Institute of Cancer of Montpellier, 
Montpellier, France. 

Received: 4 June 2021   Accepted: 4 October 2021

References
 1. Bronkhorst AJ, Ungerer V, Diehl F, Anker P, Dor Y, Fleischhacker M, Gahan 

PB, Hui L, Holdenrieder S, Thierry AR. Towards systematic nomenclature 
for cell‑free DNA. Human Genet. 2020;140(4):565–78.

 2. Szilágyi M, Pös O, Márton É, Buglyó G, Soltész B, Keserű J, Penyige A, 
Szemes T, Nagy B. Circulating cell‑free nucleic acids: main characteris‑
tics and clinical application. Int J Mol Sci. 2020;21:6827.

 3. Han D, Li R, Shi J, Tan P, Zhang R, Li J. Liquid biopsy for infectious 
diseases: a focus on microbial cell‑free DNA sequencing. Theranostics. 
2020;10:5501.

 4. Wong FC, Lo YD. Prenatal diagnosis innovation: genome sequencing of 
maternal plasma. Annu Rev Med. 2016;67:419–32.

 5. Fu Y, Zhang Y, Khoo BL. Liquid biopsy technologies for hematological 
diseases. Med Res Rev. 2020;41:246–74.

 6. Kowarsky M, Camunas‑Soler J, Kertesz M, De Vlaminck I, Koh W, Pan 
W, Martin L, Neff NF, Okamoto J, Wong RJ. Numerous uncharacterized 
and highly divergent microbes which colonize humans are revealed by 
circulating cell‑free DNA. Proc Natl Acad Sci. 2017;114:9623–8.

 7. De Vlaminck I, Valantine HA, Snyder TM, Strehl C, Cohen G, Luikart H, 
Neff NF, Okamoto J, Bernstein D, Weisshaar D. Circulating cell‑free DNA 
enables noninvasive diagnosis of heart transplant rejection. Sci Transl 
Med. 2014;6:241ra277.

 8. Heitzer E, Ulz P, Geigl JB. Circulating tumor DNA as a liquid biopsy for 
cancer. Clin Chem. 2015;61:112–23.

 9. Luo H, Zhao Q, Wei W, Zheng L, Yi S, Li G, Wang W, Sheng H, Pu H, Mo 
H. Circulating tumor DNA methylation profiles enable early diagnosis, 
prognosis prediction, and screening for colorectal cancer. Sci Transl 
Med. 2020;12:eaax7533.

 10. Haller N, Helmig S, Taenny P, Petry J, Schmidt S, Simon P. Circulating, 
cell‑free DNA as a marker for exercise load in intermittent sports. PLoS 
ONE. 2018;13:e0191915.

 11. Wan JC, Massie C, Garcia‑Corbacho J, Mouliere F, Brenton JD, Caldas 
C, Pacey S, Baird R, Rosenfeld N. Liquid biopsies come of age: 
towards implementation of circulating tumour DNA. Nat Rev Cancer. 
2017;17:223.

 12. Kerachian MA, Poudineh A, Thiery JP. Cell free circulating tumor nucleic 
acids, a revolution in personalized cancer medicine. Crit Rev Oncol 
Hematol. 2019;144:102827.

 13. Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li M, Thornton K, 
Agrawal N, Sokoll L, Szabo SA, et al. Circulating mutant DNA to assess 
tumor dynamics. Nat Med. 2008;14:985–90.

 14. Kerachian MA, Javadmanesh A, Azghandi M, Mojtabanezhad Shari‑
atpanahi A, Yassi M, Shams Davodly E, Talebi A, Khadangi F, Soltani G, 
Hayatbakhsh A, Ghaffarzadegan K. Crosstalk between DNA methylation 
and gene expression in colorectal cancer, a potential plasma biomarker 
for tracing this tumor. Sci Rep. 2020;10:2813.

 15. Chan KC, Jiang P, Zheng YW, Liao GJ, Sun H, Wong J, Siu SS, Chan WC, 
Chan SL, Chan AT, et al. Cancer genome scanning in plasma: detection 
of tumor‑associated copy number aberrations, single‑nucleotide vari‑
ants, and tumoral heterogeneity by massively parallel sequencing. Clin 
Chem. 2013;59:211–24.

 16. Crowley E, Di Nicolantonio F, Loupakis F, Bardelli A. Liquid biopsy: 
monitoring cancer‑genetics in the blood. Nat Rev Clin Oncol. 
2013;10:472–84.

 17. Kormi SMA, Ardehkhani S, Kerachian MA. New insights into colo‑
rectal cancer screening and early detection tests. Colorectal Cancer. 
2017;6:63–8.

 18. Siravegna G, Marsoni S, Siena S, Bardelli A. Integrating liquid biopsies 
into the management of cancer. Nat Rev Clin Oncol. 2017;14:531–48.

 19. Thierry A, El Messaoudi S, Gahan P, Anker P, Stroun M. Origins, struc‑
tures, and functions of circulating DNA in oncology. Cancer Metastasis 
Rev. 2016;35:347–76.

 20. Guo XE, Ngo B, Modrek AS, Lee WH. Targeting tumor suppressor net‑
works for cancer therapeutics. Curr Drug Targets. 2014;15:2–16.

 21. Thierry AR, El Messaoudi S, Mollevi C, Raoul JL, Guimbaud R, Pezet D, 
Artru P, Assenat E, Borg C, Mathonnet M, et al. Clinical utility of circulat‑
ing DNA analysis for rapid detection of actionable mutations to select 
metastatic colorectal patients for anti‑EGFR treatment. Ann Oncol. 
2017;28:2149–59.

 22. Otandault A, Anker P, Al Amir Dache Z, Guillaumon V, Meddeb R, Pastor 
B, Pisareva E, Sanchez C, Tanos R, Tousch G, et al. Recent advances in 
circulating nucleic acids in oncology. Ann Oncol. 2019;30:374–84.

 23. Johansson G, Andersson D, Filges S, Li J, Muth A, Godfrey TE, Stahlberg 
A. Considerations and quality controls when analyzing cell‑free tumor 
DNA. Biomol Detect Quant. 2019;17:100078.

 24. Meddeb R, Pisareva E, Thierry AR. Guidelines for the preanalytical condi‑
tions for analyzing circulating cell‑free DNA. Clin Chem. 2019;65:623–33.

 25. Alvarez H, Opalinska J, Zhou L, Sohal D, Fazzari MJ, Yu Y, Montagna C, 
Montgomery EA, Canto M, Dunbar KB, et al. Widespread hypometh‑
ylation occurs early and synergizes with gene amplification during 
esophageal carcinogenesis. PLoS Genet. 2011;7:e1001356.

 26. Liu M, Oxnard G, Klein E, Swanton C, Seiden M, Liu MC, Oxnard GR, 
Klein EA, Smith D, Richards D. Sensitive and specific multi‑cancer 
detection and localization using methylation signatures in cell‑free 
DNA. Ann Oncol. 2020;31:745–59.

 27. Moosavi A, Motevalizadeh Ardekani A. Role of epigenetics in biology 
and human diseases. Iran Biomed J. 2016;20:246–58.

 28. Portela A, Esteller M. Epigenetic modifications and human disease. 
Nat Biotechnol. 2010;28:1057.

 29. Moore LD, Le T, Fan G. DNA methylation and its basic function. Neu‑
ropsychopharmacology. 2013;38:23–38.

 30. Iyer LM, Zhang D, Aravind L. Adenine methylation in eukaryotes: 
apprehending the complex evolutionary history and functional 
potential of an epigenetic modification. BioEssays. 2016;38:27–40.

 31. Irizarry RA, Ladd‑Acosta C, Wen B, Wu Z, Montano C, Onyango P, Cui 
H, Gabo K, Rongione M, Webster M, et al. The human colon cancer 
methylome shows similar hypo‑ and hypermethylation at conserved 
tissue‑specific CpG island shores. Nat Genet. 2009;41:178–86.

 32. Baylin SB, Jones PA. Epigenetic determinants of cancer. Cold Spring 
Harb Perspect Biol. 2016;8:e711–22.

 33. Fraga MF, Esteller M. DNA methylation: a profile of methods and 
applications. Biotechniques. 2002;33:632–49.

 34. Stastny I, Dankova Z, Kajo K, Kubatka P, Golubnitschaja O, Zubor P. 
Aberrantly methylated cfDNA in body fluids as a promising diag‑
nostic tool for early detection of breast cancer. Clin Breast Cancer. 
2020;20(6):e711–22.

