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BACKGROUND: Measurement of DNA derived from dif-
ferent tissues in the circulating DNA pool can provide
important information regarding the presence of many
pathological conditions. However, existing methods
involving genome-wide bisulfite sequencing are rela-
tively expensive and may present challenges for large-
scale analysis.

METHODS: Through identifying differentially methyl-
ated regions in the liver and colon compared with other
tissues, we identified 2 markers and developed corre-
sponding droplet digital PCR assays. Plasma concentra-
tions of liver-derived and colon-derived DNA were mea-
sured for 13 liver transplant recipients, 40 liver cancer
patients, and 62 colorectal cancer (CRC) patients (27
with and 35 without liver metastases).

RESULTS: In liver transplant recipients, the fractional
concentration of liver-derived DNA measured using the
liver-specific methylation marker and donor-specific al-
leles showed good correlation (Pearson R � 0.99). In
liver cancer patients, the concentration of liver-derived
DNA correlated positively with the maximal dimension
of the tumor (Spearman R � 0.74). In CRC patients
with and without liver metastasis, the plasma concentra-
tions of colon-derived DNA (median, 138 copies/mL
and 4 copies/mL, respectively) were increased compared
with the 30 healthy controls (26 had undetectable con-
centrations). The absolute concentration of liver-derived
DNA provided a better differentiation between CRC pa-
tients with and without liver metastasis compared with
the fractional concentration (area under ROC curve,
0.85 vs 0.75).

CONCLUSIONS: Quantitative analysis of plasma DNA
with tissue-specific methylation patterns using droplet
digital PCR is applicable for the investigation of cancers
and assessing organ transplantation. This approach is
useful for differentiating patients with and without me-
tastases to other organs.
© 2018 American Association for Clinical Chemistry

Detection of circulating cell-free DNA derived from can-
cer cells, often known as a liquid biopsy, is increasingly
used for the treatment of cancer patients (1–3 ). For ex-
ample, the detection of epidermal growth factor receptor
mutations in plasma has been shown to predict respon-
siveness to epidermal growth factor receptor tyrosine ki-
nase inhibitors in lung cancer patients (4, 5 ). In addition
to point mutations, cancer-associated copy number
changes (6, 7 ), aberrant DNA methylation (8–10), and
altered fragmentation patterns (11–13) could also be de-
tected in the plasma of cancer patients. Recently, it has been
shown that the detection of cancer-derived Epstein–Barr
virus DNA in plasma is useful for screening early asymp-
tomatic nasopharyngeal cancers (1, 14, 15). Patients iden-
tified by screening had significantly earlier stage distribution
and superior progression-free survival compared with pa-
tients who did not undergo screening (1).

Recently, it has been shown that the constitution of
plasma DNA could be deconvoluted using genome-wide
bisulfite sequencing (16, 17 ). The proportional contri-
butions of different organs to the plasma DNA were de-
termined by comparing the methylation patterns of
plasma DNA and tissue-specific patterns (16, 17 ). It was
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shown that a general increase of DNA would be released
from an organ affected by a cancer into the circulation
(16, 17 ) because of either the direct release of DNA from
tumor cells or an increased turnover of nontumor cells in
response to tumor invasion.

Although methylation deconvolution using genome-
wide bisulfite sequencing can simultaneously determine
the proportional contributions of multiple tissues to
plasma DNA, its use in clinical practice may be challeng-
ing because of the relatively high cost and long turn-
around time. Moreover, methylation deconvolution de-
termines only the relative contributions of different
organs rather than the absolute concentration of DNA
derived from each organ. In scenarios when DNA from
�1 organ were to be released into the circulation, the
measurement of the absolute (as opposed to the relative)
concentration of organ-specific DNA would likely be
more informative. For example, in patients with colorec-
tal cancer (CRC)8 metastasizing to the liver, increased
amounts of DNA would be released from the liver. How-
ever, the fraction of liver-derived DNA in plasma might
show a paradoxical reduction because of the larger in-
crease in DNA released by the colon-derived tumor cells.
Therefore, a method that can accurately determine the
absolute concentration of DNA with a tissue-specific
methylation pattern would be useful.

As an alternative to genome-wide sequencing, we
previously developed a (nondigital) methylation-specific
PCR-based method for the specific detection of placen-
tally derived unmethylated SERPINB59 sequences in the
plasma of pregnant women (18 ). Such a method is useful
for detection of fetal trisomy 18 (19 ). More recently, our
group developed a digital PCR-based method for the
specific detection of DNA carrying erythroid-specific
DNA methylation (20 ). This approach is useful for as-
sessing the activity of erythropoiesis and for deciphering
the etiology of anemia. In this study, we developed tissue-
specific DNA methylation markers for measuring the
plasma concentrations of liver- and colon-derived DNA
and explored their clinical applications in the investiga-
tion of metastatic CRC.