 35. Orntoft M‑BW. Review of blood‑based colorectal cancer screening: 
how far are circulating cell‑free DNA methylation markers from clini‑
cal implementation? Clin Colorectal Cancer. 2018;17:E415–33.

 36. Kanwal R, Gupta S. Epigenetic modifications in cancer. Clin Genet. 
2012;81:303–11.

 37. Vrba L, Futscher BW. A suite of DNA methylation markers that can 
detect most common human cancers. Epigenetics. 2018;13:61–72.

 38. Gai W, Sun K. Epigenetic biomarkers in cell‑free DNA and applications 
in liquid biopsy. Genes. 2019;10:32.

 39. Wu J, Hu S, Zhang L, Xin J, Sun C, Wang L, Ding K, Wang B. Tumor 
circulome in the liquid biopsies for cancer diagnosis and prognosis. 
Theranostics. 2020;10:4544.

 40. Ross JP, Rand KN, Molloy PL. Hypomethylation of repeated DNA 
sequences in cancer. Epigenomics. 2010;2:245–69.

 41. Pfeifer GP. Defining driver DNA methylation changes in human can‑
cer. Int J Mol Sci. 2018;19:1166.

 42. Ehrlich M. DNA hypomethylation in cancer cells. Epigenomics. 
2009;1:239–59.



Page 17 of 22Kerachian et al. Clin Epigenet          (2021) 13:193  

 43. Tzika E, Dreker T, Imhof A. Epigenetics and Metabolism in Health and 
Disease. Front Genet. 2018;9:361.

 44. Barres R, Zierath JR. DNA methylation in metabolic disorders. Am J 
Clin Nutr. 2011;93:897S‑900S.

 45. Mastroeni D, Grover A, Delvaux E, Whiteside C, Coleman PD, Rogers 
J. Epigenetic changes in Alzheimer’s disease: decrements in DNA 
methylation. Neurobiol Aging. 2010;31:2025–37.

 46. Bollati V, Galimberti D, Pergoli L, Dalla Valle E, Barretta F, Cortini F, 
Scarpini E, Bertazzi P, Baccarelli A. DNA methylation in repetitive ele‑
ments and Alzheimer disease. Brain Behav Immun. 2011;25:1078–83.

 47. Bakulski KM, Dolinoy DC, Sartor MA, Paulson HL, Konen JR, Lieber‑
man AP, Albin RL, Hu H, Rozek LS. Genome‑wide DNA methylation 
differences between late‑onset Alzheimer’s disease and cogni‑
tively normal controls in human frontal cortex. J Alzheimers Dis. 
2012;29:571–88.

 48. Quintero‑Ronderos P, Montoya‑Ortiz G. Epigenetics and autoimmune 
diseases. Autoimmune Dis. 2012;2012:593720.

 49. Sun B, Hu L, Luo Z‑Y, Chen X‑P, Zhou H‑H, Zhang W. DNA methyla‑
tion perspectives in the pathogenesis of autoimmune diseases. Clin 
Immunol. 2016;164:21–7.

 50. Chen S, Pu W, Guo S, Jin L, He D, Wang J. Genome‑wide DNA meth‑
ylation profiles reveal common epigenetic patterns of interferon‑
related genes in multiple autoimmune diseases. Front Genet. 
2019;10:223.

 51. Abi Khalil C. The emerging role of epigenetics in cardiovascular disease. 
Ther Adv Chronic Dis. 2014;5:178–87.

 52. Zhang Y, Zeng C. Role of DNA methylation in cardiovascular diseases. 
Clin Exp Hypertens. 2016;38:261–7.

 53. Kim M, Long TI, Arakawa K, Wang R, Yu MC, Laird PW. DNA methylation 
as a biomarker for cardiovascular disease risk. PLoS ONE. 2010;5:e9692.

 54. Zhang C, Yu W, Wang L, Zhao M, Guo Q, Lv S, Hu X, Lou J. DNA methyla‑
tion analysis of the SHOX2 and RASSF1A panel in bronchoalveolar 
lavage fluid for lung cancer diagnosis. J Cancer. 2017;8:3585–91.

 55. Yang X, Gao L, Zhang S. Comparative pan‑cancer DNA methylation 
analysis reveals cancer common and specific patterns. Brief Bioinform. 
2017;18:761–73.

 56. Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, Shen R, Taylor 
AM, Cherniack AD, Thorsson V, et al. Cell‑of‑origin patterns dominate 
the molecular classification of 10,000 tumors from 33 types of cancer. 
Cell. 2018;173:291–304.

 57. Mojtabanezhad Shariatpanahi A, Yassi M, Nouraie M, Sahebkar A, 
Varshoee Tabrizi F, Kerachian MA. The importance of stool DNA 
methylation in colorectal cancer diagnosis: a meta‑analysis. PLoS ONE. 
2018;13:e0200735.

 58. Rokni P, Shariatpanahi AM, Sakhinia E, Kerachian MA. BMP3 promoter 
hypermethylation in plasma‑derived cell‑free DNA in colorectal cancer 
patients. Genes Genom. 2018;40:423–8.

 59. Chen Q, Zhang ZH, Wang S, Lang JH. Circulating cell‑free DNA or 
circulating tumor DNA in the management of ovarian and endometrial 
cancer. Onco Targets Ther. 2019;12:11517–30.

 60. Fiala C, Diamandis EP. New approaches for detecting cancer with circu‑
lating cell‑free DNA. BMC Med. 2019;17:159.

 61. Neumann MHD, Bender S, Krahn T, Schlange T. ctDNA and CTCs in 
liquid biopsy—current status and where we need to progress. Comput 
Struct Biotechnol J. 2018;16:190–5.

 62. Chen D, Xu T, Wang S, Chang H, Yu T, Zhu Y, Chen J. Correction to: Liquid 
biopsy applications in the clinic. Mol Diagn Ther. 2020;24:133.

 63. Mouliere F, El Messaoudi S, Pang D, Dritschilo A, Thierry AR. Multi‑
marker analysis of circulating cell‑free DNA toward personalized 
medicine for colorectal cancer. Mol Oncol. 2014;8:927–41.

 64. Zemmour H, Planer D, Magenheim J, Moss J, Neiman D, Gilon D, Korach 
A, Glaser B, Shemer R, Landesberg G. Non‑invasive detection of human 
cardiomyocyte death using methylation patterns of circulating DNA. 
Nat Commun. 2018;9:1–9.

 65. Fleischhacker M, Schmidt B. Pre‑analytical issues in liquid biopsy–where 
do we stand? J Lab Med. 2020;44(3):117–42.

 66. Gorgannezhad L, Umer M, Islam MN, Nguyen N‑T, Shiddiky MJ. Circulat‑
ing tumor DNA and liquid biopsy: opportunities, challenges, and recent 
advances in detection technologies. Lab Chip. 2018;18:1174–96.

 67. Shen SY, Singhania R, Fehringer G, Chakravarthy A, Roehrl MH, Chad‑
wick D, Zuzarte PC, Borgida A, Wang TT, Li T. Sensitive tumour detection 

and classification using plasma cell‑free DNA methylomes. Nature. 
2018;563:579–83.

 68. Xue VW, Wong CSC, Cho WCS. Early detection and monitoring of cancer 
in liquid biopsy: advances and challenges. Expert Rev Mol Diagn. 
2019;19:273–6.

 69. Castro‑Giner F, Gkountela S, Donato C, Alborelli I, Quagliata L, Ng CK, 
Piscuoglio S, Aceto N. Cancer diagnosis using a liquid biopsy: chal‑
lenges and expectations. Diagnostics. 2018;8:31.

 70. Salvianti F, Gelmini S, Costanza F, Mancini I, Sonnati G, Simi L, Pazzagli M, 
Pinzani P. The pre‑analytical phase of the liquid biopsy. New Biotechnol. 
2020;55:19–29.

 71. Newman AM, Bratman SV, To J, Wynne JF, Eclov NC, Modlin LA, Liu CL, 
Neal JW, Wakelee HA, Merritt RE, et al. An ultrasensitive method for 
quantitating circulating tumor DNA with broad patient coverage. Nat 
Med. 2014;20:548–54.

 72. Newman AM, Lovejoy AF, Klass DM, Kurtz DM, Chabon JJ, Scherer F, 
Stehr H, Liu CL, Bratman SV, Say C, et al. Integrated digital error suppres‑
sion for improved detection of circulating tumor DNA. Nat Biotechnol. 
2016;34:547–55.

 73. Fleischhacker M, Schmidt B, Weickmann S, Fersching DM, Leszinski GS, 
Siegele B, Stotzer OJ, Nagel D, Holdenrieder S. Methods for isolation 
of cell‑free plasma DNA strongly affect DNA yield. Clin Chim Acta. 
2011;412:2085–8.

 74. Sorber L, Zwaenepoel K, Deschoolmeester V, Roeyen G, Lardon F, Rolfo 
C, Pauwels P. A comparison of cell‑free DNA isolation kits: isolation and 
quantification of cell‑free DNA in plasma. J Mol Diagn. 2017;19:162–8.

 75. Sherwood JL, Corcoran C, Brown H, Sharpe AD, Musilova M, Kohlmann 
A. Optimised pre‑analytical methods improve KRAS mutation detection 
in circulating tumour DNA (ctDNA) from patients with non‑small cell 
lung cancer (NSCLC). PLoS ONE. 2016;11:e0150197.

 76. Trigg R, Martinson L, Parpart‑Li S, Shaw J. Factors that influence quality 
and yield of circulating‑free DNA: a systematic review of the methodol‑
ogy literature. Heliyon. 2018;4:e00699.

 77. Meddeb R, Dache ZAA, Thezenas S, Otandault A, Tanos R, Pastor B, 
Sanchez C, Azzi J, Tousch G, Azan S, et al. Quantifying circulating cell‑
free DNA in humans. Sci Rep. 2019;9:5220.

 78. Markus H, Contente‑Cuomo T, Farooq M, Liang WS, Borad MJ, Sivaku‑
mar S, Gollins S, Tran NL, Dhruv HD, Berens ME, et al. Evaluation of pre‑
analytical factors affecting plasma DNA analysis. Sci Rep. 2018;8:7375.

 79. Bronkhorst AJ, Ungerer V, Holdenrieder S. The emerging role of cell‑free 
DNA as a molecular marker for cancer management. Biomol Detect 
Quant. 2019;17:100087.

 80. Kustanovich A, Schwartz R, Peretz T, Grinshpun A. Life and death of 
circulating cell‑free DNA. Cancer Biol Ther. 2019;20:1057–67.

 81. Locke WJ, Guanzon D, Ma C, Liew YJ, Duesing KR, Fung KYC, Ross JP. 
DNA methylation cancer biomarkers: translation to the clinic. Front 
Genet. 2019;10:1150.

 82. Gai W, Sun K. Epigenetic biomarkers in cell‑free DNA and applications in 
liquid biopsy. Genes (Basel). 2019;10:32.

 83. Marrugo‑Ramirez J, Mir M, Samitier J. Blood‑based cancer biomarkers in 
liquid biopsy: a promising non‑invasive alternative to tissue biopsy. Int J 
Mol Sci. 2018;19:2877.

 84. Lam NY, Rainer TH, Chiu RW, Lo YM. EDTA is a better anticoagulant 
than heparin or citrate for delayed blood processing for plasma DNA 
analysis. Clin Chem. 2004;50:256–7.

 85. Bowen RA, Remaley AT. Interferences from blood collection tube 
components on clinical chemistry assays. Biochem Med (Zagreb). 
2014;24:31–44.

 86. Kim DJ, Linnstaedt S, Palma J, Park JC, Ntrivalas E, Kwak‑Kim JY, 
Gilman‑Sachs A, Beaman K, Hastings ML, Martin JN, Duelli DM. Plasma 
components affect accuracy of circulating cancer‑related microRNA 
quantitation. J Mol Diagn. 2012;14:71–80.

 87. Sato A, Nakashima C, Abe T, Kato J, Hirai M, Nakamura T, Komiya K, 
Kimura S, Sueoka E, Sueoka‑Aragane N. Investigation of appropriate 
pre‑analytical procedure for circulating free DNA from liquid biopsy. 
Oncotarget. 2018;9:31904–14.

 88. Groen K, Lea RA, Maltby VE, Scott RJ, Lechner‑Scott J. Letter to the 
editor: blood processing and sample storage have negligible effects on 
methylation. Clin Epigenet. 2018;10:22.

 89. Page K, Hava N, Ward B, Brown J, Guttery DS, Ruangpratheep C, Blighe 
K, Sharma A, Walker RA, Coombes RC, Shaw JA. Detection of HER2 



Page 18 of 22Kerachian et al. Clin Epigenet          (2021) 13:193 

amplification in circulating free DNA in patients with breast cancer. Br J 
Cancer. 2011;104:1342–8.

 90. Swinkels DW, Wiegerinck E, Steegers EA, de Kok JB. Effects of blood‑
processing protocols on cell‑free DNA quantification in plasma. Clin 
Chem. 2003;49:525–6.

 91. Gillio‑Meina C, Cepinskas G, Cecchini EL, Fraser DD. Translational 
research in pediatrics II: blood collection, processing, shipping, and 
storage. Pediatrics. 2013;131:754–66.

 92. Alidousty C, Brandes D, Heydt C, Wagener S, Wittersheim M, Schafer 
SC, Holz B, Merkelbach‑Bruse S, Buttner R, Fassunke J, Schultheis AM. 
Comparison of blood collection tubes from three different manufactur‑
ers for the collection of cell‑free DNA for liquid biopsy mutation testing. 
J Mol Diagn. 2017;19:801–4.

 93. Parackal S, Zou D, Day R, Black M, Guilford P. Comparison of Roche 
cell‑free DNA collection Tubes ((R)) to streck cell‑free DNA BCT 
((R)) s for sample stability using healthy volunteers. Pract Lab Med. 
2019;16:e00125.

 94. Greytak SR, Engel KB, Parpart‑Li S, Murtaza M, Bronkhorst AJ, Pertile 
MD, Moore HM. Harmonizing cell‑free DNA collection and process‑
ing practices through evidence‑based guidance. Clin Cancer Res. 
2020;26:3104–9.

 95. Warton K, Yuwono NL, Cowley MJ, McCabe MJ, So A, Ford CE. Evaluation 
of streck BCT and PAXgene stabilised blood collection tubes for cell‑
free circulating DNA studies in plasma. Mol Diagn Ther. 2017;21:563–70.

 96. Lippi G, Bonelli P, Bonfanti L, Cervellin G. The use of S‑Monovette is 
effective to reduce the burden of hemolysis in a large urban emer‑
gency department. Biochem Med (Zagreb). 2015;25:69–72.

 97. Zhao Y, Li Y, Chen P, Li S, Luo J, Xia H. Performance comparison of blood 
collection tubes as liquid biopsy storage system for minimizing cfDNA 
contamination from genomic DNA. J Clin Lab Anal. 2019;33:e22670.

 98. Medina Diaz I, Nocon A, Mehnert DH, Fredebohm J, Diehl F, Holtrup F. 
Performance of streck cfDNA blood collection tubes for liquid biopsy 
testing. PLoS ONE. 2016;11:e0166354.

 99. Van Paemel R, De Koker A, Caggiano C, Morlion A, Mestdagh P, De Wilde 
B, Vandesompele J, De Preter K. Genome‑wide study of the effect of 
blood collection tubes on the cell‑free DNA methylome. bioRxiv. 2020.

 100. Bartak BK, Kalmar A, Galamb O, Wichmann B, Nagy ZB, Tulassay Z, 
Dank M, Igaz P, Molnar B. Blood collection and cell‑free DNA isolation 
methods influence the sensitivity of liquid biopsy analysis for colorectal 
cancer detection. Pathol Oncol Res. 2019;25:915–23.

 101. Volik S, Alcaide M, Morin RD, Collins C. Cell‑free DNA (cfDNA): clinical 
significance and utility in cancer shaped by emerging technologies. 
Mol Cancer Res. 2016;14:898–908.

 102. Parpart‑Li S, Bartlett B, Popoli M, Adleff V, Tucker L, Steinberg R, Georgi‑
adis A, Phallen J, Brahmer J, Azad N, et al. The effect of preservative and 
temperature on the analysis of circulating tumor DNA. Clin Cancer Res. 
2017;23:2471–7.

 103. Risberg B, Tsui DWY, Biggs H, de Almagro ARVM, Dawson SJ, Hodgkin C, 
Jones L, Parkinson C, Piskorz A, Marass F, et al. Effects of collection and 
processing procedures on plasma circulating cell‑free DNA from cancer 
patients. J Mol Diagn. 2018;20:883–92.