Materials and Methods

SUBJECTS

Patients with hepatocellular carcinoma (HCC) and CRC
were recruited from the Department of Surgery and the
Department of Clinical Oncology, Prince of Wales Hos-

pital in Hong Kong. The HCC patients were staged ac-
cording to the Barcelona Clinic Liver Cancer (BCLC)
staging system. Liver transplant patients were recruited
from the Department of Surgery. Patients with chronic
hepatitis B virus (HBV) infection and HBV-related cir-
rhosis were recruited from the Department of Medicine
and Therapeutics. Patients’ demographics are shown in
Table 1 of the Data Supplement that accompanies the
online version of this article at http://www.clinchem.org/
content/vol64/issue8. All recruited participants gave
written consent. The study was approved by the Joint
Hospital Authority New Territories East Cluster–The
Chinese University of Hong Kong Clinical Research Ethics
Committee.

SAMPLE PREPARATION

For each participant, 10 mL of peripheral blood was col-
lected into EDTA-containing tubes. The blood samples
were processed within 6 h as previously described
(21, 22 ). DNA extracted from 2 to 4 mL of plasma was
subjected to 2 rounds of bisulfite treatment using an Ep-
itect Plus Bisulfite Kit (Qiagen) (8, 20 ).

IDENTIFICATION OF LIVER-SPECIFIC AND COLON-SPECIFIC

METHYLATION MARKERS

We compared the methylation profile of the tissue of
interest (i.e., the liver or the colon) with those of other
tissues to mine a tissue-specific methylation marker. The
methylation profiles of different cell types were retrieved
from the database of the RoadMap Epigenomics Project
(23 ) and the database of the BLUEPRINT project (24 ).

The following criteria for a methylation marker were
established.

1. We first analyzed the methylation profiles of 6 tissues,
including the liver, colon, erythroblasts, neutrophils,
B lymphocytes, and T lymphocytes. We defined a
CpG site as hypermethylated in a target tissue (i.e.,
liver or colon) if its methylation density was �50% in
the target tissue and �5% in other tissues.

2. At least 5 hypermethylated CpG sites would be within
the differentially methylated region (DMR).

3. The DMR must be shorter than 166 bp because most
of the circulating DNA are short fragments and the
peak size is 166 bp (11, 25 ).

4. After identifying the candidate DMRs, we analyzed
their methylation levels in 6 additional tissues, includ-
ing lung, esophagus, small intestine, pancreas, urinary
bladder, and heart. DMRs with the lowest methyl-
ation densities in the nontarget tissues were used for
development of droplet digital PCRs.

DMR FOR THE LIVER AND COLON

Using the criteria above, we identified 1 liver-specific
marker and 1 colon-specific marker. The liver-specific

8 Nonstandard abbreviations: CRC, colorectal cancer; HCC, hepatocellular carcinoma;
BCLC, Barcelona Clinic Liver Cancer; HBV, hepatitis B virus; DMR, differentially methyl-
ated region; LOD, limit of detection; IQR, interquartile range; AUC, area under curve.

9 Human Genes: SERPINB5, serpin family B member 5; PTK2B, protein tyrosine kinase 2
beta; SESN3, sestrin 3.
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DMR was in the exonic region of the PTK2B gene on
chromosome 8. The colon-specific DMR was within
the exonic region of the SESN3 gene on chromosome
11. The CpG sites within the DMR of the target tis-
sues were hypermethylated in the target tissue (i.e.,
liver or colon) but hypomethylated in other tissues and
blood cells (Fig. 1).

DROPLET DIGITAL PCR DESIGN AND PERFORMANCE

Two droplet digital PCR assays were developed to quan-
tify the methylated and unmethylated DNA molecules in
each of the liver-specific and colon-specific methylation
markers. The sequences of primers and probes are listed
in Table 2 of the online Data Supplement. The 2 droplet
digital PCR assays could quantify methylated (from a

Fig. 1. The methylation densities of the CpG sites within the DMRs for the liver (A) and the colon (B).
Each dot represents a CpG site, and the red dots represent the results of the target tissues. The CpG sites located within the region highlighted
in yellow were covered by the fluorescent probes. The CpGs on each side of the highlighted region within the 2 vertical lines were covered by
the primers of the PCR assays. For illustration purposes, individual results for urinary bladder, esophagus, heart, lung, pancreas, and small
intestine are not shown; their mean values are represented by “Other tissues.”
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target tissue) and unmethylated (from a nontarget tissue)
molecules using probes labeled with the fluorescent dyes
FAM and VIC, respectively.