 104. Kang Q, Henry NL, Paoletti C, Jiang H, Vats P, Chinnaiyan AM, Hayes 
DF, Merajver SD, Rae JM, Tewari M. Comparative analysis of circulating 
tumor DNA stability In K3EDTA, streck, and cell save blood collection 
tubes. Clin Biochem. 2016;49:1354–60.

 105. Shiwa Y, Hachiya T, Furukawa R, Ohmomo H, Ono K, Kudo H, Hata J, 
Hozawa A, Iwasaki M, Matsuda K, et al. Adjustment of cell‑type com‑
position minimizes systematic bias in blood DNA methylation profiles 
derived by DNA collection protocols. PLoS ONE. 2016;11:e0147519.

 106. Bulla A, De Witt B, Ammerlaan W, Betsou F, Lescuyer P. Blood DNA yield 
but not integrity or methylation is impacted after long‑term storage. 
Biopreserv Biobank. 2016;14:29–38.

 107. Hebels DG, Georgiadis P, Keun HC, Athersuch TJ, Vineis P, Vermeulen 
R, Portengen L, Bergdahl IA, Hallmans G, Palli D, et al. Performance in 
omics analyses of blood samples in long‑term storage: opportuni‑
ties for the exploitation of existing biobanks in environmental health 
research. Environ Health Perspect. 2013;121:480–7.

 108. Huang LH, Lin PH, Tsai KW, Wang LJ, Huang YH, Kuo HC, Li SC. The 
effects of storage temperature and duration of blood samples on DNA 
and RNA qualities. PLoS ONE. 2017;12:e0184692.

 109. Barra GB, Santa Rita TH, de Almeida VJ, Chianca CF, Nery LF. Santana 
Soares Costa S: EDTA‑mediated inhibition of DNases protects circulat‑
ing cell‑free DNA from ex vivo degradation in blood samples. Clin 
Biochem. 2015;48:976–81.

 110. Rozga M, Bittner T, Batrla R, Karl J. Preanalytical sample handling recom‑
mendations for Alzheimer’s disease plasma biomarkers. Alzheimers 
Dement (Amst). 2019;11:291–300.

 111. Jensen SO, Ogaard N, Nielsen HJ, Bramsen JB, Andersen CL. Enhanced 
performance of DNA methylation markers by simultaneous measure‑
ment of sense and antisense DNA strands after cytosine conversion. 
Clin Chem. 2020;66:925–33.

 112. Dewitte A, Tanga A, Villeneuve J, Lepreux S, Ouattara A, Desmouliere 
A, Combe C, Ripoche J. New frontiers for platelet CD154. Exp Hematol 
Oncol. 2015;4:6.

 113. Stawski R, Walczak K, Perdas E, Wlodarczyk A, Sarniak A, Kosielski P, 
Meissner P, Budlewski T, Padula G, Nowak D. Decreased integrity of 
exercise‑induced plasma cell free nuclear DNA ‑ negative association 
with the increased oxidants production by circulating phagocytes. Sci 
Rep. 2019;9:15970.

 114. El Messaoudi S, Rolet F, Mouliere F, Thierry AR. Circulating cell free DNA: 
preanalytical considerations. Clin Chim Acta. 2013;424:222–30.

 115. Chan KC, Yeung SW, Lui WB, Rainer TH, Lo YM. Effects of preanalytical 
factors on the molecular size of cell‑free DNA in blood. Clin Chem. 
2005;51:781–4.

 116. Holdenrieder S, Burges A, Reich O, Spelsberg FW, Stieber P. DNA 
integrity in plasma and serum of patients with malignant and benign 
diseases. Ann N Y Acad Sci. 2008;1137:162–70.

 117. Thierry AR, Mouliere F, Gongora C, Ollier J, Robert B, Ychou M, Del 
Rio M, Molina F. Origin and quantification of circulating DNA in 
mice with human colorectal cancer xenografts. Nucleic Acids Res. 
2010;38:6159–75.

 118. Kloten V, Ruchel N, Bruchle NO, Gasthaus J, Freudenmacher N, Steib F, 
Mijnes J, Eschenbruch J, Binnebosel M, Knuchel R, Dahl E. Liquid biopsy 
in colon cancer: comparison of different circulating DNA extraction 
systems following absolute quantification of KRAS mutations using 
Intplex allele‑specific PCR. Oncotarget. 2017;8:86253–63.

 119. Morgan SR, Whiteley J, Donald E, Smith J, Eisenberg MT, Kallam E, 
Kam‑Morgan L. Comparison of KRAS mutation assessment in tumor 
DNA and circulating free DNA in plasma and serum samples. Clin Med 
Insights Pathol. 2012;5:15–22.

 120. Livesey JH, Ellis MJ, Evans MJ. Pre‑analytical requirements. Clin Biochem 
Rev. 2008;29(Suppl 1):S11‑15.

 121. Lui YY, Chik K‑W, Lo YD. Does centrifugation cause the ex vivo release of 
DNA from blood cells? Clin Chem. 2002;48:2074–6.

 122. Raymond CK, Hernandez J, Karr R, Hill K, Li M. Collection of cell‑free 
DNA for genomic analysis of solid tumors in a clinical laboratory setting. 
PLoS ONE. 2017;12:e0176241.

 123. Toth K, Sipos F, Kalmar A, Patai AV, Wichmann B, Stoehr R, Golcher H, 
Schellerer V, Tulassay Z, Molnar B. Detection of methylated SEPT9 in 
plasma is a reliable screening method for both left‑ and right‑sided 
colon cancers. PLoS ONE. 2012;7:e46000.

 124. Wang P, Bahreini A, Gyanchandani R, Lucas PC, Hartmaier RJ, Watters RJ, 
Jonnalagadda AR, Trejo Bittar HE, Berg A, Hamilton RL, et al. Sensitive 
detection of mono‑ and polyclonal ESR1 mutations in primary tumors, 
metastatic lesions, and cell‑free DNA of breast cancer patients. Clin 
Cancer Res. 2016;22:1130–7.

 125. Chiu RW, Poon LL, Lau TK, Leung TN, Wong EM, Lo YD. Effects of blood‑
processing protocols on fetal and total DNA quantification in maternal 
plasma. Clin Chem. 2001;47:1607–13.

 126. Tuck MK, Chan DW, Chia D, Godwin AK, Grizzle WE, Krueger KE, Rom 
W, Sanda M, Sorbara L, Stass S, et al. Standard operating procedures for 
serum and plasma collection: early detection research network con‑
sensus statement standard operating procedure integration working 
group. J Proteome Res. 2009;8:113–7.

 127. Lee H, Park C, Na W, Park KH, Shin S. Precision cell‑free DNA extraction 
for liquid biopsy by integrated microfluidics. NPJ Precis Oncol. 2020;4:3.

 128. Lippi G, Plebani M, Di Somma S, Cervellin G. Hemolyzed specimens: a 
major challenge for emergency departments and clinical laboratories. 
Crit Rev Clin Lab Sci. 2011;48:143–53.

 129. Cadamuro J, von Meyer A, Wiedemann H, Klaus Felder T, Moser F, 
Kipman U, Haschke‑Becher E, Mrazek C, Simundic AM. Hemolysis rates 



Page 19 of 22Kerachian et al. Clin Epigenet          (2021) 13:193  

in blood samples: differences between blood collected by clinicians 
and nurses and the effect of phlebotomy training. Clin Chem Lab Med. 
2016;54:1987–92.

 130. Sepetiene R, Sidlauskiene R, Patamsyte V. Plasma for laboratory diagnos‑
tics. In: Tutar Y, Tutar L, editors. Plasma medicine‑concepts and clinical 
applications. London: IntechOpen; 2018.

 131. Thierry AR, Pastor B, Jiang ZQ, Katsiampoura AD, Parseghian C, Loree JM, 
Overman MJ, Sanchez C, Messaoudi SE, Ychou M, Kopetz S. Circulat‑
ing DNA demonstrates convergent evolution and common resistance 
mechanisms during treatment of colorectal cancer. Clin Cancer Res. 
2017;23:4578–91.

 132. Li Y, Pan X, Roberts ML, Liu P, Kotchen TA, Cowley AW Jr, Mattson DL, Liu 
Y, Liang M, Kidambi S. Stability of global methylation profiles of whole 
blood and extracted DNA under different storage durations and condi‑
tions. Epigenomics. 2018;10:797–811.