For each sample, digital PCR analysis was run in
duplicate. Twenty microliters of reaction mix was prepared,
containing 8 �L of bisulfite converted DNA, a final con-
centration of 450 nmol/L of each of forward primers and
reverse primers, 250 nmol/L of unmethylation-
specific probe, and 350 nmol/L (liver assay) or 250
nmol/L (colon assay) of methylation-specific probe.
Droplet generation was performed using the Bio-Rad
QX200 ddPCR droplet generator. Universally methyl-
ated DNA (CpGenome Human Methylated DNA,
EMD Millipore) and universally unmethylated DNA
(EpiTect Unmethylated Human Control DNA, Qiagen)
were run on each plate as positive and negative controls.
The thermal profile was 95 °C for 10 min followed by 45
cycles of 94 °C for 15 s and 60 °C (liver assay) or 56 °C
(colon assay) for 1 min, and a final incubation at 98 °C
for 10 min. After PCR, droplets from each sample were
analyzed by the QX200 droplet reader using the Quan-
taSoft (version 1.7) software. The cutoff values for posi-
tive fluorescence signals were determined with reference
to the controls (26 ). The analytical performances of the
2 assays, including CVs at different concentrations
and linear dynamic ranges, are summarized in Table 3
and Fig. 1 of the online Data Supplement.

MEASUREMENT OF LIVER-DERIVED DNA IN PLASMA OF LIVER

TRANSPLANT RECIPIENTS

DNA extracted from the liver tissue of donors and the
buffy coat of recipients was analyzed to determine geno-
types of the donors and recipients using the Illumina
iScan system. DNA extracted from 4 mL of plasma for
each recipient was sequenced using the Illumina HiSeq
2500 platform (75 � 2 cycles). The fractional concen-
tration of donor-specific DNA in the circulation was de-
termined by counting sequencing reads with single-
nucleotide polymorphism alleles that were homozygous
in the recipient and heterozygous in the donor as de-
scribed previously (27 ).

STATISTICAL ANALYSIS

The correlation between liver-derived DNA concentra-
tions and tumor size was determined by Spearman corre-
lation. The difference in the concentrations of liver-
derived and colon-derived DNA across multiple different
groups was determined using the Kruskal–Wallis test fol-
lowed by the post hoc Dunn test. The areas under �2
correlated ROC curves were compared using the DeLong
test. The ROC curve analyses were performed using
MedCalc, and the other statistical analyses were performed
using SigmaStat.

Results

TISSUE SPECIFICITY OF THE LIVER AND COLON MARKERS

For both the liver-specific and colon-specific markers,
DNA molecules derived from the target tissue would be
hypermethylated, and those from a nontarget tissue
would be hypomethylated. We denote the percentage of
total molecules being methylated as L% and C% for the
liver and colon assays, respectively. To confirm the
analytical specificity of the liver and colon markers, we
analyzed the DNA extracted from blood cells and 10
types of normal tissue (liver, lung, esophagus, stom-
ach, small intestine, colon, pancreas, urinary bladder,
heart, and brain) using these 2 digital PCR assay sets.
For each type of tissue, we included 4 samples from
different individuals.

The mean L% for the liver tissues was 67% (range,
57%–76%) and the mean L% for other tissue types was
0.6% [range, �limit of detection (LOD) to 2.2%; see
Table 4 in the online Data Supplement]. Because hema-
topoietic cells are the key contributors for circulating
DNA, we specifically analyzed the L% for blood cells.
The L% for all blood cell samples was below the detection
limit, indicating that the liver assay could specifically de-
tect liver-derived DNA.

The mean C% of colon tissues was 22% (range,
17%–33%). The mean C% for all other tissues and
blood cells was 1.2% (range, 0.1%–4.1%) and 0.1%,
respectively, indicating the analytical specificity of the
methylated sequences as being colon derived. The rela-
tively low C% in colon tissues was probably because of
the nonhomogeneous cellular compositions of the colon
tissues. This relatively low C% in colon tissues would not
markedly hamper its clinical application when the same
assay was used for comparing the plasma concentrations
of colon-derived DNA for participants with different dis-
ease status.

PLASMA CONCENTRATIONS OF LIVER-DERIVED DNA IN LIVER

TRANSPLANT RECIPIENTS

We validated the quantitative accuracy of the liver-
specific assay using 14 plasma samples collected from
liver transplant recipients. All participants had received
liver transplantation �10 years ago, and none had cur-
rent evidence of rejection. The fraction of DNA derived
from the transplanted liver could be accurately deter-
mined from the proportion of plasma DNA molecules
carrying the donor-specific alleles using next-generation
sequencing. The median fractional concentrations of the
liver-derived DNA based on donor-specific alleles and
the methylation marker were 7.7% and 5.9%, respec-
tively. A positive linear relationship was observed be-
tween the concentrations determined by these 2 methods
(R � 0.99; P � 0.0001; Pearson correlation; Fig. 2),
indicating that the liver-specific methylation marker can
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accurately reflect the concentration of liver-derived DNA
in plasma.

INCREASED LIVER-DERIVED DNA IN THE PLASMA OF HCC

PATIENTS

The absolute and fractional concentrations of liver-
derived DNA were determined by the digital PCR tar-
geting the sequences with liver-specific methylation pat-
tern in 40 HCC patients, 9 patients with cirrhosis, 20
chronic HBV carriers, and 30 healthy controls.

The median concentrations of liver-derived methyl-
ated sequences for the healthy controls, chronic HBV
carriers, patients with cirrhosis, and HCC patients were
40 copies/mL [interquartile range (IQR), 18–86], 122
copies/mL (IQR, 47–185), 118 copies/mL (IQR, 86–
159), and 487 (IQR, 138–1151), respectively (Fig. 3A).
The concentrations were significantly different across the
4 groups (P � 0.001; Kruskal–Wallis test). In the post
hoc analysis, the plasma concentrations of liver-derived
DNA of the HCC patients were significantly higher than
the healthy controls (P � 0.001; Dunn test) and the
chronic HBV carriers (P � 0.015; Dunn test) but not the
group of patients with cirrhosis (P � 0.248; Dunn test).
The concentrations of the healthy controls, chronic HBV
carriers, and patients with cirrhosis were not statistically
different (P � 0.05; Dunn test). We further explored the
possible correlation between the concentration of liver-
derived DNA and alanine aminotransferase activities and
�-fetoprotein concentrations. There was no significant

correlation between liver-derived DNA and alanine amino-
transferase activities in the HCC patients (P � 0.435; R �
0.126; Spearman correlation; see Fig. 2A in the online Data
Supplement). There was also no significant correlation be-
tween liver-derived DNA and �-fetoprotein concentrations
in the HCC patients (P � 0.329; R � 0.158; Spearman
correlation; see Fig. 2B in the online Data Supplement).

The median fractional concentrations of the liver-
derived DNA in plasma for the healthy controls, chronic
HBV carriers, patients with cirrhosis, and HCC patients
were 1.4% (IQR, 0.94%–3.2%), 4.6% (IQR, 1.7%–
6.0%), 3.0% (IQR, 1.8%–7.3%), and 9.4% (IQR,
4.1%–16.0%), respectively (Fig. 3B).

Using ROC curve analysis, the areas under curve
(AUCs) were 0.82 and 0.78, for absolute and fractional
concentrations, respectively, to differentiate HCC pa-
tients from non-HCC participants (including healthy
controls, chronic HBV carriers, and patients with cirrho-
sis). The difference in the AUCs was statistically signifi-
cant (P � 0.022; Delong test; see Fig. 3 in the online
Data Supplement). Using a cutoff of 370 copies/mL of
liver-derived DNA, the clinical specificity and overall
clinical sensitivity for detecting HCC patients were 93%
and 60%, respectively. For the 15 patients with BCLC
stage B disease, the sensitivity was 80%, and for the 25
patients with BCLC stage A disease, the sensitivity was
only 48%. The overall positive and negative predictive
values in this cohort were 86% and 78%, respectively.

Fig. 2. Correlation between fractional concentrations of liver-derived DNA in the plasma of liver transplant recipients based on
liver-specific methylation marker analysis (droplet digital PCR) and donor-specific allele analysis by sequencing.
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In the HCC patients, the maximal dimension of the
tumors (determined either by computed tomography
scan or measured after tumor resection) showed a stron-
ger positive correlation with the absolute concentrations
(R � 0.74; P � 0.001; Spearman correlation) than with
the fractional concentration (R � 0.56; P � 0.001;
Spearman correlation) (Fig. 4).