 133. Sozzi G, Roz L, Conte D, Mariani L, Andriani F, Verderio P, Pastorino U. 
Effects of prolonged storage of whole plasma or isolated plasma DNA 
on the results of circulating DNA quantification assays. J Natl Cancer 
Inst. 2005;97:1848–50.

 134. Pös Z, Pös O, Styk J, Mocova A, Strieskova L, Budis J, Kadasi L, Radvan‑
szky J, Szemes T. Technical and methodological aspects of cell‑free 
nucleic acids analyzes. Int J Mol Sci. 2020;21:8634.

 135. Bronkhorst AJ, Aucamp J, Pretorius PJ. Cell‑free DNA: preanalytical vari‑
ables. Clin Chim Acta. 2015;450:243–53.

 136. El Messaoudi S, Thierry AR. Pre‑analytical requirements for analyzing 
nucleic acids from blood. In: Gahan P, editor. Circulating nucleic acids 
in early diagnosis, prognosis and treatment monitoring. Springer: 
Dordrecht; 2015. p. 45–69.

 137. Merker JD, Oxnard GR, Compton C, Diehn M, Hurley P, Lazar AJ, Linde‑
man N, Lockwood CM, Rai AJ, Schilsky RL, et al. Circulating tumor DNA 
analysis in patients with cancer: American Society of Clinical Oncology 
and College of American Pathologists Joint Review. Arch Pathol Lab 
Med. 2018;142:1242–53.

 138. Bronkhorst AJ, Ungerer V, Holdenrieder S. Comparison of methods for 
the isolation of cell‑free DNA from cell culture supernatant. Tumor Biol. 
2020;42:1010428320916314.

 139. Jain M, Balatsky AV, Revina DB, Samokhodskaya LM. Direct comparison 
of QIAamp DSP Virus Kit and QIAamp Circulating Nucleic Acid Kit 
regarding cell‑free fetal DNA isolation from maternal peripheral blood. 
Mol Cell Probes. 2019;43:13–9.

 140. Diefenbach RJ, Lee JH, Kefford RF, Rizos H. Evaluation of commercial kits 
for purification of circulating free DNA. Cancer Genet. 2018;228:21–7.

 141. Soriano‑Tarraga C, Jimenez‑Conde J, Giralt‑Steinhauer E, Ois A, Rodri‑
guez‑Campello A, Cuadrado‑Godia E, Fernandez‑Cadenas I, Montaner J, 
Lucas G, Elosua R, et al. DNA isolation method is a source of global DNA 
methylation variability measured with LUMA. Experimental analysis and 
a systematic review. PLoS ONE. 2013;8:e60750.

 142. Kerachian MA, Azghandi M, Javadmanesh A, Ghaffarzadegan K, 
Mozaffari‑Jovin S. Selective capture of plasma cell‑free tumor DNA on 
magnetic beads: a sensitive and versatile tool for liquid biopsy. Cell 
Oncol (Dordr). 2020;43:949–56.

 143. Lee H, Na W, Park C, Park KH, Shin S. Centrifugation‑free extraction of 
circulating nucleic acids using immiscible liquid under vacuum pres‑
sure. Sci Rep. 2018;8:5467.

 144. Goldshtein H, Hausmann MJ, Douvdevani A. A rapid direct fluorescent 
assay for cell‑free DNA quantification in biological fluids. Ann Clin 
Biochem. 2009;46:488–94.

 145. Breitbach S, Tug S, Helmig S, Zahn D, Kubiak T, Michal M, Gori T, Ehlert T, 
Beiter T, Simon P. Direct quantification of cell‑free, circulating DNA from 
unpurified plasma. PLoS ONE. 2014;9:e87838.

 146. Kadam SK, Farmen M, Brandt JT. Quantitative measurement of 
cell‑free plasma DNA and applications for detecting tumor genetic 
variation and promoter methylation in a clinical setting. J Mol Diagn. 
2012;14:346–56.

 147. Kerachian MA, Azghandi M, Javadmanesh A, Ghaffarzadegan K, 
Mozaffari‑Jovin S. Selective capture of plasma cell‑free tumor DNA on 
magnetic beads: a sensitive and versatile tool for liquid biopsy. Cell 
Oncol. 2020;43:949–56.

 148. Devonshire AS, Whale AS, Gutteridge A, Jones G, Cowen S, Foy CA, 
Huggett JF. Towards standardisation of cell‑free DNA measurement in 
plasma: controls for extraction efficiency, fragment size bias and quanti‑
fication. Anal Bioanal Chem. 2014;406:6499–512.

 149. Wilson SL, Shen SY, Harmon LM, Burgener JM, Bratman SV, Triche TJ, De 
Carvalho DD, Hoffman MM: Sensitive and reproducible cell‑free methyl‑
ome quantification with synthetic spike‑in controls. bioRxiv 2021.

 150. Knierim E, Lucke B, Schwarz JM, Schuelke M, Seelow D. Systematic 
comparison of three methods for fragmentation of long‑range PCR 
products for next generation sequencing. PLoS ONE. 2011;6:e28240.

 151. Fan HC, Blumenfeld YJ, Chitkara U, Hudgins L, Quake SR. Noninvasive 
diagnosis of fetal aneuploidy by shotgun sequencing DNA from mater‑
nal blood. Proc Natl Acad Sci. 2008;105:16266–71.

 152. Cavallone L, Aldamry M, Lafleur J, Lan C, Ginestet PG, Alirezaie N, Fer‑
rario C, Aguilar‑Mahecha A, Basik M. A study of pre‑analytical variables 
and optimization of extraction method for circulating tumor DNA 
measurements by digital droplet PCR. Cancer Epidemiol Prev Biomark. 
2019;28:909–16.

 153. Jeon K, Lee J, Lee J‑S, Kim M, Kim H‑S, Kang HJ, Lee YK. Quantification 
of cell‑free DNA: a comparative study of three different methods. J Lab 
Med Qual Assur. 2019;41:214–9.

 154. Lee EY, Lee EJ, Yoon H, Lee DH, Kim KH. Comparison of four commercial 
kits for isolation of urinary cell‑free DNA and sample storage conditions. 
Diagnostics (Basel). 2020;10:234.

 155. Mouliere F, Thierry AR, Larroque C. Detection of genetic alterations 
by nucleic acid analysis: use of PCR and mass spectroscopy‑based 
methods. In: Gahan P, editor. Circulating nucleic acids in early diagnosis, 
prognosis and treatment monitoring. Dordrecht: Springer; 2015. p. 
89–111.

 156. Liu Z‑J, Maekawa M. Polymerase chain reaction‑based methods of DNA 
methylation analysis. Anal Biochem. 2003;317:259–65.

 157. Ramachandran K, Speer CG, Fiddy S, Reis IM, Singal R. Free circulating 
DNA as a biomarker of prostate cancer: comparison of quantitation 
methods. Anticancer Res. 2013;33:4521–9.

 158. van Ginkel JH, van den Broek DA, van Kuik J, Linders D, de Weger R, 
Willems SM, Huibers MMH. Preanalytical blood sample workup for cell‑
free DNA analysis using Droplet Digital PCR for future molecular cancer 
diagnostics. Cancer Med. 2017;6:2297–307.

 159. Yua M, Willbanksa A, Gradya W. Methylation‑specific droplet digital PCR 
(MS‑ddPCR) for detection and absolute quantification of rare methyl‑
ated alleles☆. Epigenet Methods. 2020;18:63.

 160. Jensen SØ, Øgaard N, Ørntoft M‑BW, Rasmussen MH, Bramsen JB, 
Kristensen H, Mouritzen P, Madsen MR, Madsen AH, Sunesen KG. Novel 
DNA methylation biomarkers show high sensitivity and specificity 
for blood‑based detection of colorectal cancer—a clinical biomarker 
discovery and validation study. Clin Epigenet. 2019;11:1–14.

 161. Manokhina I, Singh TK, Penaherrera MS, Robinson WP. Quantification 
of cell‑free DNA in normal and complicated pregnancies: overcoming 
biological and technical issues. PLoS ONE. 2014;9:e101500.

 162. Mouliere F, El Messaoudi S, Gongora C, Guedj AS, Robert B, Del Rio M, 
Molina F, Lamy PJ, Lopez‑Crapez E, Mathonnet M, et al. Circulating cell‑
free DNA from colorectal cancer patients may reveal high KRAS or BRAF 
mutation load. Transl Oncol. 2013;6:319–28.