ANALYSIS OF LIVER- AND COLON-DERIVED DNA IN CRC

PATIENTS WITH AND WITHOUT LIVER METASTASIS

The plasma concentrations of liver-derived and colon-
derived DNA were measured in 30 healthy controls, 35
CRC patients without liver metastases, and 27 CRC pa-
tients with liver metastases. The colon-derived DNA
were below LOD in 26 (87%) healthy controls. The

Fig. 3. Absolute concentrations (A) and fractional concentrations (B) of liver-derived DNA using droplet digital PCR in the plasma of
healthy controls, chronic HBV carriers, patients with cirrhosis, and HCC patients.
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median plasma concentrations of colon-derived DNA
were 4 copies/mL (IQR, �LOD to 31) and 138 cop-
ies/mL (IQR, �LOD to 6850) for the CRC patients
with and without liver metastases, respectively. There
was significant difference between the values of the 3
groups (P � 0.001; Kruskal–Wallis test; Fig. 5A). In the
post hoc analysis, the concentrations of colon-derived
DNA in the CRC patients with and without liver

metastasis were significantly higher than those in the
healthy controls (P � 0.001 and P � 0.042, respec-
tively; Dunn test). The difference between the CRC
patients with and without liver metastasis was not sta-
tistically significant (P � 0.079; Dunn test). The me-
dian fractional concentrations of colon-derived DNA
in plasma for the healthy controls, CRC patients with-
out liver metastasis, and CRC patients with liver me-

Fig. 4. Correlation between the maximal dimension of the tumor and the absolute concentration (A) and the fractional concentra-
tion (B) of liver-derived DNA using droplet digital PCR in the plasma of HCC patients.
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tastasis were below LOD, 0.09%, and 0.84%, respec-
tively (Fig. 5B).

The median concentrations of liver-derived DNA in
plasma for the healthy controls, CRC patients without
liver metastases, and CRC patients with liver metastases
were 40 copies/mL (IQR, 18–86), 23 copies/mL (IQR,
13–108), and 233 copies/mL (IQR, 56–2290), respec-
tively (Fig. 5C). The concentrations were significantly
different between the 3 groups (P � 0.001; Kruskal–
Wallis test). In the post hoc analysis, the concentrations
of the CRC patients with liver metastases were signif-
icantly higher than those without liver metastases and
the healthy controls (P � 0.001 and P � 0.001, re-

spectively; Dunn test). There was no significant differ-
ence between patients without liver metastases and
healthy controls (P � 1.0; Dunn test). The median
fractional concentrations of liver-derived DNA in
plasma for the healthy controls, CRC patients without
liver metastases, and CRC patients with liver metasta-
ses were 0.8% (IQR, 0.3%–2.8%), 1.4% (IQR, 0.9%–
3.3%), and 3.1% (IQR, 1.5%–5.3%), respectively
(Fig. 5D).

We used ROC curve analysis to determine which
parameter would be most useful for differentiating the
CRC patients with and without liver metastases. The
AUCs for the absolute and fractional concentrations of

Fig. 5. The plasma concentrations of colon- and liver-derived DNA by droplet digital PCR in healthy controls and CRC patients with
and without liver metastases.
Absolute concentration of colon-derived DNA (A), fractional concentration of colon-derived DNA (B), absolute concentration of liver-derived
DNA (C), and fractional concentration of liver-derived DNA (D).
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liver-derived DNA were 0.85 and 0.75 (P � 0.01; De-
long test), respectively, and AUCs for the absolute and
fractional concentrations of colon-derived DNA were
0.69 and 0.69 (P � 0.75; Delong test), respectively (see
Fig. 4 in the online Data Supplement). Using the liver-
derived DNA analysis, the sensitivity and specificity for
detecting liver metastases were 63% and 85%, respec-
tively, with a cutoff of 130 copies/mL. The positive
and negative predictive values were 77% and 75%,
respectively. Using the colon-derived DNA analysis,
the sensitivity and specificity were 52% and 89%, re-
spectively, with a cutoff of 110 copies/mL. The posi-
tive and negative predictive values were 50% and 74%,
respectively.

Discussion

In this study, we developed 2 sets of droplet digital PCR
assays for the specific detection and quantification of
plasma DNA molecules derived from the liver and the
colon. The 2 sets of assays targeted genomic regions that
were differentially methylated in the tissues of interest
(i.e., liver and colon) from other types of tissues. Com-
pared with the previously described methylation decon-
volution method that was based on genome-wide bisul-
fite sequencing (16, 17 ), these droplet digital PCR assays
were relatively inexpensive and allowed the evaluation of
larger number of samples more rapidly. In a previous
study, we demonstrated that the digital PCR analysis of
DNA with methylation patterns of erythroid cells would
be useful for assessing the activity of erythropoiesis in the
bone marrow and for revealing the cause of anemia (20 ).
The analysis of DNA with placenta-specific methylation
pattern was also previously applied for noninvasive pre-
natal testing (18, 19 ).

In the current study, using the liver transplantation
model, we demonstrated that the measurement of the
percentage contribution of liver DNA concentration by
the liver-specific methylation marker correlated well with
the results based on the measurement of donor-specific
alleles. These results confirmed the accuracy of the liver-
specific marker in reflecting the concentration of liver-
derived DNA in plasma. Although all the liver-transplant
recipients received the organ transplantation �10 years
before entering the study and had no evidence of organ
rejection, their fractional concentrations of liver-derived
DNA were significantly higher than the healthy controls
(median, 5.9% vs 1.4%; P � 0.001; Mann–Whitney
test). One possible explanation for this increase could be
related to the presence of subclinical low-grade immuno-
logical damage to the liver. These fractional concentra-
tions were consistent with figures reported previously in
liver transplant recipients (28 ). Moreover, the concentra-
tion of the liver-derived DNA showed a positive correla-
tion with the maximum dimensions of the tumors in

HCC patients, supporting the belief that the amount of
DNA released from the liver would be reflective of the
tumor load.

Another advantage of using droplet digital PCR
analysis is that it allows the direct counting of the number
of the target DNA molecules without the need for cali-
brators, whereas sequencing-based methods could deter-
mine only the relative or fractional concentration of the
DNA from the target tissues in relation to other tissues
(16, 17 ). The analysis of the absolute concentration is
particularly useful in scenarios when increased amounts
of DNA would be released from �1 type of tissue. We
used the metastatic CRC as a model to demonstrate this
point. We showed that the analysis of the absolute con-
centrations of liver-derived DNA was better than the
fractional concentration in differentiating the CRC pa-
tients with and without liver metastasis in the ROC anal-
ysis (AUC, 0.85 vs 0.75; P � 0.01; see Fig. 4 in the online
Data Supplement). The likely explanation is that in some
patients with metastatic CRC to the liver, although the
absolute concentrations of liver-derived DNA were in-
creased, the fractional concentration of the liver remains
unchanged or reduced because of an even greater extent
of increase in the colon-derived DNA. Similarly, the
absolute concentration of liver-derived DNA had a
better correlation with tumor size compared with the
fractional concentration (R � 0.74 vs 0.56; Spearman
correlation; Fig. 4). In a previous study by Lehmann-
Werman et al., the plasma concentration of pancreas-
derived DNA was calculated from the concentration of
total DNA in plasma and the fraction of plasma DNA
being derived from the pancreas (29 ). They demon-
strated that the pancreas-derived DNA was increased
in patients with pancreatic cancer. The schematic il-
lustration of the release of DNA from liver and colon
in patients with CRC metastasizing to the liver and
patients with liver transplantation is summarized in
Fig. 6.

In this study, we have demonstrated the potential
application of tissue-specific methylation markers by
droplet digital PCR analysis in the investigation of pri-
mary and metastatic cancers. This relatively inexpensive
approach is generalizable and would potentially open the
pathway for investigating cancer metastases to many
other distant sites. However, although these methylation
markers are tissue-specific, their concentrations can be
increased in other conditions associated with tissue dam-
age. In clinical practice, they would need to be used in
conjunction with other investigations, for example, an
imaging study to determine the precise cause of tissue
damage. The reference interval of DNA concentrations
from different tissues can also be established by analyzing
many healthy controls. The increase or decrease in the
contribution of a tissue to plasma DNA could reflect

Liver and Colon DNA Methylation Markers in Plasma
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Fig. 6. Schematic illustration of plasma cell-free DNA origins in liver transplant recipients (A) and CRC patients without (B) and with
(C) liver metastasis.
Liver damage because of acute rejection would lead to an increased amount of liver-derived DNA released into the circulation (A). Increased
amounts of colon-derived DNA would be released by the CRC cells and the normal colorectal cells invaded by the cancer (B). The CRC cells
metastasized to the liver would cause increased release of liver-derived DNA into the circulation (C).
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underlying pathological conditions and is not limited to
malignancies.

Author Contributions: All authors confirmed they have contributed to
the intellectual content of this paper and have met the following 4 require-
ments: (a) significant contributions to the conception and design, acquisi-
tion of data, or analysis and interpretation of data; (b) drafting or revising
the article for intellectual content; (c) final approval of the published article;
and (d) agreement to be accountable for all aspects of the article thus
ensuring that questions related to the accuracy or integrity of any part of the
article are appropriately investigated and resolved.

K. Sun, statistical analysis; A.W.H. Chan, provision of study material or
patients; J. Wong, provision of study material or patients; P.B.S. Lai, pro-
vision of study material or patients; S.S.M. Ng, provision of study material
or patients; G.L.H. Wong, provision of study material or patients; V.
Wong, provision of study material or patients; R.W.K. Chiu, financial
support; Y.M.D. Lo, financial support; K.C.A. Chan, statistical analysis.