 163. Mojtabanezhad Shariatpanahi A, Rokni P, Shahabi E, Varshoee Tabrizi F, 
Kerachian MA. Simple and cost‑effective laboratory methods to evalu‑
ate and validate cell‑free DNA isolation. BMC Res Notes. 2018;11:757.

 164. Khetan D, Gupta N, Chaudhary R, Shukla JS. Comparison of UV spec‑
trometry and fluorometry‑based methods for quantification of cell‑free 
DNA in red cell components. Asian J Transfus Sci. 2019;13:95–9.

 165. Mouliere F, Robert B, Arnau Peyrotte E, Del Rio M, Ychou M, Molina 
F, Gongora C, Thierry AR. High fragmentation characterizes tumour‑
derived circulating DNA. PLoS ONE. 2011;6:e23418.

 166. Ellervik C, Vaught J. Preanalytical variables affecting the integrity of 
human biospecimens in biobanking. Clin Chem. 2015;61:914–34.

 167. Romanazzi V, Traversi D, Lorenzi E, Gilli G. Effects of freezing storage on 
the DNA extraction and microbial evaluation from anaerobic digested 
sludges. BMC Res Notes. 2015;8:420.

 168. Pos O, Biro O, Szemes T, Nagy B. Circulating cell‑free nucleic acids: 
characteristics and applications. Eur J Hum Genet. 2018;26:937–45.



Page 20 of 22Kerachian et al. Clin Epigenet          (2021) 13:193 

 169. Mouliere F, Chandrananda D, Piskorz AM, Moore EK, Morris J, Ahlborn 
LB, Mair R, Goranova T, Marass F, Heider K, et al. Enhanced detection 
of circulating tumor DNA by fragment size analysis. Sci Transl Med. 
2018;10:1–28.

 170. Munson K, Clark J, Lamparska‑Kupsik K, Smith SS. Recovery of bisulfite‑
converted genomic sequences in the methylation‑sensitive QPCR. 
Nucleic Acids Res. 2007;35:2893–903.

 171. Grunau C, Clark SJ, Rosenthal A. Bisulfite genomic sequencing: system‑
atic investigation of critical experimental parameters. Nucleic Acids Res. 
2001;29:E65‑65.

 172. Huang J, Wang L. Cell‑free DNA methylation profiling analysis‑technolo‑
gies and bioinformatics. Cancers (Basel). 2019;11:1741.

 173. Tierling S, Schmitt B, Walter J. Comprehensive evaluation of commercial 
bisulfite‑based DNA methylation kits and development of an alterna‑
tive protocol with improved conversion performance. Genet Epigenet. 
2018;10:1179237X18766097.

 174. Maggi EC, Gravina S, Cheng H, Piperdi B, Yuan Z, Dong X, Libutti SK, 
Vijg J, Montagna C. Development of a method to implement whole‑
genome bisulfite sequencing of cfDNA from cancer patients and a 
mouse tumor model. Front Genet. 2018;9:6.

 175. Li Z, Guo X, Tang L, Peng L, Chen M, Luo X, Wang S, Xiao Z, Deng Z, Dai 
L. Methylation analysis of plasma cell‑free DNA for breast cancer early 
detection using bisulfite next‑generation sequencing. Tumor Biology. 
2016;37:13111–9.

 176. Bundo M, Sunaga F, Ueda J, Kasai K, Kato T, Iwamoto K. A systematic 
evaluation of whole genome amplification of bisulfite‑modified DNA. 
Clin Epigenet. 2012;4:22.

 177. Genereux DP, Johnson WC, Burden AF, Stoger R, Laird CD. Errors in the 
bisulfite conversion of DNA: modulating inappropriate‑ and failed‑
conversion frequencies. Nucleic Acids Res. 2008;36:e150.

 178. Grunt M, Hillebrand T, Schwarzenbach H. Clinical relevance of size 
selection of circulating DNA. Transl Cancer Res. 2018;7(Suppl 2):171–84.

 179. Bryzgunova O, Laktionov P, Skvortsova T, Bondar A, Morozkin E, Leb‑
edeva A, Krause H, Miller K, Vlassov V. Efficacy of bisulfite modification 
and recovery of human genomic and circulating DNA using commer‑
cial kits. Eur J Mol Biol. 2013;1:1–8.

 180. Pedersen IS, Krarup HB, Thorlacius‑Ussing O, Madsen PH. High recovery 
of cell‑free methylated DNA based on a rapid bisulfite‑treatment proto‑
col. BMC Mol Biol. 2012;13:12.

 181. Jensen TJ, Kim SK, Zhu Z, Chin C, Gebhard C, Lu T, Deciu C, van den 
Boom D, Ehrich M. Whole genome bisulfite sequencing of cell‑free 
DNA and its cellular contributors uncovers placenta hypomethylated 
domains. Genome Biol. 2015;16:78.

 182. Yi S, Long F, Cheng J, Huang D. An optimized rapid bisulfite conversion 
method with high recovery of cell‑free DNA. BMC Mol Biol. 2017;18:24.

 183. Tanaka K, Okamoto A. Degradation of DNA by bisulfite treatment. 
Bioorg Med Chem Lett. 2007;17:1912–5.

 184. Werner B, Yuwono NL, Henry C, Gunther K, Rapkins RW, Ford CE, Warton 
K. Circulating cell‑free DNA from plasma undergoes less fragmentation 
during bisulfite treatment than genomic DNA due to low molecular 
weight. PLoS ONE. 2019;14:e0224338.

 185. Shiraishi M, Hayatsu H. High‑speed conversion of cytosine to uracil in 
bisulfite genomic sequencing analysis of DNA methylation. DNA Res. 
2004;11:409–15.

 186. Wang H, Ke H, Zheng Y, Lai J, Luo Q, Chen Q. A modified bisulfite con‑
version method for the detection of DNA methylation. Epigenomics. 
2017;9:955–69.

 187. Li Y, Tollefsbol TO. DNA methylation detection: bisulfite genomic 
sequencing analysis. Methods Mol Biol. 2011;791:11–21.

 188. Bhattacharjee R, Moriam S, Umer M, Nguyen NT, Shiddiky MJA. DNA 
methylation detection: recent developments in bisulfite free electro‑
chemical and optical approaches. Analyst. 2018;143:4802–18.

 189. Oberacker P, Stepper P, Bond DM, Hohn S, Focken J, Meyer V, Schelle L, 
Sugrue VJ, Jeunen GJ, Moser T, et al. Bio‑On‑Magnetic‑Beads (BOMB): 
open platform for high‑throughput nucleic acid extraction and 
manipulation. PLoS Biol. 2019;17:e3000107.

 190. Hayatsu H. Discovery of bisulfite‑mediated cytosine conversion to ura‑
cil, the key reaction for DNA methylation analysis–a personal account. 
Proc Jpn Acad Ser B Phys Biol Sci. 2008;84:321–30.

 191. Lis JT, Schleif R. Size fractionation of double‑stranded DNA by precipita‑
tion with polyethylene glycol. Nucleic Acids Res. 1975;2:383–9.

 192. Hayatsu H, Negishi K, Shiraishi M. DNA methylation analysis: speedup of 
bisulfite‑mediated deamination of cytosine in the genomic sequencing 
procedure. Proc Jpn Acad Ser B. 2004;80:189–94.

 193. Stewart CM, Tsui DWY. Circulating cell‑free DNA for non‑invasive cancer 
management. Cancer Genet. 2018;228–229:169–79.

 194. Leontiou CA, Hadjidaniel MD, Mina P, Antoniou P, Ioannides M, Patsalis 
PC. Bisulfite conversion of DNA: performance comparison of different 
kits and methylation quantitation of epigenetic biomarkers that have 
the potential to be used in non‑invasive prenatal testing. PLoS ONE. 
2015;10:e0135058.

 195. Saiyed ZM, Bochiwal C, Gorasia H, Telang SD, Ramchand CN. Applica‑
tion of magnetic particles (Fe3O4) for isolation of genomic DNA from 
mammalian cells. Anal Biochem. 2006;356:306–8.

 196. Bailey VJ, Zhang Y, Keeley BP, Yin C, Pelosky KL, Brock M, Baylin SB, Her‑
man JG, Wang TH. Single‑tube analysis of DNA methylation with silica 
superparamagnetic beads. Clin Chem. 2010;56:1022–5.

 197. Stark A, Shin DJ, Pisanic T 2nd, Hsieh K, Wang TH. A parallelized micro‑
fluidic DNA bisulfite conversion module for streamlined methylation 
analysis. Biomed Microdevices. 2016;18:5.

 198. Jorgez CJ, Dang DD, Simpson JL, Lewis DE, Bischoff FZ. Quantity versus 
quality: optimal methods for cell‑free DNA isolation from plasma of 
pregnant women. Genet Med. 2006;8:615–9.

 199. Rausch S, Hasinger O, Konig T, Schlegel A, Weiss G. An automated high 
throughput solution for DNA extraction and bisulfite‑conversion from 
high volume liquid biopsy specimens: sample preparation for epige‑
netic analysis. BMC Res Notes. 2019;12:551.

 200. Chang Y, Tolani B, Nie X, Zhi X, Hu M, He B. Review of the clinical appli‑
cations and technological advances of circulating tumor DNA in cancer 
monitoring. Ther Clin Risk Manag. 2017;13:1363–74.

 201. Elazezy M, Joosse SA. Techniques of using circulating tumor DNA as 
a liquid biopsy component in cancer management. Comput Struct 
Biotechnol J. 2018;16:370–8.

 202. Stemmer C, Beau‑Faller M, Pencreac’h E, Guerin E, Schneider A, Jaqmin 
D, Quoix E, Gaub MP, Oudet P. Use of magnetic beads for plasma cell‑
free DNA extraction: toward automation of plasma DNA analysis for 
molecular diagnostics. Clin Chem. 2003;49:1953–5.

 203. Weber M, Davies JJ, Wittig D, Oakeley EJ, Haase M, Lam WL, Schubeler 
D. Chromosome‑wide and promoter‑specific analyses identify sites of 
differential DNA methylation in normal and transformed human cells. 
Nat Genet. 2005;37:853–62.

 204. Brinkman AB, Simmer F, Ma K, Kaan A, Zhu J, Stunnenberg HG. Whole‑
genome DNA methylation profiling using MethylCap‑seq. Methods. 
2010;52:232–6.

 205. Song CX, Szulwach KE, Fu Y, Dai Q, Yi C, Li X, Li Y, Chen CH, Zhang W, Jian 
X, et al. Selective chemical labeling reveals the genome‑wide distribu‑
tion of 5‑hydroxymethylcytosine. Nat Biotechnol. 2011;29:68–72.

 206. Sina AA, Carrascosa LG, Palanisamy R, Rauf S, Shiddiky MJ, Trau M. 
Methylsorb: a simple method for quantifying DNA methylation using 
DNA‑gold affinity interactions. Anal Chem. 2014;86:10179–85.

 207. Ehrich M, Zoll S, Sur S, van den Boom D. A new method for accurate 
assessment of DNA quality after bisulfite treatment. Nucleic Acids Res. 
2007;35:e29.

 208. Holmes EE, Jung M, Meller S, Leisse A, Sailer V, Zech J, Mengdehl M, 
Garbe LA, Uhl B, Kristiansen G, Dietrich D. Performance evaluation of 
kits for bisulfite‑conversion of DNA from tissues, cell lines, FFPE tissues, 
aspirates, lavages, effusions, plasma, serum, and urine. PLoS ONE. 
2014;9:e93933.

 209. Shen L, Guo Y, Chen X, Ahmed S, Issa JP. Optimizing annealing tempera‑
ture overcomes bias in bisulfite PCR methylation analysis. Biotech‑
niques. 2007;42(1):48–58.

 210. Jones PA, Takai D. The role of DNA methylation in mammalian epigenet‑
ics. Science. 2001;293:1068–70.

 211. Parrish RR, Day JJ, Lubin FD. Direct bisulfite sequencing for examination 
of DNA methylation with gene and nucleotide resolution from brain 
tissues. Curr Protoc Neurosci. 2012;60(1):7–24.

 212. Darst RP, Pardo CE, Ai L, Brown KD, Kladde MP. Bisulfite sequencing of 
DNA. Curr Protoc Mol Biol. 2010;91(1):7–9.

 213. Hernandez HG, Tse MY, Pang SC, Arboleda H, Forero DA. Optimizing 
methodologies for PCR‑based DNA methylation analysis. Biotech‑
niques. 2013;55:181–97.



Page 21 of 22Kerachian et al. Clin Epigenet          (2021) 13:193  

 214. Worm Ørntoft M‑B, Jensen SØ, Hansen TB, Bramsen JB, Andersen CL. 
Comparative analysis of 12 different kits for bisulfite conversion of circu‑
lating cell‑free DNA. Epigenetics. 2017;12:626–36.

 215. Wang P, Bahreini A, Gyanchandani R, Lucas PC, Hartmaier RJ, Watters RJ, 
Jonnalagadda AR, Bittar HET, Berg A, Hamilton RL. Sensitive detection 
of mono‑and polyclonal ESR1 mutations in primary tumors, metastatic 
lesions, and cell‑free DNA of breast cancer patients. Clin Cancer Res. 
2016;22:1130–7.

 216. Shaw JA, Guttery DS, Hills A, Fernandez‑Garcia D, Page K, Rosales BM, 
Goddard KS, Hastings RK, Luo J, Ogle O. Mutation analysis of cell‑free 
DNA and single circulating tumor cells in metastatic breast cancer 
patients with high circulating tumor cell counts. Clin Cancer Res. 
2017;23:88–96.

 217. Spits C, Le Caignec C, De Rycke M, Van Haute L, Van Steirteghem A, 
Liebaers I, Sermon K. Whole‑genome multiple displacement amplifica‑
tion from single cells. Nat Protoc. 1965;2006:1.

 218. Li J, Harris L, Mamon H, Kulke MH, Liu W‑H, Zhu P, Makrigiorgos GM. 
Whole genome amplification of plasma‑circulating DNA enables 
expanded screening for allelic imbalance in plasma. J Mol Diagn. 
2006;8:22–30.

 219. de la Cruz FF, Corcoran RB. Methylation in cell‑free DNA for early cancer 
detection. Ann Oncol. 2018;29:1351–3.

 220. Keeley B, Stark A, Pisanic TR 2nd, Kwak R, Zhang Y, Wrangle J, Baylin 
S, Herman J, Ahuja N, Brock MV, Wang TH. Extraction and processing 
of circulating DNA from large sample volumes using methylation on 
beads for the detection of rare epigenetic events. Clin Chim Acta. 
2013;425:169–75.

 221. Perez‑Barrios C, Nieto‑Alcolado I, Torrente M, Jimenez‑Sanchez C, Calvo 
V, Gutierrez‑Sanz L, Palka M, Donoso‑Navarro E, Provencio M, Romero 
A. Comparison of methods for circulating cell‑free DNA isolation using 
blood from cancer patients: impact on biomarker testing. Transl Lung 
Cancer Res. 2016;5:665–72.

 222. Kint S, De Spiegelaere W, De Kesel J, Vandekerckhove L, Van Criekinge 
W. Evaluation of bisulfite kits for DNA methylation profiling in terms 
of DNA fragmentation and DNA recovery using digital PCR. PLoS ONE. 
2018;13:e0199091.

 223. Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti‑Filippini 
J, Nery JR, Lee L, Ye Z, Ngo QM, et al. Human DNA methylomes at 
base resolution show widespread epigenomic differences. Nature. 
2009;462:315–22.

 224. Beck S, Rakyan VK. The methylome: approaches for global DNA meth‑
ylation profiling. Trends Genet. 2008;24:231–7.

 225. Smallwood SA, Lee HJ, Angermueller C, Krueger F, Saadeh H, Peat 
J, Andrews SR, Stegle O, Reik W, Kelsey G. Single‑cell genome‑wide 
bisulfite sequencing for assessing epigenetic heterogeneity. Nat Meth‑
ods. 2014;11:817–20.

 226. Farlik M, Sheffield NC, Nuzzo A, Datlinger P, Schonegger A, Klughammer 
J, Bock C. Single‑cell DNA methylome sequencing and bioinformatic 
inference of epigenomic cell‑state dynamics. Cell Rep. 2015;10:1386–97.

 227. Miura F, Ito T. Post‑bisulfite adaptor tagging for PCR‑free whole‑
genome bisulfite sequencing. In: Tost J, editor. DNA methylation 
protocols. New York: Springer; 2018. p. 123–36.