Authors’ Disclosures or Potential Conflicts of Interest: Upon man-
uscript submission, all authors completed the author disclosure form. Dis-
closures and/or potential conflicts of interest:

Employment or Leadership: R.W.K. Chiu, Cirina and Clinical Chem-
istry, AACC; Y.M.D. Lo, DRA Company Limited and Clinical Chem-
istry, AACC; K.C.A. Chan, Xcelom, Cirina.
Consultant or Advisory Role: W.K.J. Lam, Grail; P. Jiang, Xcelom,
Grail; B.B.Y. Ma, Novartis, Roche, Boerhinger Ingelheim; R.W.K.
Chiu, Grail; Y.M.D. Lo, Grail, Decheng Capital Limited; K.C.A.
Chan, Grail.
Stock Ownership: R.W.K. Chiu, Grail; Y.M.D. Lo, Grail, DRA;
K.C.A. Chan, Grail. Honoraria: B.B.Y. Ma, MSD.
Research Funding: The Research Grants Council of the Hong Kong
SAR Government under the Theme-based research scheme (T12-
401/16-W) and a collaborative research agreement with Grail/
Cirina. Y.M.D. Lo, an endowed chair from the Li Ka Shing
Foundation.
Expert Testimony: None declared.
Patents: W. Gai, US 62/643,649; L. Ji, US 62/643,649; R.W.K. Chiu,
US patent application 62/643,649; Y.M.D. Lo, US patent application
62/643,649; K.C.A. Chan, US 62/643,649.
Other Remuneration: K.C.A. Chan, Bio-Rad, Astra Zeneca.

Role of Sponsor: The funding organizations played no role in the
design of study, choice of enrolled patients, review and interpretation of
data, or final approval of manuscript.

References

1. Chan KCA, Woo JKS, King A, Zee BCY, Lam WKJ, Chan
SL, et al. Analysis of plasma Epstein-Barr virus DNA to
screen for nasopharyngeal cancer. N Engl J Med 2017;
377:513–22.

2. Cai X, Janku F, Zhan Q, Fan JB. Accessing genetic infor-
mation with liquid biopsies. Trends Genet 2015;31:
564 –75.

3. Goldman JW, Noor ZS, Remon J, Besse B, Rosenfeld N.
Are liquid biopsies a surrogate for tissue EGFR testing?
Ann Oncol 2018;29:i38 –i46.

4. Veldore VH, Choughule A, Routhu T, Mandloi N, No-
ronha V, Joshi A, et al. Validation of liquid biopsy:
plasma cell-free DNA testing in clinical management of
advanced non-small cell lung cancer. Lung Cancer
(Auckl) 2018;9:1–11.

5. Mayo-de-Las-Casas C, Jordana-Ariza N, Garzon-Ibanez
M, Balada-Bel A, Bertran-Alamillo J, Viteri-Ramirez S,
et al. Large scale, prospective screening of EGFR muta-
tions in the blood of advanced NSCLC patients to guide
treatment decisions. Ann Oncol 2017;28:2248 –55.

6. Chan KCA, Jiang P, Zheng YW, Liao GJ, Sun H, Wong J,
et al. Cancer genome scanning in plasma: detection
of tumor-associated copy number aberrations,
single-nucleotide variants, and tumoral heterogene-
ity by massively parallel sequencing. Clin Chem
2013;59:211–24.

7. Leary RJ, Sausen M, Kinde I, Papadopoulos N, Carpten
JD, Craig D, et al. Detection of chromosomal alterations
in the circulation of cancer patients with whole-genome
sequencing. Sci Transl Med 2012;4:162ra54.

8. Chan KCA, Jiang P, Chan CWM, Wong J, Hui EP, Chan
ATC, et al. Noninvasive detection of cancer-associated
genomewide hypomethylation and copy number aber-
rations by plasma DNA bisulfite sequencing. Proc Natl
Acad Sci U S A 2013;110:18761– 8.

9. Wong IH, Lo YMD, Zhang J, Liew CT, Ng MH, Wong N,
et al. Detection of aberrant p16 methylation in the
plasma and serum of liver cancer patients. Cancer Res
1999;59:71–3.

10. Schrock A, Leisse A, de Vos L, Gevensleben H, Droge F,
Franzen A, et al. Free-circulating methylated DNA in
blood for diagnosis, staging, prognosis, and monitor-

ing of head and neck squamous cell carcinoma
patients: an observational prospective cohort study.
Clin Chem 2017;63:1288 –96.

11. Jiang P, Chan CW, Chan KCA, Cheng SH, Wong J, Wong
VW, et al. Lengthening and shortening of plasma DNA
in hepatocellular carcinoma patients. Proc Natl Acad Sci
U S A 2015;112:E1317–25.