 228. Miura F, Shibata Y, Miura M, Sangatsuda Y, Hisano O, Araki H, Ito T. Highly 
efficient single‑stranded DNA ligation technique improves low‑input 
whole‑genome bisulfite sequencing by post‑bisulfite adaptor tagging. 
Nucleic Acids Res. 2019;47:e85–e85.

 229. Meissner A, Mikkelsen TS, Gu H, Wernig M, Hanna J, Sivachenko A, 
Zhang X, Bernstein BE, Nusbaum C, Jaffe DB, et al. Genome‑scale 
DNA methylation maps of pluripotent and differentiated cells. Nature. 
2008;454:766–70.

 230. Gu H, Smith ZD, Bock C, Boyle P, Gnirke A, Meissner A. Preparation of 
reduced representation bisulfite sequencing libraries for genome‑scale 
DNA methylation profiling. Nat Protoc. 2011;6:468–81.

 231. Wen L, Li J, Guo H, Liu X, Zheng S, Zhang D, Zhu W, Qu J, Guo L, Du 
D, et al. Genome‑scale detection of hypermethylated CpG islands in 
circulating cell‑free DNA of hepatocellular carcinoma patients. Cell Res. 
2015;25:1376.

 232. Wen L, Li J, Guo H, Liu X, Zheng S, Zhang D, Zhu W, Qu J, Guo L, 
Du D. Genome‑scale detection of hypermethylated CpG islands in 
circulating cell‑free DNA of hepatocellular carcinoma patients. Cell Res. 
2015;25:1250–64.

 233. Diep D, Plongthongkum N, Gore A, Fung HL, Shoemaker R, Zhang K. 
Library‑free methylation sequencing with bisulfite padlock probes. Nat 
Methods. 2012;9:270–2.

 234. Liu Z, Wang Z, Jia E, Ouyang T, Pan M, Lu J, Ge Q, Bai Y. Analysis of 
genome‑wide in cell free DNA methylation: progress and prospect. 
Analyst. 2019;144:5912–22.

 235. Lam D, Luu P‑L, Song JZ, Qu W, Risbridger GP, Lawrence MG, Lu J, Trau 
M, Korbie D, Clark SJ. Comprehensive evaluation of targeted multiplex 
bisulphite PCR sequencing for validation of DNA methylation bio‑
marker panels. Clin Epigenet. 2020;12:1–16.

 236. Moran S, Arribas C, Esteller M. Validation of a DNA methylation microar‑
ray for 850,000 CpG sites of the human genome enriched in enhancer 
sequences. Epigenomics. 2016;8:389–99.

 237. Moss J, Magenheim J, Neiman D, Zemmour H, Loyfer N, Korach A, 
Samet Y, Maoz M, Druid H, Arner P, et al. Comprehensive human cell‑
type methylation atlas reveals origins of circulating cell‑free DNA in 
health and disease. Nat Commun. 2018;9:5068.

 238. Herman JG, Graff JR, Myohanen S, Nelkin BD, Baylin SB. Methylation‑
specific PCR: a novel PCR assay for methylation status of CpG islands. 
Proc Natl Acad Sci USA. 1996;93:9821–6.

 239. Eads CA, Danenberg KD, Kawakami K, Saltz LB, Blake C, Shibata D, 
Danenberg PV, Laird PW. MethyLight: a high‑throughput assay to meas‑
ure DNA methylation. Nucleic Acids Res. 2000;28:E32.

 240. Lo PK, Watanabe H, Cheng PC, Teo WW, Liang X, Argani P, Lee JS, 
Sukumar S. MethySYBR, a novel quantitative PCR assay for the dual 
analysis of DNA methylation and CpG methylation density. J Mol Diagn. 
2009;11:400–14.

 241. Dugast‑Darzacq C, Grange T. MethylQuant: a real‑time PCR‑based 
method to quantify DNA methylation at single specific cytosines. 
Methods Mol Biol. 2009;507:281–303.

 242. Wojdacz TK, Dobrovic A. Methylation‑sensitive high resolution melting 
(MS‑HRM): a new approach for sensitive and high‑throughput assess‑
ment of methylation. Nucleic Acids Res. 2007;35:e41.

 243. Chan RF, Shabalin AA, Xie LY, Adkins DE, Zhao M, Turecki G, Clark SL, 
Aberg KA, van den Oord E. Enrichment methods provide a feasible 
approach to comprehensive and adequately powered investigations of 
the brain methylome. Nucleic Acids Res. 2017;45:e97.

 244. Jain M, Olsen HE, Paten B, Akeson M. The Oxford Nanopore MinION: 
delivery of nanopore sequencing to the genomics community. 
Genome Biol. 2016;17:1–11.

 245. Schreiber J, Wescoe ZL, Abu‑Shumays R, Vivian JT, Baatar B, Karplus K, 
Akeson M. Error rates for nanopore discrimination among cytosine, 
methylcytosine, and hydroxymethylcytosine along individual DNA 
strands. Proc Natl Acad Sci. 2013;110:18910–5.

 246. Wescoe ZL, Schreiber J, Akeson M. Nanopores discriminate among five 
C5‑cytosine variants in DNA. J Am Chem Soc. 2014;136:16582–7.

 247. Taiwo O, Wilson GA, Morris T, Seisenberger S, Reik W, Pearce D, Beck 
S, Butcher LM. Methylome analysis using MeDIP‑seq with low DNA 
concentrations. Nat Protoc. 2012;7:617–36.

 248. Nair SS, Coolen MW, Stirzaker C, Song JZ, Statham AL, Strbenac D, Rob‑
inson MD, Clark SJ. Comparison of methyl‑DNA immunoprecipitation 
(MeDIP) and methyl‑CpG binding domain (MBD) protein capture for 
genome‑wide DNA methylation analysis reveal CpG sequence cover‑
age bias. Epigenetics. 2011;6:34–44.

 249. Mitchell N, Deangelis JT, Tollefsbol TO. Methylated‑CpG island recovery 
assay. Methods Mol Biol. 2011;791:125–33.

 250. Bachman M, Uribe‑Lewis S, Yang X, Williams M, Murrell A, Balasubra‑
manian S. 5‑Hydroxymethylcytosine is a predominantly stable DNA 
modification. Nat Chem. 2014;6:1049–55.

 251. Vasanthakumar A, Godley LA. 5‑hydroxymethylcytosine in cancer: 
significance in diagnosis and therapy. Cancer Genet. 2015;208:167–77.

 252. Han D, Lu X, Shih AH, Nie J, You Q, Xu MM, Melnick AM, Levine RL, He C. 
A highly sensitive and robust method for genome‑wide 5hmC profiling 
of rare cell populations. Mol Cell. 2016;63:711–9.

 253. Song CX, Yin S, Ma L, Wheeler A, Chen Y, Zhang Y, Liu B, Xiong J, 
Zhang W, Hu J, et al. 5‑Hydroxymethylcytosine signatures in cell‑free 
DNA provide information about tumor types and stages. Cell Res. 
2017;27:1231–42.

 254. Zeng H, He B, Xia B, Bai D, Lu X, Cai J, Chen L, Zhou A, Zhu C, Meng H. 
Bisulfite‑free, nanoscale analysis of 5‑hydroxymethylcytosine at single 
base resolution. J Am Chem Soc. 2018;140:13190–4.



Page 22 of 22Kerachian et al. Clin Epigenet          (2021) 13:193 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 255. Nestor CE, Meehan RR. Hydroxymethylated DNA immunoprecipitation 
(hmeDIP). In: Stockert J, Espada J, Blázquez‑Castro A, editors. Functional 
analysis of DNA and chromatin. Totowa: Springer; 2014. p. 259–67.

 256. Booth MJ, Ost TW, Beraldi D, Bell NM, Branco MR, Reik W, Balasubra‑
manian S. Oxidative bisulfite sequencing of 5‑methylcytosine and 
5‑hydroxymethylcytosine. Nat Protoc. 2013;8:1841–51.

 257. Yu M, Hon GC, Szulwach KE, Song CX, Jin P, Ren B, He C. Tet‑assisted 
bisulfite sequencing of 5‑hydroxymethylcytosine. Nat Protoc. 
2012;7:2159–70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Guidelines for pre-analytical conditions for assessing the methylation of circulating cell-free DNA
	Abstract 
	Introduction
	Material and methods
	Results and discussion
	Analytic phase
	cirDNA methylation detection methods

	Conclusions
	Acknowledgements
	References