12. Chan KCA, Leung SF, Yeung SW, Chan ATC, Lo YMD.
Persistent aberrations in circulating DNA integrity after
radiotherapy are associated with poor prognosis in na-
sopharyngeal carcinoma patients. Clin Cancer Res
2008;14:4141–5.

13. Snyder MW, Kircher M, Hill AJ, Daza RM, Shendure
J. Cell-free DNA comprises an in vivo nucleosome foot-
print that informs its tissues-of-origin. Cell 2016;164:
57– 68.

14. Chan KCA, Hung ECW, Woo JKS, Chan PKS, Leung SF,
Lai FPT, et al. Early detection of nasopharyngeal carci-
noma by plasma Epstein-Barr virus DNA analysis in a
surveillance program. Cancer 2013;119:1838 – 44.

15. Chan KCA, Chu SWI, Lo YMD. Ambient temperature and
screening for nasopharyngeal cancer. N Engl J Med
2018;378:962–3.

16. Sun K, Jiang P, Chan KCA, Wong J, Cheng YK, Liang RH,
et al. Plasma DNA tissue mapping by genome-wide
methylation sequencing for noninvasive prenatal, can-
cer, and transplantation assessments. Proc Natl Acad
Sci U S A 2015;112:E5503–12.

17. Guo S, Diep D, Plongthongkum N, Fung HL, Zhang K,
Zhang K. Identification of methylation haplotype blocks
aids in deconvolution of heterogeneous tissue samples
and tumor tissue-of-origin mapping from plasma DNA.
Nat Genet 2017;49:635– 42.

18. Chim SSC, Tong YK, Chiu RWK, Lau TK, Leung TN, Chan
LY, et al. Detection of the placental epigenetic signature
of the maspin gene in maternal plasma. Proc Natl Acad
Sci U S A 2005;102:14753– 8.

19. Tong YK, Ding C, Chiu RWK, Gerovassili A, Chim SSC,
Leung TY, et al. Noninvasive prenatal detection of fetal
trisomy 18 by epigenetic allelic ratio analysis in mater-
nal plasma: theoretical and empirical considerations.
Clin Chem 2006;52:2194 –202.

20. Lam WKJ, Gai W, Sun K, Wong RSM, Chan RWY, Jiang
P, et al. DNA of erythroid origin is present in human
plasma and informs the types of anemia. Clin Chem
2017;63:1614 –23.

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

22. Chan KCA, Yeung SW, Lui WB, Rainer TH, Lo YMD. Ef-
fects of preanalytical factors on the molecular size of
cell-free DNA in blood. Clin Chem 2005;51:781– 4.

23. Roadmap Epigenomics Consortium, Kundaje A, Meule-
man W, Ernst J, Bilenky M, Yen A, et al. Integrative anal-
ysis of 111 reference human epigenomes. Nature
2015;518:317–30.

24. Martens JH, Stunnenberg HG. Blueprint: mapping hu-
man blood cell epigenomes. Haematologica 2013;98:
1487–9.

25. Lo YMD, Chan KCA, Sun H, Chen EZ, Jiang P, Lun FMF,
et al. Maternal plasma DNA sequencing reveals the
genome-wide genetic and mutational profile of the fe-
tus. Sci Transl Med 2010;2:61ra91.

26. Lo YMD, Lun FMF, Chan KCA, Tsui NBY, Chong KC, Lau
TK, et al. Digital PCR for the molecular detection of fetal
chromosomal aneuploidy. Proc Natl Acad Sci U S A
2007;104:13116 –21.

27. Zheng YWL, Chan KCA, Sun H, Jiang P, Su X, Chen EZ,
et al. Nonhematopoietically derived DNA is shorter
than hematopoietically derived DNA in plasma: a trans-
plantation model. Clin Chem 2012;58:549 –58.

28. Schutz E, Fischer A, Beck J, Harden M, Koch M, Wuen-
sch T, et al. Graft-derived cell-free DNA, a noninvasive
early rejection and graft damage marker in liver
transplantation: a prospective, observational, multi-
center cohort study. PLoS Med 2017;14:e1002286.

29. Lehmann-Werman R, Neiman D, Zemmour H, Moss J,
Magenheim J, Vaknin-Dembinsky A, et al. Identifica-
tion of tissue-specific cell death using methylation pat-
terns of circulating DNA. Proc Natl Acad Sci U S A 2016;
113:E1826 –34.

Liver and Colon DNA Methylation Markers in Plasma

Clinical Chemistry 64:8 (2018) 1249

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/64/8/1239/5608951 by guest on 24 M
ay 2023


